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Abstract

A combination of pyrene excimer fluorescence, fluorescence blob model (FBM), and
molecular mechanics optimizations (MMOSs) was applied to characterize a series of pyrene-
labeled polypeptides. Analysis of the fluorescence decays with the FBM yielded information
on the number (Nbiob®™P) of amino acids (aa’s) contained within the volume of a blob and the
rate constant (kniob) at which two aa’s labeled with pyrene encountered one another inside a
blob. The Npion®™® value was used as a structural parameter which was compared to the Npiop™®
value obtained from MMOs conducted on constructs of pyrene-labeled polypeptides to
determine the conformation adopted by the rigid polypeptides in solution.

The relationship that exists between Npioo™P and macromolecular conformation was
established by using a series of pyrene-labeled homopolypeptides, namely poly(L-glutamic
acid) (PLGIu), poly(D,L-glutamic acid) (PDLGIu), and poly(L-lysine) (PLL). The coiled
conformations of PDLGIu and PLL yielded the smallest blob sizes, and thus the smallest
Nbiob™® values, due to their elongated conformation on the length-scale of a blob. Npiop®™P® was
found to be significantly larger, when PLGIlu and PLL adopted an a-helical conformation,
indicating that the blob size was directly related to conformational density. This information
was then used to identify the unknown conformation of PLGlu in DMSO and determine the
interhelical distance in bundles of PLL a-helices. To study the effect of ionic interactions, the
protonated and deprotonated forms of PDLGIu and PLGIu were compared. Npiop®™P was found

to remain constant, indicating that the temporal window provided by an excited pyrene was



sufficient to study the rigid polypeptides even when their dynamics were slowed by the
repulsion of like charges.

Next, the effect that the aa sequence had on Npep™® and the internal dynamics
(kbiob*Nbiob™P) of a coiled polypeptide was investigated. To do this, a series of pyrene-labeled
copolypeptides were synthesized through the ring opening polymerization of the
N-carboxyanhydride monomers obtained from racemic mixtures of glutamic acid and either
glycine, alanine, or carbobenzyloxylysine (Lys(Z)) to yield PGlyGlu, PAlaGlu, and
PLys(Z)Glu, respectively. Both Nbiob™® and kniob*Nbion®™® increased with decreasing aa’s side
chain size (SCS). This indicated that the reduced steric hindrance generated by the smaller
SCSs increased the internal dynamics and conformational freedom of the polypeptides. The
effect, that the degree of comonomer incorporation had on the chain dynamics and internal
density of polypeptides, was determined with a series of PAlaGlu samples prepared with
alanine contents between 24 and 58 mol%. The constant Npiov®P value obtained with these
samples suggested that the blob size was independent of the comonomer composition and
instead depended only on the presence of a few small aa’s. Lastly, the relationship between
Nbiob™® and the side chain length (SCL) linking pyrene to the polypeptide was determined using
a series of PDLGIu and PLL samples adopting a coiled conformation. This allowed for the
quantitative determination of the contribution of the pyrenyl label to Npion®™P. After correcting
for its contribution and taking into account the effect of SCS and SCL on Npion™®, a program
was implemented to estimate the blob size of each aa depending on the aa sequence in a
heterogeneous polypeptide, such as a protein. This program was employed to determine the

folding time of 145 proteins segmented into blobs. Comparison of the calculated and

Vi



experimental folding times yielded a correlation coefficient of 0.73, demonstrating the ability
of blob-based approaches, such as the ones described in this thesis, to predict the folding time

of proteins.

In summary, this thesis has introduced a novel blob-based approach to predict the
folding time of proteins based on parameters that can be determined experimentally from the
use of pyrene excimer fluorescence and racemic polypeptides. It opens an alternate path toward

developing a better understanding for proteins on how to fold graciously (C. Levinthal).
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Chapter 1

Introduction



1.1 The Structure of Proteins

Proteins are biological macromolecules composed of one or more linear chains of amino acids
(aa’s) referred to as polypeptides. The polypeptide chains are often folded into a specific three-
dimensional arrangement, that confers a biological function to the macromolecular assembly.*
The majority of proteins are composed of twenty different aa’s, which are referred to as the
most common aa’s, but over 240 naturally occurring aa’s are known.? Of the 20 most common
aa’s, all but one share the same general structure with the only difference arising from the
identity of their side chain. Only proline and its cyclic side chain connected to the terminal
amine breaks this pattern. Table 1.1 provides the structures of the 20 most common aa’s
organized according to their side chain functionality.® The carbon atom bearing the side chain
located between the amine and the carboxylic acid end groups of aa’s is referred to as the
alpha-carbon (C.) and each carbon extending along the side chain is indexed by sequential
Greek letters. All the common aa’s but glycine, which has two hydrogens on its C,, contain a
chiral C, and adopt an L-configuration in their natural form.

The structural arrangements of the aa’s constituting proteins are often divided into
primary, secondary, tertiary, and quaternary structures.'® The primary (19 structure of a
protein refers to the linear sequence of aa’s defining the sequence of a protein, and is also
described as a polypeptide. Figure 1.1 illustrates a backbone fragment containing four generic
aa’s covalently linked together through an amide bond, where R represents the aa side chain.
The ends of the chain are flanked by an amine and a carboxylic acid on the so-called N- and
C-termini, respectively. By convention, the N-terminus is used as the starting point of an aa

sequence.



Table 1.1. Chemical structures of the common amino acids.
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Figure 1.1. Fragment of a polypeptide chain containing four L-amino acids.

X-ray crystallography has shown that the amide linkages adopt rigid-planar
conformations extending from the carbonyl oxygen to the amide proton.* All aa’s in a protein
exist almost exclusively in the trans conformation (i.e. have a torsion angle (w) equal to 180°),
except when they are followed by a proline, in which case steric hinderance between the side
chains partially stabilizes the cis conformation.® This is explained by the ability of the lone pair
of electrons on the nitrogen to resonate with the carbonyl of the adjoining aa (Figure 1.2) and

it has been estimated that the C-N bond has ~30 to 40% double-bond characteristic.®

%

O—0

|
H H

Figure 1.2. Resonance structures of the amide bond linking two aa’s in a polypeptide

restricting the rotation of the amide bond.



The inability of aa’s to rotate about their amide bond restricts their orientation in a
polypeptide backbone to the two torsional angles & and ¢ depicted in Figure 1.3, where both
angles equal 180° when the polypeptide is in an all trans conformation. The rotational freedom
about @ and ¢ depends on the side chain (R) of the aa. The first carbon in the side chain (Cg)
has the greatest effect on the rotational freedom due to its close proximity to the amide
hydrogen and the carbonyl, which restricts some rotational angles due to steric hindrance. The
conformationally available angles are typically represented by a Ramachandran diagram which
is a 2D plot of allowed 6 and ¢ values.” Interestingly, the Ramachandran diagrams of all aa’s
but glycine and proline are quite similar to one another, which indicates that they share a
similar degree of conformational freedom.® Since glycine has no Cg in its structure, glycine has
significantly more rotational freedom resulting in many more allowed 6 and ¢ values. On the
other hand, the cyclic structure of proline significantly reduces its rotational freedom, resulting

in a rather limited number of available conformations.

(0] R
o 0 ¢ H
’/ N\\
g N \\\
H
(@]

Figure 1.3. Torsional angles for each aa in a polypeptide chain. The amide torsional angle (w)
is typically constrained to 180°, while the angles 8 (C,-N bond in red) and ¢ (C.-C bond in

blue) are free to rotate. The arrows indicate the direction of increasing angle.



The secondary (2°) structures of a protein are defined by the regular patterns generated
by a sequence of aa’s adopting a local conformation. The two most predominant secondary
structures are a-helices and B-pleated sheets.* An a-helix consists of a regularly repeating twist
of the amino acids defined by the torsion angles of & =—57° and ¢ = —47°. The result is a right-
handed helix containing 3.6 aa’s per turn and a pitch (rise per turn) of 5.4 A.13 The side chains
of the aa’s extend away from the backbone, which allows for tight packing of the helical core.
Additionally, every backbone amide proton is capable of hydrogen bonding with the carbonyl
of the aa located 4 residues away. The tight packing of the core, along with the many hydrogen
bonds generated between amide protons and carbonyl oxygens, makes the a-helix a very stable
and rigid structure. The typical length of an a-helix is about 14 aa’s (~3 turns) in globular
proteins.® In addition to o-helices, other types of helical secondary structures including
310-helices, m-helices, and poly(proline) type Il (PPII) helices are also encountered, but they
are not as common due to their smaller number of favourable interactions as compared to
a-helices.! The 6 A pitch and 3 aa’s per turn of a 310-helix result in a much thinner helix with
fewer hydrogen bonds than for an a-helix, while the 1.1 A rise and 4.4 aa’s per turn of n-helices
results in a wider helix with fewer van der Waals interactions due the presence of a small cavity
in the helical core resulting from the larger diameter of the helix.* PPII helices, as their name
implies, are often observed with oligoproline peptides and proline-rich segments in proteins.

[-sheets are also very common secondary structures. A f-sheet contains two or more
chains whose alignment with one another results in the formation of hydrogen bonds between

the backbone amides in the adjacent chains. The chain segments can run in the same direction
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(i.e. the N to C alignment of the aa’s in each chain points to the same direction) or in opposite
directions resulting in parallel or antiparallel sheets, respectively. Like a-helices, f-sheets are
also stabilized by hydrogen bonding between the backbone amide protons and carbonyl
oxygens and the van der Waals interactions between the tightly aligned chains.® Often the chain
segments, or strands, constituting a f~sheet form loops near the sheet edges to facilitate better
packing in the structure of proteins. These loops, or turns, typically involve 3 to 5 aa’s locked
in specific conformations to allow the peptide chain to reverse its direction.!

The high-order tertiary (3°) and quaternary (4°) structures of proteins refer to the overall
three-dimensional arrangement of the structural components. The shape of proteins consisting
of a single peptide chain, or one segment in a multimeric protein, defines their tertiary structure,
while the quaternary structure refers to the arrangement of folded monomeric subunits in

proteins consisting of more than one peptide chain.

1.2 Driving Forces in Protein Folding

In the 1960’s, Christian B. Anfinsen demonstrated that protein folding was reversible, implying
that folding was thermodynamically driven and that the native state was the most
thermodynamically stable conformation.!%!! Since folding is a spontaneous process, the
combination of all inter- and intra-molecular interactions must result in an overall negative free
energy. Denaturation studies on globular proteins have shown that the free energy holding their
native structure together amounts to 20 to 60 kJ/mol.*? For comparison purpose, an isolated
hydrogen bond has a free energy of ~20 kJ/mol,*® nearly as much as an entire protein. Since
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proteins have relatively small free energies, all interactions in a protein must contribute
substantially toward the stability of the protein. The most common forces contributing to
protein stability are discussed below.

Five of the 20 most common aa’s bear an ionic charge at physiological pH (Table 1.1),
namely aspartic acid, glutamic acid, arginine, histidine, and lysine, the two former and the
three latter aa’s having a negatively and a positively charged side chain, respectively. Since
many of these ionic aa’s coexist in the sequence of proteins, essentially all proteins generate
ionic interactions in the form of electrostatic attraction between two oppositely charged aa’s
in close proximity to one another, often referred to as an ion pair or a salt bridge.* The large
increase in electric potential predicted by Coulomb’s law as two ions approach one another as
a protein collapses into its dense native state was once believed to be the main force
contributing to protein stability.®® However this initial view has now shifted and the general
consensus is that although ionic interactions are important for defining the 3D structure of a
protein, their overall contribution toward the stability of a protein is rather small.»**>1" The
strength of an ionic interaction depends on the local dielectric constant associated with the
polarizability of their surrounding medium. Since each protein is unique, determining the
dielectric constant near an ion pair is challenging, and so is the calculation of the contribution
of ionic interactions to protein stability.'” Experimentally, these contributions can be
determined by pH induced denaturation experiments. These studies have shown that each
surface salt bridge contributes ~3 — 5 kJ/mol to the stability of a protein, whereas a buried salt

bridge can contribute over 10 kJ/mol.*¥% One suggested reason for these rather low



contributions to stability is that favourable ionic interactions persist even when a protein is
denatured, thereby minimizing changes in electrostatic potential between the folded and
denatured states and limiting their stabilizing ability.?* Since the frequency of ion pairs in many
proteins is rather low (~ 1 ion pair per 30 residues), and buried salt bridges even less common
(~1 in 5 salt bridges),'’ it is often estimated that ionic interactions contribute only ~ 40
kJ/mol*>1€ to the overall stability of a protein.

Hydrogen bonds (H-bonds) are one of the defining features of secondary structures.
They therefore play a central part in the structure of a protein. They occur when a hydrogen
atom is shared between two electronegative atoms such as O or N. Each amide bond contains
a carbonyl oxygen capable of receiving, and a protonated nitrogen capable of donating, a
proton to generate a H-bond. Furthermore, many of the aa side chains (Table 1.1) can also
form H-bonds. The abundance of potential hydrogen bonding groups leads to their high
prevalence in protein structures, with globular proteins containing ~1.1 H-bond per aa on
average.?? Of these H-bonds, ~65% occur between backbone amide groups (nearly all of which
occur in 2° structures), 23% between side chains and backbone amides, and the remainder 12%
between side chains. Up until the 1990’s, it was clear that H-bonding was important to the
structure of a protein, but there was uncertainty about how much (if at all) H-bonds contributed
to protein stability. Since then, advances in experimental techniques and increase in
computational power have provided an answer to this question. Experimentally, the energies
associated with H-bonds in proteins can be determined by point mutation studies whereby an

aa capable of H-bonding is replaced with an aa which cannot (ex. serine to alanine).



Subtraction of the free energy (AG) of folding between a native and its variant protein yields
the difference in free energy (A(AG)) due to the mutation. Since replacing one aa with another
often results in changes of multiple non-specific interactions (ex. van der Waals,
hydrophobicity, ...) and not just H-bonding, these point mutation studies often compare the
A(AG) values between several mutations through double mutant cycles?® or between a same
mutation at two locations in a protein, one where the native aa is involved in a H-bond and the
other where it is not.*® Since H-bonds are directional, their strength is related to the relative
arrangements of the atoms involved and their contribution to stability can be rather varied
depending on their location, but the majority of H-bonds between side chains have been found
to favorably contribute ~1 — 4 kd/mol towards protein stability.'®?® Hydrogen bonds involving
the backbone amides have also been shown to contribute ~ 4 kJ/mol to stability, leading to the
conclusion that all H-bonds are important. However, since the majority of H-bonds occur
between backbone amides, they contribute more to stability than H-bonds involving side
chains.?* To support these experimental results, similar values of ~2 — 8 kJ/mol for stabilization
energy have been predicted through computer simulations when taking into account the
aqueous environment of proteins.®® The agreement between experimental and computational
studies has provided strong support to the notion that H-bonds are very important to stability,
contributing ~ 4 kJ/mol per H-bond. These results have been used to predict that up to ~40%
of the overall stability of a protein may arise from H-bonds.?>

On average, ~86% of the hydrophobic side chains are buried in the apolar core of a

protein,?® leading to tightly packed interiors. Using the atomic volumes of aa’s, Klapper
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demonstrated that 75% of the space in the interior of proteins is occupied by atoms. This
density was not only much higher than that of water, where just 36% of the water volume is
occupied by atoms, but even larger than that of an array of close-packed spheres (71%), leading
to the conclusion that the interior of proteins is closer to a solid than a liquid.?” The tight
packing leads to many molecular contacts resulting in strong van der Waals interactions
between neighboring aa’s. To highlight the importance of these interactions in the dense
interior, Van der Waals interactions of a methylene (-CH»-) have been calculated in different
environments. The interaction energy of methylene in the interior of a protein was calculated
to equal ~13 kJ/mol, much larger than the ~8 kJ/mol interaction energies calculated for
methylene in water and cyclohexane,?® indicating that folding into a tightly packed structure
increases van der Waals interactions, aiding in protein stability. Since van der Waals
interactions are nonspecific, they can be difficult to measure directly as they are typically
convoluted with one of the other major contributors to protein stability represented by the
hydrophobic effect.?®

The hydrophobic effect describes the tendency for hydrophobic groups to aggregate
with one another in a polar solvent, such as water, in order to minimize the surface area in
contact between the opposing phases.? Since water cannot H-bond with a hydrophobe, an
ordered shell of water molecules forms at the interface, resulting in a significant entropy loss
for the involved water molecules. Furthermore, many more ordered water molecules are
present at the interface generated by the large surface area representing many small

hydrophobic domains than at the interface of a smaller surface area generated by a much larger
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domain combining many smaller hydrophobic domains. This difference in surface area implies
that the aggregation of hydrophobes into large hydrophobic domains and the associated release
of water molecules from the ordered surrounding shell to the disordered bulk increases the net
entropy of the system, which increases its free energy. Therefore, the hydrophobic effect is
non-specific and is driven by an entropic gain induced by water molecules. The contribution
of the hydrophobic effect to protein stability is, like H-bonding, studied through point mutation
experiments. Replacing one hydrophobic aa with another aa having a smaller side chain (ex.
isoleucine to valine) results in a A(AG) value representing the loss in stability due to the smaller
hydrophobic side chain. As would be expected, a larger decrease in hydrophobic side chain
size results in more negative (less stable) A(AG) values, by an average of ~5 kJ/mol per
methylene (-CH.-) group removed.'®?® The combination of the hydrophobic effect and van der
Waals interactions has been predicted to contribute ~60% to the stability of a protein,?> making
it the main driving force for folding.

Besides the main contributors driving protein folding discussed above, other forces are
known to destabilize proteins. The main destabilizing force is the conformational entropy of
the polypeptide chain constituting the protein. An unfolded chain has a high degree of freedom,
is able to adopt many different conformations, and has a high entropy. However, as the chain
folds into its confined native state, it loses its ability to populate many of its previously
available conformational states, resulting in a significant loss in entropy. Several techniques
have estimated that this entropic loss ranges between 7 and 15 kJ/mol per aa at room

temperature, but is more likely of being closer to the higher end of this range.?>?® Another
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contributor to protein instability is the number of isolated ionic groups buried in the apolar core
of a protein, such as an isolated ionic side chain. This occurs when the folding of a protein
forces an ionic side chain into a hydrophobic domain, preventing interactions with water and
resulting in a net loss of free energy. For example, replacing a buried aspartic acid residue
(anionic) in RNase Sa with another non-ionic aa increased its stability by ~12 kJ/mol.*® In
contrast, if the buried ionic side chain is capable of H-bonding, the side chain can contribute

favorably to stability as discussed above.

1.3 Energy Landscape of Folding

Protein folding is often described in terms of an energy landscape, represented by a funnel-like
diagram which is broad at the top and narrows to a single point at the bottom, such as the one
depicted in Figure 1.4.3! These folding funnels represent the free energy of a protein chain as
a function of their conformational space. The internal free energy of the chain is represented
by the vertical axis, while each horizontal axis represents a degree of freedom in the chain.
Since every chain has many degrees of freedom (ex. every aa will have its own ¢ and 6 values
defining its conformation), energy funnels have many conformational dimensions, but for

simplicity sake, only two conformational dimensions are often shown.
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Figure 1.4. lllustration of an energy funnel with a rugged energy landscape containing
energy barriers and Kinetic traps. Reprinted by permission from Springer Nature: Nature,
Nature Structural Biology, From Levinthal to Pathways to Funnels, Ken A. Dill and Hue S.

Chan 1997.%!

For each conformation, the internal energy is the sum of all the forces described above
other than the conformational entropy of the chain, so that every conformation corresponds to
a unique point on the energy surface. The entropy of the chain is represented by the width of
the energy funnel in that a broader width at a specific energy represents greater conformational
freedom and larger entropy. Folding is often described as being akin to a ball rolling from the
top of the funnel, where an unfolded chain has a large internal energy and entropy, to the
bottom, where the protein exists in its native state with low internal energy and entropy. As a
protein seeks its lowest energy state, its conformational search tends to follow a path of lowest
resistance (i.e. avoiding large peaks, or high energy conformations) to the bottom while being

constantly nudged in any direction by Brownian motions. Since many conformations exist at
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similar energies, no single conformational pathway is followed by the protein and there is no
specific conformation at a given funnel depth. As such, folding must occur through an
ensemble of pathways, each of which starting somewhere on the energy surface and leading to
the native state. The surface of the energy funnel will be unique for each protein. A two-state
protein (one which folds with a single rate constant) is often described with a macroscopically
smooth funnel defined by a volcano-shaped energy funnel, such that there is one energy barrier
with no stable intermediates.>> On the other hand, multistate folders can have much more
complex landscapes. They can exhibit plateaus, where the protein may have to search a great
number of conformations before it can continue folding, and even have much more rugged
landscapes, with many peaks and valleys. As the protein folds, it can get caught in a trap for a
brief period of time before it is nudged out by Brownian motions that allow it to continue its
downhill search. Such intermediates are sometimes referred to as ‘off-pathway’ intermediates,
since they must go uphill (increase their energy) before the protein can continue to fold.
However, there are no conformations which are on- or off-pathway in an energy landscape
since folding does not follow a predefined path, as folding occurs simultaneously through an
ensemble of pathways. On these rugged landscapes, the starting conformation can have a large
effect on the folding kinetics of proteins. For example, some pathways may lead directly to the
free energy minimum, meandering though many peaks and valleys while avoiding traps.
However, other pathways cannot avoid all traps, which leads to slower and more complex

folding kinetics.
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1.4 Structural Characterization

Three-Dimensional Structure with Atomic Resolution: The structure of a protein is not only
important for defining its biological function but is also used to help understand how proteins
fold. There are three primary techniques which are applied to determine the overall three-
dimensional structure of proteins; x-ray crystallography,® nuclear magnetic resonance
(NMR),%* and cryogenic-electron microscopy (cryo-EM).>® The earliest method was x-ray
crystallography. As the name suggests, this technique exposes a crystalized protein to a beam
of x-rays in order to elicit its structure. The first and often most difficult step in this procedure
is growing a protein crystal.®® This is done by slowly changing the conditions (concentration,
pH, buffers, salts, etc...) of a concentrated protein solution until the protein slowly grows into
crystals. In general, proteins which are more flexible and contain less constrained domains are
more difficult, or sometimes even impossible, to crystalize, limiting which proteins can be
studied by x-ray crystallography. To make this step even more difficult, a crystal size of about
0.1 mm in the longest direction is needed, which often requires careful control of the
crystallization process.® Once a suitable crystal is obtained, it is exposed to an x-ray beam
which generates a diffraction pattern as the x-rays are scattered off the crystal structure. The
diffraction pattern is then transformed into a map of electron density using specialized
computer programs, which is used to determine the position of each aa in a unit cell (and thus
also in the structure of a protein). The resolution of the electron density maps depends heavily
on the ordering of the proteins in the crystal, but resolutions as high as ~ 1 — 3 A are obtained
for high quality crystals.3” Since x-ray scattering requires uniform crystals, disorganized

proteins or flexible segments of proteins, which often crystalize in different orientations, make
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them invisible to this technique. One way to determine the structure of a difficult-to-crystalize
protein is through NMR.

One of the main advantages of NMR experiments is that they yield the structure of a
protein in solution.3* This is done by placing the protein in a deuterated solvent (D20) and
monitoring the relaxations of the nuclei spins as they are perturbed by a strong magnetic field.*
Since proteins have large numbers of atomic nuclei in relatively similar environments, multi-
dimensional NMR techniques are conducted to separate the signals of the nuclei in two or more
frequency domains. These interactions can be observed either through bonds (ex. COSY,
HSQC), through space (ex. NOESY, ROESY), or combinations of both (ex. ®°N-NOESY-
HSQC). In particular, the cross relaxation of two nearby spin-active nuclei, known as the
nuclear Overhauser effect (NOE), is often taken advantage of to determine the relative
positioning of the atomic nuclei in a protein.>* Each NMR signal is then used to build a list of
restraints of the atoms in the protein, which is then employed to build a model of the location
of each atom in the protein. Although the separation of NMR signals into multiple frequency
dimensions reduces the chance of observing overlapping signals, it does not exclude this
possibility, which makes NMR difficult or impossible to apply for the structure determination
of larger proteins (historically up to ~ 25 kg/mol, but proteins up to 100’s of kg/mol can now
be studied by NMR).%® Furthermore, only nuclei with an unpaired nuclear spin (i.e. having an
odd atomic mass) interact with the external magnetic field, so that the response of each nucleus
in a protein depends on their isotopic abundance.® Since the natural abundance of 3C and °N

nuclei is ~ 1% and 0.4%, respectively,*° the vast majority of carbon and nitrogen atoms would
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typically be difficult to detect by NMR, resulting in experiments which would take a
prohibitively long time. To circumvent this problem, proteins studied by NMR are often
prepared with isotope-enriched atoms.** However, this process increases the cost.

Another technique worth mentioning is cryo-EM, a relatively new technique which is
gaining popularity.*? It involves depositing a solution containing a protein on a screen® before
vitrifying the sample by flash freezing, which traps the protein in its native conformation and
prevents water from crystalizing. While maintaining the cryogenic temperature, the vitrified
sample is then transferred into an electron microscope. Hundreds of thousands of images of
the protein are taken at random orientations before being compiled to reconstruct the 3D
structure. The limit of resolution of cryo-EM is presently unknown, but resolutions of 2.2 A
have been reported.*® Therefore this technique can provide structures with near atomic-
resolution without requiring protein crystallization. One of the current problems associated
with cryo-EM is to overcome the conformational heterogeneity of proteins which complicates
the imaging compilation.

Lower-Resolution Structural Information: Obtaining a structure with atomic resolution is time
intensive, costly, and often unnecessary, since many experiments do not require such level of
detail. The ability to detect or monitor a structural change undergone by a protein is usually
enough. The techniques most commonly used for this purpose are circular dichroism (CD),*
Fourier transform infrared spectroscopy (FTIR),* and fluorescence.*® CD measures the
difference in absorption of left-handed and right-handed polarized light. When an

asymmetrical molecule is exposed to circularly polarized light, it may preferentially absorb
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either the left or right-handed polarized light. For proteins, the CD signal of their amide bonds
is typically measured as they absorb in the 180 — 230 nm range.** If a protein is folded, the
regular repeating conformation of amide bonds involved in its secondary structural motives
results in a difference in absorbance between the left and right-handed polarized light. This
difference is quantified by the molar ellipticity (/6]) and is a function of wavelength.*’ Since
each secondary structure results in a different conformation for the amide bonds, each
secondary structure has a unique /6] spectrum.** This allows CD to not only determine if a
structure is present, but also identify the nature of the secondary structures present in a protein
and their abundance. CD is also often employed to monitor the conformational changes
undergone by a protein after application of an external stimulus (denaturant, temperature,
etc...).

FTIR measures the absorbance of molecules in solution in the IR range, which reports
on the vibrational transitions of bonds.*® The vibrational frequency and probability of
absorption depend on the strength and polarity of the bond, and are therefore affected by inter-
and intramolecular interactions. The infrared spectrum is typically plotted as a function of
wavenumber v expressed in cm™, which is proportional to the transition energy. The
vibrational modes of amides and aa side chains have been characterized and each have their
own absorption band, corresponding to a peak in the IR spectrum.*® The most commonly used
peak for determining the structure of a protein is the amide | band near 1650 cm™,
corresponding to the CO stretching vibration of the amides. The amide | band is nearly

independent of the aa side chain, but changes with backbone conformation. Consequently, it
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is ideally suited to determine the secondary structure(s) of a protein. Since water absorbs near
1645 cm™, care must be taken to ensure that the water peak does not interfere with the
absorption measurements. This can be done by using short pathlengths and high protein
concentrations, or by using deuterated water which absorbs at the much lower frequency of
~1210 cm™1.%8

Another common tool used to measure conformational changes in a protein is
fluorescence.*® When a fluorophore is excited by the absorption of a photon, it will emit light
at a longer wavelength than the excitation wavelength as it returns to the ground state. The
fluorescence characteristics, such as wavelength and lifetime, depend on the polarity of the
local environment. This implies that the emission of a fluorophore is different in an apolar
environment (such as inside the core of a protein) versus a polar environment (such as when
exposed to water). Fluorescence experiments on proteins can be done using the intrinsic
fluorescence of phenylalanine, tyrosine, or tryptophan, or by labeling a dye onto a protein. In
the simplest case, the fluorescence of the intrinsic fluorophores of a protein will change as the
protein structure is perturbed. Since only the fluorescence of fluorophores experiencing an
environmental change is affected, the change in fluorescence can be used to determine the
extent and location of denaturation happening to the structure of a protein. Fluorescence is also
commonly applied to probe the internal dynamics and structural intermediates of proteins as
they fold, as will be discussed later.
Conformational Stability: The stability of proteins is typically determined through equilibrium

unfolding experiments.*® The free energy difference between a folded and unfolded protein
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(4G) is defined by the equilibrium constant (Kr) between the folded and unfolded states as
shown in Equation 1.1, where R is the ideal gas constant and T is the absolute temperature in

Kelvin.

AG =RTInK, (1.1)

Ks is determined by the ratio of the molar fraction of proteins in their folded (xr) and unfolded
(xu) state (Kf = x/xy). Since many proteins exist predominantly in their folded state under
physiological conditions, the population of unfolded proteins is very small making it difficult
to determine Kr. However, the equilibrium between the folded and unfolded state can be
perturbed by changing the experimental conditions, such as upon addition of a chemical
denaturant like urea or guanidine hydrochloride, thereby increasing the population of unfolded
proteins. A spectroscopic technique, such as FTIR, fluorescence, or CD which were just
discussed, can be used to monitor the change in signal as a function of denaturant
concentration. The exact handling of the experimental data depends on the equilibrium folding
mechanism. In the simplest two-state case (the protein is either folded or unfolded with no
intermediates), the spectroscopic signal at each denaturant concentration is compared to that
of the completely folded and unfolded protein to determine xs and xu. The molar fractions are
then used to generate a plot of AG as a function of denaturant concentration. 4G is then

extrapolated to zero concentration, which provides the conformational stability of the protein
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without denaturant. In the case where the protein has a detectable folding intermediate, more

complex models are required which typically involve the global analysis of multiple data sets.>

1.5 Folding Kinetics

The determination of the folding rate requires monitoring the formation of structure as a
function of time. Absorbance, fluorescence, and CD are commonly used to monitor structure,®
but other techniques such as NMR can also be employed.®? In order to measure folding rates,
a method must be used to quickly perturb the protein from an equilibrium state so that its
spectroscopic signal can be monitored as the protein folds/unfolds. Stopped-flow techniques
are often used for this purpose, but many other techniques exist. Ultimately, the choice of a
specific technique depends on the time-scale of the experiment. Stopped-flow methods are
limited by the mixing rate of two solutions. They measure the relaxation of proteins on the
micro to millisecond timescale.>® Although there are other techniques such as temperature
jump experiments that can probe protein folding on the nanosecond timescale,>* they typically
do not fully denature a protein. This means that folding can only be probed from a partially
unfolded state which can miss important steps in the folding kinetics. Therefore stopped-flow
experiments are used more predominantly.>® Stopped-flow experiments are conducted by
quickly mixing two solutions. The refolding of a protein is measured by preparing a solution
containing a protein and a denaturant. The solution is then rapidly diluted in a stopped-flow
cell, lowering the denaturant concentration which allows the protein to refold into its native

conformation. Similarly, unfolding is measured by quickly mixing a solution containing the
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folded protein with a solution containing a denaturant. The detector response is then plotted as
a function of time and fitted with an exponential function. A two-state protein can be fitted
with a single exponential, whose analysis yields the folding rate constant. Multi-state proteins
require sums of exponentials, where each exponential is attributed to a rate constant. In order
to determine the rate constant of folding under native conditions without denaturant, the
observed rate constant must be determined for many different denaturant concentrations. A
Chevron plot is then constructed by plotting the log of the observed rate constant as a function
of denaturant concentration. The characteristic v-shape of the plot is used to extrapolate the
rate constants of folding and unfolding in the absence of denaturant.

Many small single-domain proteins fold according to two-state kinetics with no
kinetically observable intermediates.®? In this case, folding proceeds smoothly from the
unfolded state to the folded state with no energy traps. On the other hand, many other proteins
are multistate, implying that they have one or more kinetically observable intermediates.
Consequently, these proteins can adopt a metastable state. Classically, folding intermediates
can be produced in an on- or off-pathway, depending on the pathway for the formation of the
folding intermediates and the folded state. On-pathway refers to an intermediate which forms
in-between the folded and unfolded states, while an off-pathway intermediate forms an
equilibrium with the unfolded state, but cannot directly transition into the folded state. The
distinction between on- or off-pathway is important since it suggests that proteins may differ
in their folding mechanisms, where on-pathway folders fold differently from off-pathway

folders. However, it has been suggested that the observation of these different kinetics depends
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on the relative stability of the folding intermediates rather than having to be on a specific
pathway.>

Many globular proteins experience a fast folding step that takes place in less than a few
tens of microseconds and is commonly referred to as the burst phase.>® This rapid folding often
occurs more rapidly than the mixing of the two solutions in most stopped-flow experiments,
but can still be detected by comparing the amplitude of the exponentials as a function of
denaturant concentration. This burst phase is characterized by the rapid collapse of the protein
into a globular state.>*°” The formation of the globular state is believed to be driven by non-
specific hydrophobic interactions in the protein chain, leading to a significant decrease in the
chain’s radius of gyration. The rapid increase in chain compactness is also generally
accompanied by the formation of local secondary structures which form on a similar
timescale.>”*® Theoretical models have suggested that the formation of secondary structures is
driven by the compactness of the chain, since secondary structures are the only regular way to
efficiently pack a linear chain into a confined space.>®%° A review on the topic® suggests that
the hydrophobic collapse and the initial formation of secondary structure may not be mutually
exclusive and must occur simultaneously. The result is a molten globule of secondary
structures in their non-native conformations, which then must continue their conformational
search toward the natively folded state with a slower rate constant.

As a protein transitions from an unfolded to a folded state, the aa’s must diffusively
encounter one another before they can form favorable interactions according to a process which

ultimately leads to structure formation. Therefore, understanding the dynamics, or the rate at
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which aa’s in a polypeptide chain interact with one another, is important to understand the
folding process. Experimentally, diffusion-limited loop formation of unfolded polypeptide
chains has been measured by fluorescence using end-to-end cyclization (EEC) experiments
taking advantage of triplet-triplet energy transfer®? or quenching.® EEC experiments involve
the end-labeling of an oligopeptide with a fluorophore at one end and a quencher at the other
end. Upon contact with one another, the excited fluorophore is quenched, resulting in a
shortened lifetime. Time-resolved fluorescence measurements are applied to measure the rate
of contact between the two dyes to provide a gquantitative measure of the cyclization rate
constant (kcy) of the oligopeptide, which in turn provides information on how quickly the
oligopeptide ends can diffusively encounter one another. key depends both on the aa sequence
of the oligopeptide and the chain length but takes values that are typically in the 108 s~! range.
Since EEC experiments can only be conducted on small (typically < 20 aa’s) oligopeptides,
the observed rates are representative of dynamics experienced by either small proteins or
during loop formation. Some studies have tried to quantify how the rate of loop formation
depends on the aa sequence® and location® in a polypeptide chain. Unfortunately, the
synthetic difficulties associated with the preparation of monodisperse polypeptides with
specific labeling positions make these studies rather challenging, which explains why they are
still limited to oligopeptides no greater than ~ 30 aa’s. The dynamics measured by these
quenching studies provide information on the limiting rate constant for intrachain diffusive
encounters of proteins near their unfolded state, and therefore are typically considered to be an

upper limit for the rate at which proteins can explore their conformations.
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1.6 Heterogeneity of Folding

The globular states of many proteins® (including barstar®® and ribonuclease A®’) have been
shown to be heterogeneous. For ribonuclease A, at least 5 distinct intermediates have been
discovered.®® Binding studies of these intermediates have demonstrated that each intermediate
follows an independent pathway with its own folding rate. The fact that each pathway was
unique and different from one another suggested that folding did not follow one predefined
pathway, as predicted by the energy landscape model. Further evidence in favor of an energy
landscape comes from structural information on the globular intermediates determined using
hydrogen exchange (HX) experiments. These experiments use either NMR or mass
spectroscopy (MS) to monitor the rate of exchange of protons (typically the amide protons) in
a protein with the deuterated solvent.®® The rate of exchange depends on the accessibility of
the amide protons to the solvent and their involvement in hydrogen bonds. Residues which are
buried in the interior of a protein or are involved in hydrogen bonded networks, such as those
generated by secondary structures, will exchange more slowly than those which are not.
Therefore, HX experiments provide an experimental means to monitor the formation of
structure with single aa resolution. Comparison of the structural intermediates of ribonuclease
A showed that the aa’s in the intermediates had substantially different exchange rates.®” This
meant that the intermediates were conformationally heterogeneous, involving different folded
and unfolded chain segments of the protein.

The conformational heterogeneity of proteins has also been studied by time-resolved
Forster resonance energy transfer (tr-FRET) in barstar.% tr-FRET is similar to fluorescence

quenching, but the quenching (or energy transfer) occurs through space. The efficiency of
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energy transfer depends on the distance separating the donor and acceptor molecules to the
power of six. Since FRET is extremely sensitive to distance, the FRET efficiency is often used
to back calculate the distance between the donor and acceptor. In barstar,®® a native tryptophan
served as the donor and a single acceptor was attached onto a cysteine. The FRET efficiency
in the labeled barstar was then measured in its folded state and in solutions containing
increasing concentrations of denaturant. This allowed the distance between the FRET donor
and acceptor (D-A) to be measured at various stages of folding. When folded, the D-A
distances measured by FRET corresponded to the distances expected from the x-ray crystal
structure. When denatured, the FRET efficiency decreased, which reflected an increase in the
D-A distance. Careful analysis of the fluorescence decays revealed that there was in fact a
distribution of D-A distances, indicative of proteins in different conformations. This process
was repeated by systematically labeling four different cystines with the acceptor in order to
measure the intramolecular distance, and therefore conformation, in different segments located
throughout the protein as a function of denaturant concentration. The distribution of distances
was most narrow at low denaturant concentrations, indicating that barstar adopted similar
native-like folded conformations, as would be expected for proteins near a natively folded
state. However, as the denaturant concentration was increased, there was significant
broadening of the distribution of D-A distances, which indicated that the denatured state of
barastar was heterogenous and was not occupied by similar conformational states. This clearly
indicated that barsar must adopt many different conformational states when unfolded. The fact

that the heterogeneity decreased as the protein approached its native state was taken as direct
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experimental evidence of the energy landscape model of folding, where the conformational

space of a protein becomes more limited as stability increases.

1.7 The Hierarchy of Folding

Despite evidence that folding does not follow a unique pathway, several trends in the way
proteins fold have been established. The folding rate of proteins tends to correlate to their
native topology, which is defined by the contacts between the aa’s in a folded protein. One of
the common topological parameters used to quantify the structure of proteins is the relative
contact order (RCO).” The RCO is determined from the average sequence distance separating
all pairs of contacting aa’s in the high-resolution structures of proteins. Proteins with contacts
between aa’s that are predominantly close together in the sequence have a low RCO, while
those with less local contacts have a larger RCO. Therefore, the RCO provides a measure of
the relative importance of local and non-local structures, where a local structure is generated
by neighboring aa’s along a protein sequence. The negative correlation between RCO and
folding rate in single domain proteins demonstrated that proteins with more local structures,
such as a-helices and turns, folded more quickly than those with more non-local structures,
such as S-sheets.”® Since then, many other topological parameters have been used to correlate
folding rates, but they all rely on the locality of contacts. These correlations can now be used
to predict the folding rates of some proteins from their primary sequence.” The conclusion
that short segments of a protein sequence involving short-range contacts fold more rapidly than
segments involving long-range contacts demonstrates that the formation of local contacts must
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be responsible for guiding the folding of proteins along their energy landscapes. In fact, contact
order has been combined with a statistical mechanical model to predict not only the folding
rate of proteins but also their folding pathways.’?> The model predicts that the dominant folding
paths are those which contain only small loop closures (i.e. form local structures), again
supporting the idea that folding occurs though local interactions of the aa’s.

Perhaps the strongest support for the existence of local folding domains comes from
HX experiments. These experiments are done either under equilibrium conditions with a
denaturant as described earlier, or with HX pulsed experiments. HX pulse experiments begin
with an unfolded protein in D20, which allows all the amides to exchange with the solvent. A
stopped flow apparatus is then used to initiate folding. By briefly exposing (or pulsing) the
folding protein with a protonated buffer, a snapshot of the population of folding intermediates
is determined as a function of folding time.”® These experiments revealed that proteins
contained groups of aa’s which were able to exchange on a similar time scale, which meant
that the aa’s in each group must cooperatively fold together, since folding protects them from
the exchange process. This observation led to the term foldon, which defines the groups of aa’s
which cooperatively interact with one another to fold. Foldons have been found in over a dozen
proteins, even those without kinetically observable intermediates.”* Some proteins, such as
apomyoglobin,”™"® have multiple folding domains which simultaneously fold in parallel with
one another. Other proteins, such as cytochrome c¢’”"® show foldons appearing in a stepwise
manner, indicating that the folding of each domain occurs consecutively after one another.

However, other studies have demonstrated that parallel folding pathways can generate a similar
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step-wise creation of foldons.”® The size of foldons varies for each folding domain and protein,
but typically is ~ 20 aa’s in size.2® Again, this observation supports the fact that folding is
driven by local interactions, but the underlying physical phenomena governing their size is not
yet fully understood.

Circular permutation studies have also been used to study the folding domains in
ribosomal protein S6.”%81:82 Circular permutation experiments can be conducted on any protein
whose C and N termini are in close spatial proximity to one another in the native state. The
ends of the protein are connected to each other either directly or with a short linker, before the
protein is being cut in another location to yield a protein with a similar native structure but a
different aa sequence. Depending on the location of the chain incision, the circular permutants
are found to differ in their structural stability, folding rate, and dominant folding pathway.
However, despite all these differences the folding domains in S6 remained the same, even
when the order of their folding was reversed.” Using the idea that folding was governed by
domains constituted of aa’s that fold cooperatively, an entire £-strand in S6 (corresponding to
the aa’s located in the center of the sequence of the wild-type protein) could be removed
without perturbing the remainder of the folding domains and structure, directly supporting the
idea that folding takes place locally.®

The mounting evidence that protein folding is a result of interactions between aa’s
situated in a local volume led to the proposal that the structure of a protein could be predicted
by considering individual small segments of the sequence of a protein rather than that of the

entire protein. Based on this general principle, the zipping and assembly model (ZAM) was
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developed to predict the three-dimensional structures of proteins solely from molecular force
field simulations.8384 ZAM divides the sequence of a protein into a series of overlapping
segments of 8 to 12 aa’s. Molecular dynamic simulations are then used to determine favorable
interactions (such as H-bonds or hydrophobic interactions). The metastable segments are then
incrementally combined together until the structure of the full protein is revealed. This method
has been used to accurately predict structures for many different proteins, even when the

protein sequence is as large as 112 aa’s.®*

1.8 The Fluorescence Blob Model and Protein Folding

The fluorescence blob model (FBM) was introduced in the 1990s as a model to analyze the
time-resolved fluorescence decays of a macromolecule randomly labeled with pyrene.852¢ In
principle, any dye and quencher pair can be used, but the ability of pyrene to self-quench to
form an excimer simplifies the labeling process to a single dye. The FBM is built on the
principle that a pyrene covalently bound onto a macromolecule will probe a finite volume,
referred to as a blob, while it remains in the excited state. By doing so, a macromolecule is
divided into a series of blobs among which the pyrenes will distribute themselves according to
a Poisson distribution.®% A depiction of a linear pyrene-labeled macromolecule
compartmentalized into blobs is given in Figure 1.5. Blobs which contain only a single pyrene
will be unable to form excimer, and therefore the pyrene will return to the ground-state with
its unquenched monomer lifetime tm. If a blob contains more than one pyrene, the pyrenes can
diffusively encounter one another to from an excimer, which results in the simultaneous

guenching of the monomer fluorescence and the appearance of the excimer fluorescence.
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Figure 1.5. Compartmentalization of a pyrene-labeled polymer into blobs according to the

FBM.

The FBM mathematical handling of the fluorescence decays has been described in
detail in many publications.8”-8 Within the framework of the FBM, global analysis of the
monomer and excimer decays of the pyrene-labeled macromolecule provides information not
only on the internal dynamics of a polymer, but also on its conformation in solution. The FBM
does so by returning two fundamental parameters describing the macromolecule. The first
parameter is kniob, the pseudo-unimolecular rate constant of excimer formation in a blob
containing a single excited and ground-state pyrene. The pseudo-unimolecular koiob €quals the
ratio of the bimolecular rate constant for diffusive encounters kgifr divided by the blob volume
(Kniob = kaitrx(1/Vbion)) Since 1/Voion equals the concentration of one ground-state pyrene inside
a blob. Since pyrene is covalently attached onto the macromolecule, koion reflects the rate
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constant at which the structural units diffusively encounter one another in a blob, thus
providing a direct measure of the mobility of the macromolecule on the length scale of a blob.
The second parameter retrieved from the FBM is <n>, the average number of pyrenes
contained within each blob. <n> reports on the local pyrene concentration in a blob which
depends on two factors, the amount of pyrene attached onto the macromolecule and the
conformation of the macromolecule. However, when <n> is combined with the molar fraction
x of structural units, which are labeled with pyrene, and the molar fraction fufee Of pyrenes
which emit with the lifetime tm in the monomer decay, the average number Npiob Of structural

units contained within a blob can be determined with Equation 1.2.

<n>
Niior = (

1- foree) (12)

Since Equation 1.2 accounts for the pyrene content, Npiob is independent of x and
therefore depends only on the local conformation and dynamics of the macromolecule. For
example, the rapid movement of the structural units in a highly dynamic macromolecule allows
pyrene to probe a larger volume, therefore increasing Voiob and Npiob as compared to a less
dynamic macromolecule. In less dynamic macromolecules, where the backbone motions are
limited and Vuiob is constant, a tightly coiled macromolecule will have more structural units per
unit volume than its loosely coiled counterpart, implying that the tightly coiled macromolecule
will contain more structural units per blob, resulting in a larger Npiob Value. Therefore, Npiob

responds directly to the conformational freedom of macromolecules, with more tightly
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constrained macromolecules having smaller blob sizes than those with more freedom.
Accordingly, the dynamics of macromolecules, defined as the number of contact events in a
blob per unit time, can be probed with the FBM by determining the product KpiobXNbiob, Since
it takes into account both the rate constant of encounters/interactions between structural units
and the number of structural units involved. The FBM has been applied to retrieve reliable
information on the internal dynamics of many macromolecules, and even used to reveal the
solution conformation of several rigid macromolecules including amylose®® and poly(L-
glutamic acid)®°2 with the aid of molecular mechanics optimizations (MMOs). The ability of
the FBM to provide quantitative information on rigid macromolecules makes it an ideal
experimental tool to probe the internal dynamics and conformations of polypeptides.

Protein folding is a very complex process, but there is increasing support in the notion
that the solution to this problem may be found through the identification of the folding domains
of a protein. While the existence and size of folding domains in proteins can be probed readily
by HX experiments,’*2° there still remain many unanswered questions about the nature of their
existence. For example, the size of foldons is commonly reported to be ~ 15 to 35 aa’s,’*8 but
there has yet to be any experimental evidence explaining why folding domains exist over such
a length scale or what effect, if any, the aa sequence has. Such fundamental questions are
difficult to answer by studying proteins due to their complex nature, but as a review on pyrene-
excimer formation points out,®® the FBM may provide insight to answer such questions by
studying simpler polypeptides. Conceptually, the division of a pyrene-labeled polypeptide into

blobs is similar to the compartmentalization of a protein into foldons, as they both segment a
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polypeptide chain into a series of subvolumes, which come together to define the whole.
However, unlike foldons, the size of the subdomains (blobs) in the FBM have a clear physical
rational for their existence, namely that the blob volume is defined by the volume that an
excited pyrenyl label can probe through diffusive movements. The covalent attachment of
pyrene onto a polypeptide ensures that the volume of a blob is directly related to the volume
that can be explored by the pyrene-labeled aa’s. Therefore, Nbiob provides a measure of the
number of aa’s which can diffusively encounter one another on the ~1 us temporal window
provided by pyrene. Furthermore, the FBM also provides koion, @ measure of the rate constant
of encounter between the aa’s. Therefore, the FBM simultaneously determines not only the
number of aa’s capable of diffusively encountering one another, but also the rate at which they
do so. At a fundamental level, a protein is simply a polypeptide with a heterogeneous
incorporation of 20 different structural units, or aa’s, which means that the solution behavior
of a protein can be expected to be decomposed into the behavior of each individual element.
Therefore, the FBM study of polypeptides with simple aa sequences could be used to better

understand the complex behavior of proteins as they fold.

1.9 Research Goals and Thesis Outline

The overarching goal of this research was to apply the FBM to describe quantitatively the
solution conformation and internal dynamics of polypeptides. In doing so, the hope is to
convince the reader that the folding domains in proteins are created in the same manner as the

blobs employed in the FBM analysis of pyrene-labeled polypeptides, and that the
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characterization of polypeptide blobs will therefore provide a deeper understanding of protein
folding. To achieve this goal, this thesis aimed to characterize first, how the formation of
structure in polypeptides affected the blob size, by monitoring the Npiob Value as a function of
the conformation of a polypeptide, and second, how the aa sequence of an unstructured
polypeptide affected its internal dynamics and conformational freedom. The following
research chapters describe the experiments that were conducted in this thesis to address these
two objectives.

A proof of principle that the FBM could report on the conformation and internal
dynamics of polypeptides is presented in Chapter 2. The FBM was applied to analyze the
fluorescence decays acquired with pyrene-labeled poly(L-glutamic acid) (PLGIlu) and
poly(D,L-glutamic acid) (PDLGIu), which adopted a-helical and random coil conformations
in DMF, respectively. In combination with MMOs, Nbiob Was shown to report directly on the
polypeptide conformation, with the more densely packed a-helical conformation affording a
larger Nbiob Value than the unstructured coil, which demonstrated that Npion Was sensitive to the
local chain density. At the same time, koiob Was found to report on the timescale expected for
the dynamics of polypeptides. The fact that the Noiob range of ~ 10 to 20 aa’s matched closely
the sizes of foldons,”*®° and that kuion reported on the expected time scale of polypeptide
motions, was used as evidence that the FBM was appropriately suited to probe the domains of
polypeptides as defined by the diffusive encounters of their aa constituents. This idea was
further explored in Chapter 3 by studying the effect that charges had on the blob size and

internal dynamics for PLGlu, PLDGIu, and another homopolypeptide, poly(L-lysine) (PLL).
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Like PLGIlu and PDLGIu, a combination of FBM and MMOs was able to successfully
characterize both the conformation and dynamics of PLL in solution.

Chapter 4 aimed to solidify the first goal of this thesis, which aimed to understand how
the formation of structure in a polypeptide affected Nuiob. T do this, conformational changes
in PLL were induced by changing the solvency conditions in order to map changes in the blob
size for each of the induced conformations ranging from an unstructured coil to an organized
bundle of a-helices. In agreement with Chapters 2 and 3, Nbiob Was shown to increase as the
conformational density of PLL increased. MMOs were used to provide molecular-level details
of the PLL conformation, including the interhelical distance separating the PLL a-helices
inside a bundle.

Moving on to the second objective of this thesis work, a series of copolypeptides
containing aa’s of increasing side chain size (SCS) were prepared in Chapter 5 to investigate
how the structure of an aa affected the behavior of the copolypeptides in solution. Since the
formation of structure in the copolypeptides was suppressed by the incorporation of a racemic
mixture of aa’s, the increase in Nbiob and KnionXNbiob With decreasing SCS was attributed to the
increased conformational freedom provided to the copolypeptides from the decreased steric
hindrance experienced by the smaller SCSs. Chapter 6 built on these results by investigating
the effect of comonomer content on the copolypeptides. Surprisingly, the Npion Value of the
alanine-glutamic acid copolymers were independent of the alanine content, which suggested

that the blob size was most affected by aa’s with small SCSs. With this information in mind,

37



the aptly called blob-based model was introduced to estimate the folding times of proteins
based on the averaged blob size expected for pyrene-labeled polypeptides.

The final research Chapter (Chapter 7) refined this model in several significant ways.
First the contribution of the pyrenyl label to Nbiob Was determined quantitatively by studying a
series of polypeptides where pyrene was separated from the polypeptide backbone by
increasing side chain lengths (SCLs). After correcting for the pyrene contribution and
considering the effect of the SCS and SCL of different aa’s on Npiob, the exact aa sequence
could then be taken into account to determine specific blob sizes for each protein. These blob
sizes were then used to predict the folding times of 145 proteins which showed a strong
correlation with the experimental folding time of these proteins, resulting in a correlation
coefficient of 0.73. Along with Chapter 6, Chapter 7 suggested that blob-based approaches
could become good predictors of the folding times of proteins in solution.

Lastly, Chapter 8 summarizes the results of the entire thesis and suggests future
experiments to strengthen the conclusions that were drawn from this thesis, and to improve the

estimation of protein folding times.
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Chapter 2
Pyrene Excimer Fluorescence as a Direct and Easy Experimental
Means to Characterize the Length Scale and Internal Dynamics of

Polypeptide Foldons

Adapted with permission from Casier, R. Duhamel, J. Pyrene Excimer Fluorescence as a Direct and
Easy Experimental Means to Characterize the Length Scale and Internal Dynamics of Polypeptide

Foldons. Macromolecules 2018, 51, 3450 — 3457. Copyright 2018 American Chemical Society.
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2.1 Abstract

This report provides evidence that the blobs characterized through the application of the
fluorescence blob model (FBM) to the analysis of the fluorescence decays acquired with
pyrene-labeled polypeptides are equivalent to the foldons used in the study of protein folding.
The FBM was applied to characterize the length and time scale over which pyrene excimer
formation (PEF) took place between pyrene labels covalently attached onto a-helical and
partially helical poly(L-glutamic acid) (Py-PLGlu) in DMF and DMSO, respectively, and
unfolded poly(D,L-glutamic acid) (Py-PDLGIu) in both DMF and DMSO. The blob size
obtained for a-helical Py-PLGlu in DMF and the characteristic time determined for the
backbone dynamics of unfolded Py-PDLGIu matched very closely the expected size of foldons
and their characteristic folding times, respectively. In particular, the blob size was confirmed
by conducting Molecular Mechanics Optimizations (MMOs) with HyperChem. Furthermore,
the level of pyrene clustering along the polypeptides correlated nicely with their expected
conformation, either coiled or helical for the Py-PDLGIlu or Py-PLGlu constructs in DMF,
respectively, Consequently, these results suggest that PEF experiments conducted on pyrene-
labeled polypeptides provide valuable information on the time and length scales experienced
by the amino acids located inside a polypeptide blob, and that if polypeptide blobs and foldons
present similar length and time scales, both entities must be equivalent. Since dynamic or
spatial information on foldons is usually retrieved by conducting NMR or hydrogen exchange
mass spectrometry experiments, PEF might thus provide an alternative, possibly simpler, route

toward the characterization of polypeptide foldons in solution.
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2.2 Introduction

All advances made toward understanding the folding pathway of proteins must solve
Levinthal’s paradox which states that in order for proteins to fold on experimentally observed
time-scales, protein folding cannot follow a random conformational search that would exhaust
all possible arrangements of the conformational space, since such a search would be
prohibitively time-consuming.!? Consequently, any proposed protein folding mechanism must
first ensure that reasonable folding times are achieved, i.e. the folding time of a protein must
be considerably smaller than the lifetime of the organism generating the protein. Within this
context, protein folding is typically described in terms of an energy funnel that guides the
spontaneous folding of a high-energy unfolded chain towards partially folded intermediates of
continuously decreasing free energy, until the lowest-energy native conformation is reached.>
As part of this continued search for accommodating Levinthal’s paradox, foldons were recently
introduced to represent the subset (Nroig) of amino acid residues which cooperatively fold
together in different “sections” of the polypeptide chain. NMR or mass spectrometry (MS)
hydrogen exchange (HX) experiments on partially folded proteins have found that short
sequences of about 20 amino acids (Nrog=20) exchange their amide hydrogens in D20 with a
similarly slow rate constant suggesting that they all belonged to a same foldon. 52° The obvious
advantage of dividing the protein into a string of foldons is that the time required for a number
(N/NFoiq) of foldons made of Noiq residues to fold is infinitely shorter than that for an N residue-
long protein (N >> Nroig). Assuming that each residue takes about 7z, ~ 1 ps to adopt one of

three possible conformations and that Nroig equals 20, the folding time of a 100 residue-long

41



protein (N=100) would drop from an impossible 3Nx 7, = 1.6x10% yr-long folding time down
to (N/Nroig) x3NFO1x 7, = 17 ms, a reasonable folding time for a living organism.** Consequently
the foldon hypothesis has been reported as being the only viable choice toward resolving
Levinthal’s paradox.!? As a result, foldons have been the object of considerable scientific
scrutiny.

While the size of foldons in partially folded proteins has now been characterized,®82
their existence still raises several unanswered fundamental questions. For instance, having
established the existence of foldons does not explain their raison d’étre in the first place.
Furthermore Nroig determined by NMR and MS HX experiments for partially folded
polypeptides should also be characterized for unfolded polypeptides, an important length scale
since it corresponds to the onset of folding. Yet this information remains unknown since all
amide hydrogens of a fully unfolded polypeptide would be equivalently exchangeable in an
NMR or MS HX experiment. Finally, since the time scale of protein folding is critical to
accommodate Levinthal’s paradox, the time scale over which foldons fold is another important
factor that should be included in the characterization of foldons.

A recent review suggested that these questions could be answered by conducting
pyrene excimer fluorescence/formation (PEF) experiments on pyrene-labeled polypeptides.*3
This report represents a first step toward this goal, by characterizing PEF in two series of
pyrene-labeled poly(L-glutamic acid) (Py-PLGIu) and poly(D,L-glutamic acid) (Py-PDLGIu)
in N,N-dimethylformamide (DMF) and dimethylsulfoxide (DMSO). Due to the absence of

stereoregularity, PDLGIu is a perfect example of polypeptide adopting a random coil
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conformation in DMF and DMSO. PDLGIu would thus be representative of a polypeptide at
the initial stage of folding. By contrast, PLGlu in DMSO and DMF adopts a partially** and
fully®® helical conformation, respectively, thus representing states of the polypeptide along and
at the end of the folding pathway. These states of the polypeptides can be probed by monitoring
excimer formation between every two pyrene labels covalently attached onto the polypeptides
and applying the fluorescence blob model (FBM) to determine the time and length scale over
which PEF occurs.®

The FBM recognizes that an excited fluorophore covalently attached onto a polymer
cannot probe the entire polymer volume during its finite lifetime, but that it rather probes a
subvolume of the polymer coil referred to as a blob. Within the framework of the FBM, a
fluorescently labeled polymer is represented by a cluster of blobs, among which the randomly
attached pyrene labels distribute themselves according to Poisson statistics. The mobility range
of the excited pyrene is restricted to the diffusion of the polymer structural unit that pyrene is
bound to. As such, the volume of a blob is limited by the mobility of the labeled structural unit,
and therefore the blob volume reflects the structural unit mobility on the time-scale of
backbone motion. As discussed in a recent review, a blob should be to the FBM what a foldon
is to protein folding, so that the characterization of a polypeptide blob is bound to provide
structural and dynamic information about a foldon. These ideas were put to the test herein by
applying the FBM to fit the pyrene monomer and excimer fluorescence decays of Py-PLGlu

and Py-PDLGIu in DMF and DMSO.
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2.3 Experimental

Materials. Acetic acid (glacial, Sigma), N,N'-diisopropylcarbodiimide (DIC, Sigma, 99 %),
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide  hydrochloride  (EDC-HCI,  Sigma,
>99.0 %), N,N-dimethylformamide (DMF, Sigma, > 99.8 %), dimethyl sulfoxide (DMSO,
Sigma, > 99.9 %), hydrochloric acid (HCI, Fisher, 34 wt% in water), N-hydroxysuccinimide
(NHS, Sigma, 98 %), 1-pyrenemethylamine hydrochloride (PyMA-HCI) and sodium
hydroxide (NaOH, Sigma, > 97.0 %) were used as received. Deionized water (DIW) was
obtained from a Biopure Series 4400 Single Pass Reverse Osmosis system.

The poly(L-glutamic acid sodium salt) (PLGNa, Alamanda Polymers, M, = 121300
g-mol-!, DP =803, PDI = 1.02) and poly(D,L-glutamic acid sodium salt) (PDLGNa, Alamanda
Polymers, Mn = 118400 g-mol-!, DP = 784, PDI = 1.06) were received with an unprotected
N-terminus. To prevent possible complications arising from the reaction of the amine end with
one of the glutamate side chains during the pyrene-labeling step, the N-terminal was capped
with an acetyl group. To this end, succinimidyl acetate was first prepared by adding NHS (0.90
g, 7.8 mmol) to an ice-bath cooled round-bottom flask containing glacial acetic acid (5 mL,
87.4 mmol). With vigorous stirring, DIC (1.4 mL, 8.9 mmol) was added dropwise. After
allowing to react overnight, the acetic acid was removed via rotary evaporation at 40 °C, and
the resulting white paste was dissolved in a minimal amount of methanol. The methanol
solution was then cooled in an ice-bath and the white crystal precipitate was collected via
suction filtration yielding succinimidyl acetate (0.8 g, 5.1 mmol, 65 % yield). Acetylation of

the N-terminus of PGlu was carried out by first dissolving PGNa (400 mg, 3.3 umol) in a
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solution of DMF (6 mL) and DIW (6 mL) in a 20 mL vial with vigorous stirring. After
complete dissolution, succinimidyl acetate (31 mg, 200 pumol) was added and the solution was
left to stir overnight. The acetylated PGNa was then purified by dialysis against a successive
series of solutions starting with a 4:1 DMF:water mixture, followed by a 1:1 DMF:water
mixture, water, and lastly an aqueous NaOH solution (pH 9). The solution was then freeze-
dried to remove the water and stored in a —20 °C freezer.

Pyrene Labeling. Adapting previously published procedures,'®’ both the acetylated PLGNa
and PDLGNa were labeled with PyMA yielding the pyrene-labeled PGlu constructs Py-PLGlu
and Py-PDLGIu, respectively. As an example of one synthesis, Py-PLGlu labeled with 6.9
mol% pyrene was prepared as follows: PLGNa (39.9 mg, 0.26 mmol eq. of glutamic acid (Glu))
was added to a 20 mL vial along with a small magnetic stir bar, 8 mL DMF and 8 mL DIW.
After dissolving the PLGNa with rapid stirring, PyMA-HCI (7.7 mg, 29 pmol) was added in
the solution and left to stir for 30 min. to ensure complete dissolution. EDC-HCI (5.6 mg, 29
umol) was then added and the 20 mL vial was capped, covered with aluminum foil to prevent
excess external light irradiation, and left to react for 36 h. The reaction mixture was then
transferred to a dialysis tube (14 kDa molecular weight cut-off, Regenerated Cellulose) and
dialysed against a 20 vol% DIW solution in DMF for 4 h in a 1 L beaker, after which time the
dialysate solution was replaced with a 50 vol% DIW in DMF solution and dialysed for another
6 h. After this time, the solution was dialysed against pure DIW overnight, followed by dialysis
against pH 6 DIW and pH 9 DIW for 4 h each, respectively. Before the last dialysate solution

of pH 9 DIW was discarded, a ca. 20 mL aliquot of the dialysate solution was freeze-dried to
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determine the mass ratio (Aps) of dialysate solids per g of Py-PLGNa in the dialysis solution.
The purified Py-PLGNa solution was then accurately weighed into vials and freeze-dried to
remove the water.

Pyrene Content. The fraction (x) of glutamate residues that were labeled with pyrene was
determined using Equation 2.1, where Apy represents the moles of pyrene per gram of sample,
and Mgna and Mpyciy are the molecular weights of a glutamic acid residue (151.1 g-mol-') and
the pyrene-labeled residue (342.4 g-mol~!), respectively. In order to determine Apy, @ mass (Mpy-
peNa/Ds) Of at least 5.0 mg of freeze-dried pyrene-labeled PGNa was accurately weighed out.
To ensure the accuracy of mpypeNaps, the mass of dialysate solids (mps) in the Py-PGNa
sample needed to be determined. This was done by multiplying mpy-penaps by Aps to yield mps.
Subtracting mps from mpy_penaps Yielded the actual mass of pure Py-PGNa (mpy-pena). The Py-
PGNa was then dissolved in 2 — 3 mL of DIW before 1 M HCI was added dropwise until the
Py-PGNa precipitated from the solution as it was converted into Py-PGlu; two additional drops
of HCI were then added to ensure the complete protonation of the PGNa backbone to PGlu.
The suspension was then vortexed for ca. 30 s before it was frozen for freeze-drying. The
freeze-dried Py-PGlu was then dissolved into a known volume of DMF (Vpwmr). The UV
absorbance of the solution was then measured (see Figure S2.1 in Supporting Information (SI)),
and the molar concentration of pyrene [Py] was determined using a molar extinction coefficient
of 40,000 M~'-cm~! at the 344 nm absorbance peak.'® The pyrene content (Apy) expressed in
mol of pyrene per gram of Py-PGNa was obtained by taking the ratio [Py]/(mpy-pena/VDMF).
The molar fraction (fey) could then be calculated by applying Equation 2.1.
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Steady-State Fluorescence. All steady-state fluorescence (SSF) spectra were acquired with a
PTI spectrofluorometer equipped with a xenon arc lamp using an excitation wavelength of 344
nm and scanning the emission from 350 to 600 nm over 50 s with excitation and emission slit-
widths of 2 and 1 nm, respectively. After preparing solutions containing ca. 2.5 x 10 M
pyrene, oxygen was removed by out-gassing the solutions with a gentle flow of N2 gas (high
purity, 99.99 %) for ca. 25 min before acquiring the SSF spectrum. Oxygen is an efficient and
well-known quencher of long-lived excited dyes like pyrene.'® The fluorescence intensity of
the monomer (Im) and excimer (lg) were calculated using the area under the SSF spectrum
from 372 to 378 nm and from 500 to 530 nm, respectively. Im and Ie were employed to
determine the Ie/lm ratio of the Py-PGlu solutions which represents the PEF efficiency for a
given construct.

Time-Resolved Fluorescence. Samples were prepared in a similar manner as for the steady-
state fluorescence measurements. The fluorescence decays of pyrene were acquired using an
IBH TC-SPC spectrofluorometer in conjunction with a NanoLED-340 laser. All decays were
collected with an excitation wavelength of 344 nm over 1024 channels. Using a time-per-
channel of 2.04 ns-ch-!, the monomer fluorescence was collected until a total of at least 40,000
counts was obtained for the fluorescence decay maximum at an emission wavelength of 375
nm using a 370 nm cut-off filter in front of the emission lens to minimize light scattering. The

excimer fluorescence decays were acquired with a decay maximum of at least 20,000 counts
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at 510 nm with a 495 nm cut-off filter using a time-per-channel of 1.02 ns-ch-!. The instrument
response function was collected using a LUDOX dispersion in water with a peak maximum of
at least 20,000 counts at 344 nm.

Circular Dichroism. Using a Jasco J-715 spectropolarimeter, circular dichroism (CD) spectra
were averaged over ten scans from 400 to 250 nm using a 0.10 mm pathlength quartz cell
containing a solution with a pyrene concentration of ca. 2.5 x 10~ M. A solvent background
correction was applied to each spectrum. The molar ellipticity spectra acquired with the Py-
PGlu solutions are provided in Figure S2.2.

Fluorescence decay analysis: The fluorescence blob model (FBM) was used to fit the
fluorescence decays of Py-PLGIlu and Py-PDLGlu in solution. The FBM has been described in
numerous reviews and the reader is directed toward these documents for more information (see
reference #13). In brief, the FBM divides a macromolecule into segments of equal volume,
where each unit volume is referred to as a blob. Since pyrene is covalently and randomly bound
along the macromolecular backbone, pyrene will distribute itself among the blobs according
to Poisson statistics.!® Within each blob, the FBM considers four distinct species of pyrene.
Pyiree represents the excited pyrenes which do not form excimer during their lifetime and emit
with their unquenched lifetime tv. Pyko represents the excited pyrenes that are very close to a
ground-state pyrene and can form excimer through a rapid rearrangement process with a rate
constant ko. Pyairf represents the excited pyrenes that diffuse to a ground-state pyrene with a
rate constant kniob t0 generate the Pyk» species. The species Pyagg represents the preassociated

pyrenes which directly form an excimer upon excitation. Two excimer species were needed in
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the analysis. This situation is often encountered when dealing with pyrene excimer generated
in more rigid environments as with polypeptides where pyrene is bound to the polymer via an
amide bond.?° The excimers obtained with the strongest and smallest contributions were
referred to as EO* and D* and were assumed to be the result of good and poor stacking between
two pyrene labels, respectively. Equations S2.2 and S2.3 were used to fit the monomer and
excimer fluorescence decays.

To find the optimal k> value for each PGlu construct, the monomer and excimer
fluorescence decays were first fitted globally according to Equations S2.1 and S2.2 in Sl using
the globmis90lbg program that allowed for kz to be optimized in the analysis. After analysing
all the pyrene contents for a given PGlu construct and solvent, the ko value was averaged and
the decays were reanalysed with the program globmis90obg using a k2 value fixed to the
average. Using the framework of the FBM, the parameters retrieved from the fit of the
monomer and excimer fluorescence decays yield structural and dynamical information on the
macromolecule of interest. Among those, the parameters <n>, the average number of ground-
state pyrenes within a blob, and kniob, Which represents the rate constant for diffusive
encounters between two structural units inside a blob bearing a pyrene label, are of particular
interest. Since pyrene is distributed randomly along the polymer, <n> can be introduced into
Equation S2.4 to calculate Noiob, Which is the average number of structural units encompassed
within a blob. In Equation S2.4, furee IS the molar fraction of pyrene labels Pysree that emit with

their unquenched lifetime v in the monomer decay, and fpy has been defined in Equation 2.1.
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The monomer and excimer decays of Py-PLGIlu and Py-PDLGIu in DMF and DMSO were
globally fitted using Equations S2.1-2.2. The goodness-of-fit of the global analysis of the
monomer and excimer decays was based on three criteria: Firstly, the fit had to lie between the
experimental data points, which is quantified by the random distribution of the residuals about
zero. Secondly, the autocorrelation function needed be randomly distributed around zero.
Lastly the »? value had to take a value smaller than 1.30, where a value of unity would be a
perfect fit. An example of fit of the monomer and excimer fluorescence decays globally
analyzed using Equations S2.1 and S2.2 is shown in Figure S2.3. The parameters retrieved

from the analysis of the fluorescence decays are listed in Tables S2.1 — S2.6.

2.4 Results and Discussion

Circular dichroism: The conformation of the Py-PLGIlu and Py-PDLGIu constructs was
assessed by conducting circular dichroism (CD) experiments in both DMF and DMSO. Due to
the strong absorption of DMF and DMSO around 200 nm where CD is typically applied to
infer the existence of secondary structure in polypeptides, the molar ellipticity [#] of the PGlu
backbone could not be measured in this wavelength range. Fortunately, [¢] of pyrene has been
shown to reliably report on the backbone conformation of Py-PGlu.!61"2! The CD spectra
acquired with the Py-PGlu samples are shown in Figure S2.2 in Sl. To quantify [#] for each
sample, the area under the 1Bb band of pyrene was plotted as a function of pyrene content. The

resulting [6] values are presented in Figure 2.1.
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Figure 2.1. Average molar ellipticity values of the By band of pyrene for Py-PLGlu as a

function of pyrene content (x) in DMF () and DMSO (0) and Py-PDLGIu in DMF (&) and

DMSO (0O). The solid and dashed lines are added to guide the eyes for the molar ellipticity of

the Py-PLGIu and Py-PDLGlu constructs, respectively.

As shown in Figure 2.1, the Py-PDLGIu constructs exhibited very low [#] values
scattered around zero indicating that Py-PDLGIu adopts a coiled conformation in both DMF
and DMSO. In DMF, Py-PLGlu exhibited a relatively high [4] that increased with increasing
pyrene content. These [] values matched very closely those reported earlier®!” and reflect the
ordering of the pyrene labels along a-helical PLGlu in DMF. Lastly, Py-PLGIlu showed
significantly lower [6] values as a function of pyrene content in DMSO than in DMF. However

contrary to Py-PDLGIlu where [#] equaled zero within experimental error in both DMF and
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DMSO, Py-PLGlu in DMSO vyielded [#] values that were clearly greater than zero. This
suggested that Py-PLGIlu retained some secondary structure in DMSO, probably a partially
helical conformation. In summary, the CD results showed that PDLGIlu adopted a fully coiled
conformation in DMF and DMSO and that PLGIu adopted a partially and fully helical
conformation in DMSO and DMF, respectively. Consequently, they represent important stages
along the folding pathway of a polypeptide, at the beginning of folding when the chain is
coiled, at intermediate stages when the polypeptide is partially folded, and at the end of folding
when the polypeptide is fully folded.

Steady-state fluorescence: The normalized steady-state fluorescence spectra of the Py-PLGlu
constructs in DMF are shown in Figure 2.2A. They exhibit the typical spectral features of a
pyrene-labeled macromolecule with the pyrene monomer emitting sharp bands between 370
and 420 nm and the excimer showing a broad structureless fluorescence centered at 480 nm.
As expected, the fluorescence intensity of the excimer relative to that of the monomer increased
with increasing pyrene content, a consequence of the increased local pyrene concentration that
promotes pyrene-pyrene encounters, and thus PEF. The same behavior was observed for the
Py-PDLGIu sample, but Py-PLGIu formed substantially more excimer than Py-PDLGIu for a
same pyrene content as illustrated in Figure 2.2B by the higher excimer-to-monomer
fluorescence intensity (Ie/lm) ratios. This result was attributed to the compact a-helix structure
of Py-PLGlu that brought the pyrene labels closer to each other than the Py-PDLGIu random

coil since the helical structure has much less excluded volume than a coiled chain.
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Figure 2.2C displays the Ie/lm ratios obtained for Py-PLGlu and Py-PDLGIu in both
DMF and DMSO. The absence of stereoregularity for Py-PDLGIu leads it to adopt a coiled
conformation in both DMF and DMSO, as confirmed by CD measurements (Figure 2.1), and
the only difference in the Ie/lm ratios should arise from the change in solvent viscosity between
the two solvents. Since DMSO (i = 1.99 cP) is about twice as viscous as DMF (r = 0.802 cP)
at 25 °C and since Ig/lu is inversely proportional to solvent viscosity, the Ig/lm ratio of Py-
PDLGIu in DMSO was expected to be about half of that obtained in DMF. However as seen
in Figure 2.2C, the Ie/lwm ratios for Py-PDLGIu in DMSO and DMF overlapped. As it turns out,
the efficiency of excimer formation between an excited and a ground-state pyrene has been
found to be about twice as great in DMSO than in DMF.?? As a result, the competing effects
of solvent viscosity and PEF efficiency cancelled one another out, resulting in an unchanged
Ie/lm ratio between the two solvents. Knowing that the Ig/Im ratios in DMF and DMSO were
not affected by the difference in solvent viscosity, the differences observed in Figure 2.2C for
Py-PLGIlu in DMF and DMSO were indicative of a conformational change experienced by
PLGIu between the two solvents. The Ie/lwv ratios of Py-PLGIu in DMSO tended to follow the
same trend of the helical Py-PLGlu in DMF, but with a slightly lower Ig/lm ratio, thus
confirming the conclusions drawn from CD measurements that Py-PLGlu retained some helical
conformation in DMSO. Consequently Py-PDLGIu in DMSO provided the opportunity to

probe the dynamics of a partially folded polypeptide.

53



L
o
1

A) B) m

o o
o o
Il Il
w

Il

~

o
~
Il

o
N
1

Fluorescence Intensity (a.u.)

0.0 L] L] L]
350 400 450 500 550 600

A(nm) X (mol%)

15 20

Figure 2.2. A) Steady-state fluorescence spectra of Py-PLGIlu in DMF, B) the Ig/lm ratios of

Py-PLGIlu (W) and Py-PDLGIu (&) in DMF, and C) the Ig/lm ratios of Py-PLGIu in DMF (1

) and DMSO (0) and Py-PDLGIu in DMF (&) and DMSO (O). The lines for DMF (solid)

and DMSO (dashed) were added to guide the eyes.

Size of a blob: The monomer and excimer fluorescence decays of Py-PLGlu and Py-PDLGIu
were globally analyzed with the FBM to yield the blob size (Nbion) representing the average
number of structural units encompassed within a single blob and the rate constant kpion Of
excimer formation within a blob that contains one excited and one ground-state pyrene. Since
a blob represents the volume that one glutamic acid (Glu) bearing a pyrene label can probe

while pyrene remains excited, it also represents that volume of the polypeptide in solution
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where Glu’s can interact with one another to generate preferential interactions. As such, a blob
is not only analogous to a foldon, but also provides a rationale as to the nature of a foldon. Npiob
was calculated according to the procedure described in SI and it was plotted in Figures 2.3A
and B as a function of pyrene content for Py-PLGIlu and Py-PDLGIu in DMF and DMSO.
Within error, Npiob remained constant as a function of pyrene content for each PGlu chain for
a given solvent, taking values of 21 £ 1 and 18 + 1 for Py-PLGlu and 10 £ 1 and 11 * 2 for Py-
PDLGIu in DMF and DMSO, respectively. We note that the Npiop Value of 21 + 1 for Py-PLGlu

in DMF matches that of 22 + 2 found in earlier studies.'®’
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Figure 2.3. Nbiob as a function of pyrene content for A) Py-PLGlu and B) Py-PDLGIlu in DMF

(solid) and DMSO (hollow). The dashed lines represent the averages.

Py-PLGlu was expected to adopt a helical conformation in DMF,*6172% while Py-

PDLGIu would adopt a coiled conformation in both solvents. Since a helical PGlu chain
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generates less free volume than its coiled counterpart, the helical PGlu chain is expected to
generate a denser environment. Consequently, the observed larger blob size of 21 + 1 for Py-
PLGIu in DMF than that of 10 + 3 for Py-PDLGIu in both DMF and DMSO was consistent
with the expected backbone conformations of the polypeptides. The similar Npiob Values for
Py-PDLGIu in DMF and DMSO also supported the conclusions from the Ig/lm ratios and CD
measurements that Py-PDLGIu exhibits a coiled structure regardless of the solvent. Similarly,
the relatively large Npiob value of 18 £ 1 found for Py-PLGlu in DMSO reflected a partially
folded conformation. Based on these Nbiob Values, it would appear that a blob would involve
10 Glu residues for an unfolded polypeptide, but that Nuion increases progressively to reach 18
Glu residues for a partially helical PGlu and 21 Glu’s for a fully a-helical PGlu. We note with
interest that partially or fully folded PLGIu yields Noion values of about 20 which are
comparable to reported Nroiq values.5812
Molecular Mechanics Optimizations: The Npion Values of 10 and 21 obtained for the fully
unfolded and helical PLGIu could be further validated by conducting Molecular Mechanics
Optimizations (MMOs) with HyperChem where pyrene labels are attached in silico onto
PLGIlu and their ability to overlap is monitored as a function of the number of Glu’s separating
two pyrene labels according to an already published procedure.”® A description of the
procedure implemented for the MMOs is provided as Sl. Figures 2.4A — D depict several of
the HyperChem renderings used to determine the pyrene carbon overlap.

As seen in Figure 2.4E, a good overlap between two pyrene labels, corresponding to a

greater than 7 number of carbon atoms of one pyrene overlapping the frame of the second
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pyrene, was obtained for Glu’s located up to 11 and 5 Glu’s away from the reference pyrene
for the helical and coiled chains, respectively. A good overlap observed by MMOs was
expected to result in PEF and should be recorded by our fluorescence experiments. Since
excimer can be formed in either direction from the reference residue, the blob size is expected
to equal twice the number of residues for which good overlap can occur, plus one for the
reference residue. This led to expected Nbiop Values of (11x2+1=) 23 and (5x2+1=) 11 for the
helical and coiled conformations, respectively.

Since the coiled chain is not symmetrical, the blob size was determined three times by
moving the reference pyrene to another starting position. On average, Nbiob Obtained by MMOs
was found to equal 10 + 1 for PLGIu in a random coil conformation. The MMOs conducted
with the a-helical PLGlu was only determined once since the backbone had a set repeating
structure, and the overlap could not change depending on the location of the reference pyrene.
The expected Npiob Values of 23 and 10 + 1 determined by MMOs were found to match
remarkably well the Npiob Values determined by the FBM found to equal 21 + 2 and 10 £ 3 for
the helical and coiled chains, respectively, thus confirming that the experimentally measured

Nbiob Values were within expectations.
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Figure 2.4. lllustrations of the quality of pyrene carbon overlap for Py-PGlu made of 32
glutamic acids and labeled with a reference pyrene on the 9" residue from the left and having
the second pyrene labeled on the A) 121" (good overlap) and B) 21% (poor overlap) residue
when PGlu adopts a helical conformation and, the C) 14™ (good overlap) and, D) 17" (no

overlap) residue when PGlu adopts a random coil conformation, respectively. E) Overlap

between two pyrene pendants as a function of the number of Glu’s between pyrene labels for

a PGlu chain in a helical (O) and a random coil (©) conformation. The dashed line
corresponding to a carbon-carbon overlap of 7 marks the boundary between a poor and good
overlap.t®! The solid and dotted lines are used to guide the eye. The arrows indicate the onset

of poor overlap.
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Molar fractions of pyrene: One other set of parameters retrieved from the FBM was the molar
fractions faitf, fko, fagg, and frree OF the different pyrene species. A plot of these molar fractions as
a function of pyrene content is given in Figure 2.5. Several trends can be observed for the
molar fractions as a function of pyrene content. In all cases, free decreased as the pyrene content
increased. At low pyrene contents, the pyrene pendants were sufficiently far apart that each
blob contained at most one pyrene so that PEF could not occur and the pyrene labels emitted
as if they were free in solution. As the pyrene content increased, the number of pyrenes per
blob increased, resulting in a decrease in fiee. The decrease was most notable in the Py-PLGlu
samples, likely due to their helical conformation in both DMF and DMSO. Again, since the
helical segments had less free volume than the coiled segments, the local pyrene concentration
was expected to grow more rapidly in the helical rather than the coiled segments with
increasing pyrene content.

Another well-defined trend in Figure 2.5 was the continuous increase in both fi. and
fagg With increasing pyrene contents. The significant proportion of aggregated pyrenes reported
by the FBM was supported by the UV absorption spectra of pyrene (Figure S2.1) having Pa
values of 2.72 £ 0.03 and 2.72 = 0.03 for Py-PLGIlu and Py-PDLGIu in DMF, respectively.
These Pa values are smaller than 3.0 which reflects pyrene aggregation.?® As pyrene content
increased, the probability of having pyrenes sufficiently close to one another to rapidly form
excimer with a rate constant ko or instantaneously through direct excitation of a pyrene
aggregate was expected to increase as well. This effect appeared to be more pronounced for

the helical Py-PLGIlu samples in DMF and DMSO than for the coiled Py-PDLGIu samples.
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Figure 2.5. Molar fractions of pyrene species: faitr (O), firee (O), fiz (M), and fagg (’ ), for Py-
PLGIu (A,B) and Py-PDLGIu (C,D) in DMF (A,C) and DMSO (B,D). To help guide the eyes,
the pyrenes which rapidly form excimer (fco and fagg) were shaded and lines were added for ffree

(—) and faifr (---).

Lastly, the trends of faitr were slightly different between Py-PLGIlu and Py-PDLGIu over

similar pyrene contents. For Py-PDLGlu, fqifs increased slightly with pyrene content. Initially
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at relatively low pyrene content, the pyrenes were spaced sufficiently far apart that the molar
fraction (free) OF isolated pyrenes was relatively high. As the pyrene content increased, the
average distance between pyrene labels decreased resulting in an increase in the fraction of
pyrenes that formed excimer by diffusion. This trend continued until the majority of blobs
contained at least two pyrenes resulting in an fre value that approached zero. A similar pattern
of increasing fqirr was observed for the Py-PLGlu samples at pyrene contents below 5 and 7
mol% in DMF and DMSO, respectively. Since ffree tends to zero above these labeling levels,
all the pyrene pendants were able to form excimer, and fqirt reached its maximum value. As
more pyrene labels were attached onto the polypeptide, more pyrenes were close enough to
rapidly form excimer without diffusion, resulting in a decrease in fgiff combined with the
observed increase in fagg and fko. As a quick aside, the fqitr values of Py-PLGIu in DMF were
quite low at higher pyrene content, with fqifr = 0.23 at 14.3 mol% pyrene. Since the FBM relies
on fqitr to retrieve information on the blob size and dynamics, it became more challenging to
extract meaningful parameters from the analysis as fqitr decreased. For this reason, the highest
pyrene content of Py-PLGIu with 18.4 mol% pyrene could not be meaningfully analysed in
DMF by the FBM due to a prohibitively low fgiff value.

As a more in-depth study of the molar fractions, a simple simulation of the molar
fractions of pyrene species that rapidly formed excimer without long-range diffusion (f2 and
fagg) Was conducted. Given that the fractions of pyrene that rapidly formed excimer did not
require long-range dynamics, the fraction of these species should be equal to the probability of

having pyrene labels close enough to one another to form excimer without backbone motion.
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To determine this probability, a string of 800 boxes, which was close to the degree of
polymerization for both the PLGlu and PDLGIu used in this study, were randomly filled with
pyrene, where each box had a probability to be populated equal to x. For PDLGIu, excimer
could form rapidly if the pyrenes were directly adjacent to one another (aggregated pyrenes)
or if they were up to one residue away (pyrenes forming excimer through ko). In addition to
these restraints, the pyrenes which were directly adjacent to one another in space along the
helix of PLGIu were also considered. Using HyperChem, this was found to include pyrenes
two or three units away. So, for a pyrene in position i along the backbone, the pyrenes in
position [i-2, i-1, i+1, i+2] or [i-4, i-3, i-2, i-1, i+1, i+2, i+3, i+4] were considered to be able
to rapidly form excimer for the coiled PDLGIu and the helical PLGlu constructs, respectively.
The sum of the molar fractions [fagg + fk2] Of the simulated chains was determined by averaging
over three independent simulations composed of 1000 chains in each simulation. The
calculated probabilities were compared to the measured molar fractions in Figure 2.6 for Py-
PLGIu and Py-PDLGIu in DMF, the more well-behaved solvent.

The overlapping trends for both the coiled and helical chains show very good
agreement between the fractions obtained by the FBM and the simulated PGlu chains. In both
cases, the sum [fagg + fk2] increased with increasing pyrene content, with the helical PGlu
yielding higher fractions compared to the coiled PGlu for a same pyrene content. This expected
trend can be rationalized by the higher local pyrene concentration resulting from the helical
PGlu. In addition, the overlapping trends between the simulated and measured fractions

support the claim that the PGlu chains adopt their expected conformations in solution and that
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pyrene was indeed randomly distributed along the PGlu backbone during the labeling step. If
labeling was to occur in a clustered manner, the sum [fagg + fk2] obtained from the molar
fractions of pyrene measured from the FBM would be significantly higher than those of the
simulation where the occupancy of pyrene in the boxes was selected randomly. The absence
of such a deviation confirms that the pyrenes were distributed randomly along the PGlu

backbone both in the helical and coiled conformation.
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Figure 2.6. Comparison of the molar fraction of pyrenes in close proximity to one another

along the PGlu backbone found for the helical Py-PLGIlu experimentally (fagg + fk2, O) and

simulated (€) and for the coiled Py-PDLGIu experimentally (fagg + fko, ©) and simulated (A

) in DMF.

Blob Dynamics: The last FBM parameter to discuss was Koioo Shown in Figures 2.7A and B,

which took similar values for PLGlu and PDLGIu in both DMF and DMSO. However the
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meaning of Kpion differs from PLGIu to PDLGIu. Since PLGIlu is fully and partially helical in
DMF and DMSO, kpiob for PLGIlu in Figure 2.7A describes side chain motion since the PLGlu
backbone is locked in an a-helical conformation. Consequently only kpion for unfolded PDLGIu
truly reflects the polypeptide backbone dynamics. In fact, (koiob)~' represents the characteristic
time scale over which a 10-Glu sequence in PDLGIlu undergoes backbone motion. Assuming
that each Glu needs a characteristic time 7, (=10* s) to probe one of three possible
conformations, an estimate of z, is given by (kpiobx3"*)~! yielding a z value (z = logio()) of
—12.0 + 0.7 depending on the koiob and Noiob Values obtained for a given Py-PDLGIu construct
in Figure 2.7B. Consequently, our PEF experiments predict that z is in the picosecond range,
in perfect agreement with the expected dynamics of polypeptides.t® Thus (Koion)™! is a

representative folding time for a 10 Glu sequence along the PDLGIu backbone.
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Figure 2.7. kniob as a function of pyrene content for A) Py-PLGlu and B) Py-PDLGIu in DMF

(solid) and DMSO (hollow). The dashed lines represent the averages.
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Implications and limitations of the FBM analysis: Twenty years of FBM studies have
established that an excited dye covalently attached onto a macromolecule probes a volume
while it is excited that is referred to as a blob.® A blob is much smaller than the volume defined
by the entire macromolecule such as the polymer coil for a linear chain. The FBM takes
advantage of this insight by viewing the macromolecular volume as a cluster of blobs where
dyes can distribute themselves randomly according to a Poisson distribution. The outcome of
the present study is that polypeptides can be divided into blobs in the same manner as any other
linear polymer chain such as poly(alkyl methacrylate)s, polystyrene, poly(N-
isopropylacrylamide), poly(N,N-dimethylacrylamide), or polyisoprene, to name but a few.'2°
Interestingly, the blobs found in this study for two series of Py-PGlu constructs have similar
size and dynamics as the foldons used to study protein folding.

Whether a FBM study could be applied to actual proteins instead of polypeptides brings
to the fore a number of experimental challenges. First, the FBM aims to characterize chain
dynamics with the implication that the protein be unfolded, a key requirement to study the
process of protein folding. Consequently, the study of protein chains dynamics would require
that the protein not have secondary and tertiary structure or that a denaturing agent be
introduced to avoid the existence of structural motives. Second, the compartmentalization of
the polymer coil into blobs lends itself nicely to the random labeling of the structural units
constituting the chain, the amino acids in the case of polypeptides or proteins. But whereas
glutamic acids could be introduced randomly during the synthesis of polypeptides for random

attachment of the pyrene labels, this requirement might be more complicated to achieve for an
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actual protein whose sequence is well-defined. It must also be pointed out however that the
requirement of having a well-defined sequence matters most to establish protein functionality
or structure but is not expected to be as demanding to probe the chain dynamics involved in
the folding of unfolded proteins. Third, the FBM has been mostly applied to pyrene-labeled
macromolecules.*?° The use of a same dye (i.e. pyrene) has the advantage of reducing the
massive variations encountered in the comparison of the quenching rate constants obtained in
the study of end-to-end cyclization of oligopeptides with a variety of dyes having each their
own set of photophysical properties.?* Fourth, the hydrophobicity of pyrene prevents its use in
aqueous solution for the study of polymer chain dynamics, an important limitation for the study
of phenomena such as protein folding that are meant to take place in water. Consequently, the
study of polypeptides with pyrene must be conducted in organic solvents that can solubilize
pyrene but which are polar enough to also solubilize the polypeptides. In this context, DMF
and DMSO are well-suited for the study of pyrene-labeled polypeptides.

Last, fluorescence quenching studies conducted on short oligopeptides focus on end-
to-end cyclization.'® By contrast, FBM studies deal with actual long chain polymers and probe
the main chain dynamics.'®?° As it turns out, the rate constants (k) for end-to-end cyclization
of fluorescently labeled oligopeptides are strongly influenced by the nature of the dyes used?*
and the location of the dyes whether at the chain ends or at internal position inside the
oligopeptide.?® Thus comparison of ke, values obtained from different studies is difficult since
they can span more than two orders of magnitude for a same oligopeptide depending on the set

of dyes used in a given study?* and key has been found to decrease with increasing length of an
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overhang added to the oligopeptide.?> While some recommendable effort has been recently
applied to reconcile the widely different kcy values reported in the scientific literature for
different dyes and a same oligopeptide,®* pyrene was not included in this normalization
exercise. It is however known that for synthetic polymers, end-labeled chains with a degree of
polymerization N yield keyXN products that are 5-to-15 times smaller than the product
KoiobXNbiob for a same polymer.2%27 Variations in the normalization factor depend on the spacer
used to covalently and randomly attach pyrene to the polymer, a longer and more flexible
spacer resulting in larger KoiobXNbiob products.?® It is thus presently difficult to compare the
keyXN and kniobXNbion products obtained for oligo- and polypeptides using pyrene and other

fluorescent dyes. This is an important limitation that will need to be addressed in the future.

2.5 Conclusions

In summary, this study provides strong support to the notion that PEF experiments yield Npiob
values for folded and partially folded polypeptides that are similar to those of Nroig Obtained
by hydrogen exchange experiments. Furthermore, koiob Was found to provide reliable
information about the polypeptide backbone dynamics for PDLGIlu in DMF and DMSO. Since
polypeptide blobs and foldons appear to share similar length and time scales, we postulate that
a blob and a foldon might be two equivalent quantities. But whereas hydrogen exchange
experiments are limited to partially folded proteins, PEF experiments can characterize a blob
along the entire path of the folding process, from a fully unfolded polypeptide as for Py-
PDLGIu in DMF and DMSO to partially folded Py-PLGIlu in DMSO and fully folded Py-PLGlu

in DMF. Thus PEF, in combination with FBM analysis and MMOQs appears to represent a
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powerful means to characterize foldon size and dynamics for polypeptides and should nicely

complement studies conducted with proteins by hydrogen exchange experiments.
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Chapter 3
The Effect of Like-Charges on the Conformation and Internal

Dynamics of Polypeptides Probed by Pyrene Excimer Fluorescence

Adapted with permission from Casier, R.; Duhamel, J. Effect of Like Charges on the
Conformation and Internal Dynamics of Polypeptides Probed by Pyrene Excimer
Fluorescence. Macromolecules 2020, 53, 5147 — 5157. Copyright 2020 American Chemical
Society.
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3.1 Abstract

Three series of pyrene-labeled polypeptides, namely poly(L-lysine) (Py-PLL), poly(L-glutamic
acid) (Py-PLGlu), and poly(D,L-glutamic acid) (Py-PDLGlIu), were studied in DMSO by
monitoring their ability to form excimer between an excited and a ground-state pyrene. The
effect that the charges of protonated Py-PLL (Py-PLL-HCI) and deprotonated Py-PLGlu (Py-
PLGNa) and Py-PDLGIu (Py-PDLGNa) had on their conformation and dynamics was assessed
by monitoring their fluorescence. The fluorescence decays were analyzed according to the
fluorescence blob model (FBM) to determine Npiob, Which is the number of structural units in
a blob, and koiob, Which is the rate constant for diffusive encounters between structural units
and their side chains inside a blob. FBM analysis indicated that the blob size for Py-PLGlu and
Py-PDLGIu was unaffected by the presence of anionic charges, yielding Npiob Values of 10.3 £
1.7 and 18.2 + 1.1 glutamic acid units, respectively. These Noiopb values matched the values
found for their uncharged counterparts. Molecular mechanics optimizations (MMOs) were
then applied to determine the theoretical Npioe™® value that could be obtained if Py-PLGIlu
adopted the conformation of a random coil, a polyproline type Il helix, a 310-helix, or an
a-helix. The agreement found between the Nbiop Value of 17.9 + 1.1 for protonated PLGlu and
deprotonated PLGNa and the Npion™™®° of 19 found for a 310-helical conformation suggested that
this was the conformation adopted by PLGIu in DMSO. Py-PLL-HCI was studied in a similar
manner, yielding an Npio» value of 14.3 £+ 1.3 lysines which suggested a coiled conformation
according to MMOs. Comparison of knion between charged and neutral polypeptides

demonstrated that the presence of charges slowed the dynamics experienced by the amino
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acids. Since the polypeptide blobs appeared to have features in terms of their size and dynamics
that were similar to those of foldons, this study further supports the notion that blobs and

foldons might be identical objects.

3.2 Introduction

Out of the 20 common amino acids, five are typically considered to be charged at physiological
pH.! They all bear a side chain that is terminated by either a cation for arginine (Arg), histidine
(His), and lysine (Lys), or an anion for aspartic acid (Asp) and glutamic acid (Glu). The
prevalence of these amino acids in proteins results in the formation of salt bridges between the
cations and the anions in the three dimensional structure of nearly every known functional
protein.2 These ionic interactions within proteins have been found to critically affect their
biological functions,®® structure and stability,*®" and ability to fold into their native
conformation.>8° Despite the importance of ionic interactions in proteins, their study remains
challenging and clear trends of the effect of charges on the process of protein folding are
difficult to find. For example, the presence of a charged glutamic acid is thought to prevent
hemoglobin from polymerizing, a process known to otherwise induce red blood cells to adopt
a sickle shape which leads to anemia. Moreover, when the negatively charged glutamic acid is
replaced by an apolar valine in sickly hemoglobin, this abnormal version of hemoglobin can
homopolymerize into filaments since there is no energetic penalty to bury the apolar valine in
the apolar interface between two sickle hemoglobin tetramers.! However, the importance of

charges for proteins folding into their tertiary or quaternary structure should not be overstated
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as some proteins such as ribosomal protein S6° and ubiquitin'® can fold into their native
conformation even after their charged residues have been removed, with the ubiquitin variant
without charges adopting the same native state as wild type ubiquitin but with even increased
stability. In addition, some recent computational studies have demonstrated that the inclusion
of electrostatic interactions within a protein did not improve structure prediction, though it
affected its long-range interactions with charged objects such as other proteins or
oligonucleotides.!

Certainly, the inclusion of electrostatic forces between charged amino acids to the
already complex task of following their displacement in solution as a polypeptide folds
according to backbone dynamics creates another layer of complexity to the already
complicated problem of protein folding. One approach that has been widely applied to simplify
the study of protein folding has been to reduce the complexity associated with having to handle
the entire polypeptide through its compartmentalization into smaller subdomains whose much
smaller size makes their individual study manageable. The idea of folding subdomains has
been conceptualized many times over the years in the form of foldons,*>!3 hierarchical
segments,** and blobs.!>%® The size of these subdomains has been probed in a number of
manners. Hydrogen exchange (HX) experiments carried out on partially folded proteins has
suggested that foldons are about 20 amino acids in size.!>!3 However a review on ionic
interactions in proteins supported the notion that proteins fold in a hierarchical manner by
determining that a large amount of ionic interactions (salt bridges) in proteins occur among

residues less than 11 amino acids away from one another in the primary sequence,’ thus
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suggesting that foldons involving charged amino acids might be smaller in size. Whether
considering that protein folding occurs through intermediates that take the form of foldons or
hierarchical segments, these earlier studies looked at proteins in their native or near native
conformation. By determining the number of amino acids that can undergo HX with the solvent
by NMR or MS, information on the size of these folding subdomains can be obtained, since
those amino acids that do not undergo HX are most likely inaccessible to the solvent because
they are already involved in a folded motive of the protein. However, what these HX
experiments have not uncovered is the underlying phenomena that lead to the specific foldon
size of about 20 amino acids reported in the scientific literature,*® which makes it difficult to
determine what effect, if any, charges play in the size and dynamics of foldons.

The ideal technique for probing the effect that charged amino acids might have on the
chain dynamics of polypeptides would have to do so on a length scale of a few tens of amino
acids that matches the accepted foldon size.*? As it turns out, the fluorescence blob model
(FBM) is ideally suited for this purpose.®>*” The FBM acknowledges that when a fluorophore
is covalently attached to a polymer, it probes a volume referred to as a blob that is defined by
its lifetime and the dynamics of the main chain. Random labeling of a polymer with a dye and
its quencher results in a Poisson distribution of the quenchers among the blobs which can be
taken advantage of to determine the average number <n> of quenchers per blob. In turn,
combining the known quencher content of the polymer with <n> yields the number Npjon Of
structural units a blob is made of. In essence, Nyiob is @ measure of the size of a blob. To date,

all values found for Npiob have been within a few tens of structural units’®2° which is
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comparable to the stated size of a foldon.*>'®* Most FBM experiments have been conducted
with the dye pyrene due to its exceptional photophysical properties which have been reviewed
several times,6:21:22

Preliminary FBM experiments on two series of pyrene-labeled poly(L-glutamic acid)s (PLGIu)
and poly(D,L-glutamic acid)s (PDLGIlu) yielded Nbiob values of 20 and 11 in DMF, where
PLGIu adopted an a-helical conformation and PDLGIu was a random coil, respectively.??
These experiments also provided the rate constant knion describing the diffusive motions of the
amino acids inside a blob, which reflected the dynamics of the polypeptide backbone inside
the blob subdomains. The number of amino acids constituting the blobs of a-helical PLGIu
were found to match closely the number of amino acids found in partially folded proteins
obtained from HX experiments!?!32425 which supported the view that the blobs identified
within the framework of the FBM were similar, and possibly the same, entities as foldons that
are considered to study protein folding.52 This earlier study suggested that the FBM could be
applied to study the effect that charges have on the size and dynamics of polypeptide blobs. To
this end, this report describes the FBM study of a series of pyrene-labeled polypeptides in their
charged state, namely deprotonated PLGlu (Py-PLGNa) and PDLGIlu (Py-PDLGNa) and
protonated poly(L-lysine) (Py-PLL-HCI). The effect that charges had on the blob size and
dynamics as probed by the pyrene labels were determined by comparing the Koiob and Noiob
values obtained from the FBM analysis of the fluorescence decays of the Py-PLGlu and Py-
PDLGIu samples in DMSO under acidic and alkaline conditions. The size and dynamics of the

blobs of the cationic polypeptide Py-PLL-HCI were also characterized. The Nbion Values
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obtained from this study were then used in conjunction with molecular mechanics
optimizations to infer the backbone structure of the polypeptides in solution and the effect that
charges had on the polypeptide structure and dynamics in DMSO. Consequently, this study
characterizes quantitatively the effects that charges have on the conformation and dynamics of
charged polypeptide model systems in DMSO and offers new insights on the behavior of these

complex macromolecules in solution.

3.3 Experimental

Materials: Acetic acid (glacial, Sigma), butylamine (Aldrich, 99.5 %), N,N’-
dicyclohexylcarbodiimide (DCC, Fluka Analytical, > 99.0 %), N,N'-diisopropylcarbodiimide
(DIC, Sigma, 99 %), N,N-diisopropylethylamine (DIPEA, Sigma, 99.5 %),
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide  hydrochloride  (EDC-HCI,  Sigma,
>99.0 %), N,N-dimethylformamide (DMF, Sigma, > 99.8 %), dimethyl sulfoxide (DMSO,
Sigma, > 99.9 %), hydrochloric acid (HCI, Fisher, 34 wt% in water), N-hydroxysuccinimide
(HOSu, Sigma, 98 %), 1-pyreneacetic acid (PyAcOH, Aldrich, 97 %), 1-pyrenemethylamine
hydrochloride (PyMA-HCI), and sodium hydroxide (NaOH, Sigma, > 97.0 %) were used as
received. Deionized water (DIW) was obtained from a Biopure Series 4400 Single Pass
Reverse Osmosis system. The synthesis of all small molecules not listed in the materials
section are reported in the Supporting Information (SI).

Pyrene-labeled poly(glutamic acid)s: Pyrene-labeled poly(L-glutamic acid) (Py-PLGlu, DP =

803, B =1.02) and poly(D,L-glutamic acid) (Py-PDLGIu, DP = 784, b = 1.06) were prepared
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as reported in a previous study.? Both pyrene labeled poly(glutamic acid) samples were
lyophilized and stored in their salt form in a — 20 °C freezer before being freshly lyophilized
before use.

Pyreneacetic acid N-hydroxysuccinimide ester (2,5-dioxopyrrolidin-1-yl 2-(pyren-1-
ylacetate, PyAcOSu): 1-Pyreneacetic acid (PyAcOH) was activated via the N-
hydroxysuccinimide ester to facilitate the labeling of poly(L-lysine) (PLL). Ina 250 mL round-
bottom flask, PyAcOH (1.00 g, 3.84 mmol, 1.0 eq.) and HOSu (0.71g, 6.2 mmol, 1.6 eq.) were
dispersed in 100 mL of dicholoromethane (DCM) and left to stir for 15 minutes to ensure an
even dispersion. DCC (1.17 g, 5.7 mmol, 1.5 eq.) was then added to the stirring dispersion,
which made the dispersion quickly turn into a clear solution. Over the next hour, a fine white
precipitate of dicyclohexylurea (DCU) appeared. The reaction was left to stir overnight. The
next day, the reaction mixture was suction filtered (Whatman #1) to remove the precipitated
DCU before condensing the solution mixture to ca. 10 mL of DCM with a rotary evaporator.
Upon condensing the solution, more DCU precipitate formed which was subsequently
removed via suction filtration. The PyAcOSu was then isolated by precipitation into ethanol
(ca. 100 mL) to yield a yellow-brown solid (1.34 g, 3.75 mmol, 98% yield). The solid was
dried under vacuum overnight before storage at — 20 °C. *H NMR (300 MHz, ds-DMSO): § =
8.35 — 8.07 (M, 9H), 4.90 (s, 2H), 2.79 (s, 4H) ppm.

Pyrene-labeled poly(L-lysine) (Py-PLL): A series of Py-PLL samples were prepared from the
hydrobromide salt of poly(L-lysine) (PLL-HBr, Alamanda Polymers, M, = 165,100 g-mol ™!,

DP =790, b = 1.06). The preparation of a Py-PLL sample where 8 mol% of the lysines were
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labeled with pyrene is described in more detail hereafter. PLL-HBr (113 mg, 0.54 mmol lysine
equivalents) was dissolved in DMSO (15 mL) with stirring over 30 minutes. DIPEA (108 pL,
0.62 mmol, 1.1 eq. per lysine) was then added to the solution which was left to stir until the
solution became clear (ca. 1 hr). PyAcOSu (16 mg, 45 umol, 0.08 eq. per lysine) was added to
the clear homogeneous solution which was left to stir overnight. The next day, the crude
reaction mixture was transferred to a dialysis tube (Spectrum Labs Spectra/Por 7 dialysis
membrane RC tubing, MWCO = 8 kDa). The Py-PLL sample was then dialysed against DMF,
followed by 70:30 vol% and 30:70 vol% DMF:water mixtures, and finally against water
acidified with HCI to pH 6. Each dialysis step used ca. 800 mL of solvent and the dialysis set
up was left to equilibrate for 4 hours. HCI was added to ensure that the unlabeled lysine
residues were protonated and to remove any remaining HBr. A final dialysis was then
conducted against acidified water overnight before the Py-PLL sample labeled with a molar
fraction x of pyrenyl groups was freeze-dried to remove the water and stored in a —20 °C
freezer. A similar protocol was followed with the additions of 0.01 to 0.12 eq. of PyAcOSu to
prepare a total of six Py-PLL samples. The protonated Py-PLLs (Py-PLL-HCI) were used in
all fluorescence experiments.

UV-Vis absorption: UV-Vis absorption spectra were acquired with 1 nm steps using a Varian
Cary 100 Bio spectrophotometer and a 1 cm pathlength UV-Vis cell. A background correction
for the solvent was applied to each spectrum.

Dye content of Py-PLL-HCI: The molar fraction (x) of lysine residues which were labeled with

1-pyreneacetic acid was calculated using Equation 3.1. In Equation 3.1, Apy represents the
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moles of pyrene per gram of sample and Mpy and M are the molar masses of a lysine residue
bearing a pyrene pendant (Mpy = 370.45 g-mol™!) and a lysine residue protonated with HCI
(ML = 164.63 g-mol ™), respectively. Apy was determined by weighing freshly lyophilized Py-
PLL-HCI and dissolving it in a known amount of water with sonication. After complete
dissolution, a small aliquot (ca. 0.1 mL) of the aqueous Py-PLL-HCI solution was diluted with
DMF (ca. 5 mL) and the absorbance of the solution, or a dilution thereof, was measured. Beer-
Lambert law was applied to determine the pyrene concentration for the Py-PLL-HCI solution
in DMF based on the molar absorption coefficient (epy) of 37,300 M~'-cm™! at 345 nm in DMF

for N-butyl-1-pyreneacetamide (PyAcNBuU) used as a model compound.?®

x=— M (3.1)
Aoy M =M,

Steady-state fluorescence (SSF): Steady-state fluorescence spectra were acquired on a Horiba
QM-400 spectrofluorometer equipped with a xenon arc lamp. Solutions in DMSO were
prepared with ca. 2.7x107® M pyrene. A 10 pL aliquot of 1 M HCI1 was added to the Py-PLL
solutions to ensure that the polypeptides would be in their protonated form (Py-PLL-HCI). Py-
PLGIu and Py-PDLGIu were studied in their deprotonated form, namely Py-PLGNa and Py-
PDLGNa, respectively, by adding 100 puLL of pH 12 NaOH solution to 4 mL of the polypeptide
in a DMSO solution containing ca. 2.7 x 107 M pyrene. After sonicating the samples for ca.

10 minutes, oxygen was removed by outgassing the samples with a gentle flow of N2 gas

78



(Praxair, N4.0 or greater) for ca. 30 minutes before sealing the fluorescence cell and acquiring
the SSF spectrum. Using excitation and emission slit widths of 1 nm, the emission of pyrene
was monitored by exciting the sample at 344 nm and scanning the emission wavelength from
350 to 600 nm in 1 nm steps using a scanning rate of 10 nm-s~!. The fluorescence intensity of
the monomer (Im) and excimer (lg) were calculated using the area under the SSF spectrum
from 375 to 381 nm and from 500 to 530 nm, respectively.

Time-resolved fluorescence (TRF): Samples were prepared in a similar manner as for the SSF
measurements. The fluorescence decays of pyrene were acquired using an IBH TC-SPC
fluorometer equipped with a NanoLED-340 laser. All decays were collected using an
excitation wavelength of 344 nm over 1024 channels. The monomer fluorescence was
collected with a time-per-channel of 2.04 ns-ch™! until a total of at least 40,000 counts was
obtained at the fluorescence decay maximum at an emission wavelength of 378 nm, using a
370 nm longpass filter to minimize any potential contribution from light scattering. The
excimer fluorescence decays were acquired with a decay maximum of at least 20,000 counts
at 510 nm with a 470 or 495 nm longpass filter using a time-per-channel of 1.02 ns-ch™!. The
instrument response function was collected using a LUDOX dispersion in water with a peak
maximum of at least 20,000 counts at 344 nm.

Fluorescence decay analysis: The fluorescence decays of the pyrene-labeled polypeptides
were analyzed using the fluorescence blob model (FBM) which has been the object of a number
of reviews.?*?":2 Within the framework of the FBM, the polypeptide is divided into segments

of equal volume, where each unit volume is referred to as a blob. Within each blob, four distinct
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pyrene species are expected to contribute to the overall fluorescence signal. Pysee represents
the excited pyrenes which do not form excimer during their lifetime and emit with their
unquenched lifetime =m. Pyk2 represents the excited pyrenes that are close to a ground-state
pyrene and can form excimer through a rapid rearrangement process with the rate constant k».
Pyairs represents the excited pyrenes that first diffuse to a ground-state pyrene with a rate
constant koo before generating the Pyk> species. The final species, Pyagg represents the pre-
associated pyrenes which form excimer directly upon excitation. Pyagg includes two excimer
species referred to as EO* and D* which are assumed to be the result of good and poor stacking
between two pyrenyl labels, respectively. Using the framework of the FBM, the parameters
retrieved from the global analysis of the monomer and excimer fluorescence decays yielded
structural and dynamic information on the pyrene-labeled polypeptides.?®% The full
expressions of the monomer and excimer decays are given in Equations S3.1 — S3.3. The
monomer and excimer fluorescence decays were fitted globally according to Equations S3.1
and S3.2 and the parameters were optimized with the Marquardt-Levenberg algorithm.?® The
decay fits were deemed satisfactory when the »? was smaller than 1.3 and the residuals and
autocorrelation of the residuals were randomly distributed around zero. An example of the
quality of the fits is provided as Figure S3.4 in SI. A list of all parameters retrieved from the
FBM analysis of the fluorescence decays are listed in Tables S3.2 — S3.7. Among these
parameters, <n>, the average number of ground-state pyrenes inside a blob, and kpion are of
particular interest. Since the pyrenyl labels are randomly distributed along the macromolecular

backbone, <n> can be introduced into Equation 3.2 to calculate Npiob, Which is the average
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number of structural units encompassed within a blob. In Equation 3.2, fufree is the molar
fraction of pyrenyl labels Pysee that emit in the monomer decay. koiob provides information
about the time scale over which pyrene excimer is being produced, and since the pyrenyl
derivatives are covalently attached onto the macromolecule, kpion describes the internal

dynamics of the macromolecule of interest.

Npjor = ﬁ(

1- foree ) (32)

3.4 Results

The lysines of PLL were labeled with 0.9 to 12.1 mol% of 1-pyreneacetic acid to yield a series
of Py-PLL constructs. The Py-PLGIu and Py-PDLGIu series employed in this study had been
prepared earlier by reacting 1-pyrenemethylamine with 4.4 to 14.3 mol% of the glutamic acids
of PLGIlu and 6.0 to 12.3 mol% of the glutamic acids of PDLGIu.?® The short linker lengths of
1-pyreneacetic acid and 1-pyrenemethylamine ensured that the results obtained with the
pyrene-labeled polypeptides reflected, as closely as possible, those of the unlabeled PLL and
poly(glutamic acid)s, respectively. The structures of the three pyrene-labeled polypeptides

studied are given in Figure 3.1.
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Figure 3.1. Chemical structures of A) Py-PLL-HCI, B) Py-PLGNa, and C) Py-PDLGNa, where

X represents the molar fraction of residues labeled with pyrene.

Fluorescence spectra of the pyrene-labeled polypeptides: The hydrochloride salts of the Py-
PLL samples (referred to as Py-PLL-HCI from here on) were studied in DMSO, which readily
solubilizes both pyrene and the protonated form of PLL.%® To ensure that all the lysine side
chains bore an ammonium cation (Figure 3.1A), a small aliquot of HClq) was added to the
DMSO solution as described in the Experimental section. The steady-state fluorescence (SSF)
spectra of Py-PLL-HCI in DMSO are shown in Figure 3.2A for different pyrene contents. As
expected for pyrene-labeled macromolecules, an increase in pyrene content resulted in an
increase in fluorescence intensity of the excimer at 480 nm relative to that of the monomer at
378 nm as the local concentration of the pyrenyl pendants along the polypeptide backbone

increased. The relative increase in the excimer fluorescence intensity (lg) to that of the
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monomer (Im) was reflected by the increase in the Ie/lm ratio with increasing pyrene content

as shown in Figure 3.2D.
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Figure 3.2. Steady-state fluorescence spectra of A) Py-PLL-HCI, B) Py-PLGNa, and C) Py-

PDLGNa in DMSO, with D) their resulting Ie/lm ratios: (|:|) Py-PLL-HCI, (O) Py-PLGNa,

and (A) Py-PDLGNa. The solid lines in D) were added to guide the eye.

The pyrene-labeled poly(glutamic acid)s were previously studied in DMSO in their

protonated form.?® Herein the Py-PLGNa and Py-PDLGNa samples (the sodium salts of Py-
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PLGIu and Py-PDLGlu, respectively) were also studied in DMSO by adding a small aliquot of
NaOHgq,) to the poly(glutamic acid)s solutions in DMSO. The Py-PLGNa and Py-PDLGNa
constructs offered two examples of charged polypeptides whose behavior could be compared
to that of the Py-PLL-HCI samples. However, since the unprotonated lysines quenched the
fluorescence of pyrene, Py-PLL could not be studied by fluorescence in DMSQO thus preventing
the comparison of the solution behavior of Py-PLL-HCI with that of Py-PLL. Fortunately, the
poly(glutamic acid)s did not quench the fluorescence of the pyrene labels regardless of whether
they were protonated or not, so that the behavior of the poly(glutamic acid)s could be compared
in their protonated or deprotonated form.

Trends similar to that of Py-PLL-HCI were also observed with the SSF spectra of both
Py-PLGNa and Py-PDLGNa in, respectively, Figures 3.2B and C, where the excimer intensity
increased with respect to that of the monomer with increasing pyrene content. In Figure 3.2D,
Py-PLGNa and Py-PLL-HCI were found to have nearly overlapping Ie/Im ratios for any given
pyrene content, but their Ie/lm ratios were significantly larger than the Ig/lm ratio of Py-
PDLGNa. The higher Ie/lm ratios of Py-PLGNa compared to that of Py-PDLGNa was
unexpected. The electrostatic repulsion induced by the carboxylate anions along the backbone
was expected to lead to a coiled conformation for both polyglutamate salts in DMSO regardless
of the side chain stereochemistry, as is typically observed in alkaline aqueous solutions.®32 If
Py-PLGNa and Py-PDLGNa had a similar random coil conformation in DMSO, they should

exhibit similar Ig/lm ratios. This was not observed in Figure 3.2D. The increase in Ig/ly from
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Py-PDLGNa to Py-PLGNa reflected a denser conformation of the latter polypeptide in DMSO
suggesting that it might retain some structure even in its deprotonated state.

The Ie/lm ratios obtained for Py-PLL-HCI and the polyglutamate salts were a bit more
difficult to compare because they involved different side chain lengths and pyrene derivatives
which are known to affect the Ie/lm ratios differently. The Ie/lm ratio is proportional to the
product kaifex[Py]ioc Where Kaitf is the rate constant for pyrene excimer formation by diffusive
encounters and [Py]ioc is the local concentration of ground-state pyrenes experienced by an
excited pyrene.3*% kit depends on the dynamics of the polymer backbone and the side chain
to which pyrene is attached!®22728 and the probability (p) for an excited and ground-state
pyrene to form excimer upon encounter.®® For a same pyrene derivative, a longer linker
between pyrene and the main chain has been shown to enhance pyrene mobility resulting in a
larger kairr and enhanced excimer formation.3* The probability p depends on the nature of the
pyrene substituent used to link pyrene to the polymer. For pyrene-labeled polymers, [Py]ioc
depends on the pyrene density along the polymer backbone which is related to the length of
the linker connecting pyrene to the polymer, a longer linker resulting in a lower [Py]ioc, and
the conformation of the polymer, a more compact conformation resulting in a higher [Py]ioc.
Since kaifr, p, and [Py]ioc are impossible to assess independently by SSF, time-resolved
fluorescence measurements were conducted as they separate the effect of chain dynamics from
[Pylioc. To this end, the FBM was applied to the analysis of the fluorescence decays of the

pyrene-labeled polypeptides in DMSO.
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Characterization of polypeptide blob size: The size of the subdomains or blobs, where the
pyrene-labeled side chains of the polypeptides interacted with one another, was characterized
in DMSO by globally analyzing their monomer and excimer fluorescence decays with the FBM
to yield Noion, the average number of amino acids encompassed within a blob, from Equation
3.2. Figure 3.3 is a plot of Nuio» as a function of pyrene content for Py-PLL-HCI, Py-PLGNa,
and Py-PDLGNa in DMSO. Within experimental error, Nbiob remained constant for all pyrene
contents with respect to each polypeptide. The Nbiob Value was lowest for Py-PDLGNa, with
an average value of 10.3 = 1.7, and highest for Py-PLGNa with an Npjop value of 18.2 + 1.1,
with Py-PLL-HCI taking an intermediate Npiob value of 14.3 £ 1.3. The higher Npion value of
Py-PLGNa compared to that of Py-PDLGNa is consistent with the higher Ig/lm ratios obtained
by SSF, which confirms that the backbone of Py-PLGNa is more compact than that of Py-
PDLGNa. This is typically observed when the backbone adopts a structured conformation,

such as that of an a-helix.?
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Figure 3.3. Plot of Npiob as a function of pyrene content for (|:|) Py-PLL, (O) Py-PLGNa, and

(A) Py-PDLGNa. The dashed lines represent the averages of the experimental results.

Conformation of poly(L-lysine): The structure of Py-PLL-HCI in DMSO was examined first
by conducting molecular mechanics optimizations (MMOs) to predict what Nyion Should be if
the Py-PLL-HCI constructs adopted a helical or coiled conformation. To this end, the maximal
overlap experienced between two pyrenyl labels attached onto a PLL backbone was monitored
as a function of the number of lysine residues separating one reference pyrenyl group from a
second one which was allowed to move along the PLL backbone one lysine at a time. The
extent of overlap between two pyrenyl labels was quantified by counting the number of carbon
atoms of one pyrene overlapping the frame of the other pyrene. A carbon-carbon overlap
between two pyrenes greater than or equal to seven was considered to result in a good pyrene-
pyrene overlap conducive of excimer formation and was included in the calculation of the

theoretical Npiob Value (Nbiob ™). MMOs were conducted for both an a-helical and a randomly
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coiled PLL. Since the a-helical PLL had set backbone positions, MMOs were only conducted
for one position of a reference pyrenyl label. In contrast, the number of lysines yielding a good
pyrene-pyrene overlap from the MMOs of the coiled PLL were averaged over three different
positions of the reference pyrene along the PLL backbone to assess the effect of the reference
pyrene position on the Npior™° value. A more detailed description of the protocol applied to
conduct the MMOs is given in Supporting Information (SI).

Figure 3.4A displays the results of the MMOs for both the o-helical and coiled PLLs
and Figures 3.4B and C display polypeptide constructs illustrating good and poor overlap
between pyrene residues. Figure 3.4A shows that a pyrenyl group is expected to only form
excimer with another pyrenyl attached to residues located up to 6.7 + 0.6 lysines away from
the reference lysine when PLL is in a coiled conformation. This number of residues, located
on one side of the reference residue, for which pyrene excimer formation (PEF) occurs is
referred to as No (see Figure 3.4D). N, for the coiled PLL was significantly smaller than for the
a-helical PLL for which MMOs predict that PEF can occur between a pyrene attached onto a
lysine located up to 15 residues away from the reference pyrene. However, the helical twist of
the PLL backbone results in a dip in the C-C overlap for residues #13 and 14 in Figure 3.4A
when the lysine side chains are placed on opposite sides of the helix. Since the overlap is less
than seven for these 2 residues, they were excluded from the N, calculations for the helical

PLL so that No equaled 13 for the a-helical PLL.
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Figure 3.4. A) Plot of the maximum carbon-carbon overlap between two pyrene pendants as
a function of the number of lysines between two pyrene labels for a PLL chain in an a-helical
(A) and coiled (©) conformation from MMOs. The dashed lines correspond to a carbon-
carbon overlap of 7 marking the boundary between poor and good overlap between pyrenes.
Example illustrations of B) good overlap between two pyrenes separated by 11 residues when
PLL adopts a helical conformation and C) poor overlap between two pyrenes separated by 8
residues when PLL adopts a coiled conformation. D) Schematic representation of the Npiop™®
calculation based on the N, value determined from MMOs with the reference pyrene in red and

the secondary pyrene in black.
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Given that the PLL side chains can form excimer on either side of the reference residue, the
expected Npiop™® value was calculated as 2xNo+1 (see Figure 3.4D), where one amino acid
was added to the product 2xN, to account for the reference residue. Since the MMOs yielded
N, values of 6.7 + 0.6 and 13 for the coiled and a-helical Py-PLL-HCI, Npior™™° equaled 14.3
+ 1.2 and 27 for the coiled and a-helical PLL, respectively. As it turns out, the experimental
Nbiob Value of 14.3 + 1.3 for Py-PLL-HCI in DMSO matched precisely the Npiob™® value
expected for Py-PLL-HCI in a coiled conformation, indicating that this was the conformation
that PLL adopted in DMSO. This result agrees with previous studies that concluded that PLL
adopted a coiled conformation in water under acidic conditions.®’

Conformation of the poly(glutamic acid)s: It was determined in a previous study that the
protonated Py-PLGIlu and Py-PDLGlIu constructs in DMSO yielded experimental Npion Values
of 17.7 + 1.3 and 10.5 + 1.7, respectively.?® These experimental Npiop Values were attributed to
a partially unfolded helix and a random coil, respectively, based on the Npior™ values found
by MMOs to equal 23 for an a-helical PLGIu and 10 + 1 for a randomly coiled PLGIu.?® Figure
3.5A compares the results obtained in this study for Py-PLGNa and Py-PDLGNa with those of
the uncharged Py-PLGIu and Py-PDLGIu. The experimental Npiob Value of 10.3 + 1.7 found in
this study for the Py-PDLGNa samples in DMSO matched both the experimental Npion Value
of 10.5 + 1.7 for Py-PDLGIu in DMSO and Npioo™® of 10 + 1 obtained by MMOs for a random
Py-PLGlu coil, indicating that both the protonated PDLGIu and deprotonated PDLGNa

samples adopted a coiled conformation in DMSO. Consequently, the similar Npob Values of
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the PDLGIu samples under either acidic or alkaline conditions implied that the side chains were

able to probe the same volume whether or not the side chains were charged.
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Figure 3.5. A) Plot of Nuiov as a function of pyrene content for (circles) Py-PLGIlu and
(triangles) Py-PDLGIu in the (hollow) sodium salt and (filled) neutral form in DMSO. The
dashed lines represent the averages of the experimental results. The dotted lines represent the
Nbiob™ values predicted from MMOs for a PGlu with from top to bottom: (Nbiob = 23) a-helix,
(Nbiob = 19) 310-helix, (Noiob = 13) PPII-helix, and (Npiob = 10) random coil. B) The overlap
between two pyrene pendants as a function of distance between pyrene labels for a PLGIu
chain in a (A) a-helix, (@) 3:0-helix, (©) PPII-helix, and (.) random coil conformation from
MMOs. The dashed line corresponds to a pyrene-pyrene overlap of 7 carbons marking the
boundary between poor and good overlap between pyrenes, yielding an N, value of 9 and an

Npiob™ = 2xNo+1 = 19.
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The smaller Npiob value of 10.3 + 1.7 for the coiled Py-PDLGNa compared to the Npion
value of 14.3 + 1.3 for the coiled Py-PLL-HCI in DMSO was due to the longer reach of the 1-
pyreneacetyl derivative attached to lysine, which provided a larger local volume where the
pyrene-labeled residues could interact with one another. This preliminary result indicates that
the blob subvolume within a randomly coiled polypeptide increases with increasing amino acid
side chain length as would be expected.®* The increase in the blob size as a function of the
length of the linker connecting pyrene to the polypeptide backbone will be studied in more
depth in the future to further explore this concept.

The fact that Py-PLGNa in DMSO had a relatively large Npiob value of 18.2 + 1.1, which
was similar to the Nyiop Value of 17.7 + 1.3 found for Py-PLGIlu in DMSO,?3 was surprising for
three reasons. First, DMSO is traditionally viewed as a solvent that denatures structural
segments, 342 so that Npiob should be closer to 10, contrary to the Npiob Values of 17.9 + 1.1
found for the Py-PLGIu and Py-PLGNa samples in DMSO. Second, the similar Npiob Values of
about 18 found for both Py-PLGIlu and Py-PLGNa samples suggested that PLGIlu adopted a
secondary structure in DMSO and that this structure remained unchanged regardless of
whether the side chains were protonated or not. Third, the Npiop value of 17.9 + 1.1 found for
Py-PLGIlu and Py-PLGNa in DMSO was larger than the Npiop™® value of 10 for a PDLGIu coil,
but smaller than that of 23 for an a-helix.?® Consequently, if Py-PLGIlu or PLGNa adopted a
secondary structure in DMSO, the Npiob Value corresponding to that structure was intermediate
between that of a random coil and an «o-helical conformation. As it turns out, these results

agree with the conclusions drawn from a recent study on the structure of PLGlu in DMSO.*
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The study concluded that PLGlu adopted an uninterrupted, rigid, rod-like structure, such as
that of an a-helix or similar helical structure in DMSO. Based on the experimental Npiop Values,
the structure of Py-PLGIlu in DMSO had to be less dense than that of an a-helix with a
backbone having fewer residues-per-turn. It suggested that a 310-helix or poly(proline) type Il
(PP11) helix would be much likelier candidates for the structure of PLGIu in DMSO, since both
have only 3 residues per turn compared to 3.6 for an a-helix. Furthermore, previous studies
have indicated that the 310-helix is a conformational intermediate between an a-helix and a
random coil,** and that DMSO can induce the formation of stable 310-helices* and PPII-
helices*%#2 in some peptides.

Based on this insight, MMOs were repeated on Py-PLGIlu constructs where the PLGIu
backbone adopted a 310 or a PPII-helical conformation. The numbers of carbon atoms between
two overlapping pyrenes were plotted in Figure 3.5B as a function of the number of residues
separating the reference pyrene from the secondary pyrene as it was attached sequentially to
neighboring glutamic acids. The plot in Figure 3.5B yielded an N, value of 9 for the 310-helix
conformation which implied an Npion™ value of 19. The PPIl-helix had a significantly lower
N, of 6 leading to an Npiox™° value of 13. Figure 3.5A shows that the experimental Npiop Value
of 17.9 + 1.1 for Py-PLGIu and Py-PLGNa agrees well with the Npior™™° value of 19 found by
MMOs for a 310-helix conformation, indicating that this is the likeliest structure of PLGlu and
PLGNain DMSO. It is important to note at this point that this study represents the first example
where the combination of PEF, FBM, and MMOs is applied to predict the as yet unknown

structure of a macromolecule in solution.
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The existence of structured Py-PLGNa in DMSO while Py-PLL-HCI was structureless
was interesting, but somewhat surprising given the chemical similarities between the two
polypeptides. Possible reasons for these differences will be presented later in the Discussion
section.

Dynamics of oligopeptide segments inside blobs: In addition to backbone structure, the FBM
also provides quantitative information about the dynamics experienced by the pyrene labels
inside the blobs. This information was obtained through comparison of the kpion Values where
Koiob IS the rate constant for the diffusive encounters between structural units bearing a pyrene
derivative within a blob that contains only one excited and one ground-state pyrene label. In
other words, koion describes the rate of encounter between amino acids within the blob sub-
volume. To quantify the effect of the side chain charges on polypeptide chain dynamics, Figure
3.6A compares the knionb Vvalues obtained between the poly(glutamic acid)s and their
corresponding salts. The Koiob Values of Py-PLGIlu and Py-PDLGIu overlapped with an average
value of 13.1 £ 1.4 us ™1, while the koion Values of Py-PLGNa and Py-PDLGNa overlapped at a
significantly lower averaged Kpiob value of 8.3 + 1.0 ps 2. The overlapping Koiob Values of the L
and DL configurations of the poly(glutamic acid)s in either their protonated or deprotonated
state indicated that the dynamics within a blob remained constant irrespective of the
conformation of the polypeptide backbone and suggested that the rigid backbone limited the

volume of a blob.
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Figure 3.6. Plots of keiob Of A) (circles) Py-PLGIu and (triangles) Py-PDLGIu in the (hollow)

sodium salt and (filled) neutral form and B) (|:|) Py-PLL-HCI, (©) Py-PLGNa, and (A) Py-

PDLGNa in DMSO. The dashed lines represent the averages. C) Plot of ki[Py] as a function

of concentration for () PyMAAc and (EJ) PyAcNBu in DMSO. The dashed lines represent
the linear fits with slopes of 0.91 + 0.01 and 0.74 + 0.01 ns™' for PyMAAc and PyAcNBuU,

respectively.

Since the only difference between the PGlu and PGNa samples was the solution pH,
the decrease in koiob from the protonated to the deprotonated PGlu constructs was expected to
be solely due to the presence of charges on the glutamate side chains. Under acidic conditions,
the side chains of the protonated poly(glutamic acid)s were free to interact with one another
inside the blobs, and the dynamics were determined by the inherent mobility of the side chains.
An increase in pH deprotonated the glutamic acid side chains thus resulting in charged side
chains. The presence of these same charges along the PLGNa backbone now added an

additional electrostatic repulsive force between the side chains which appeared to slow their
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dynamics to the same extent for both conformations of the deprotonated poly(glutamic acid)s.
It is important to note that although the repulsion between the side chains was enough to slow
their dynamics, it did not reduce the volume that they could probe, since Nbion remained
unchanged for a same conformation of the protonated or deprotonated poly(glutamic acid).
The reduction in the dynamics of the side chains induced by the presence of charges agrees
with the experimentally observed acceleration of the folding rate of the highly charged protein
S6 upon removal of its charges.®

The Koiob Values of Py-PLL-HCI were then compared to those of the Py-PLGNa and Py-
PDLGNa constructs in Figure 3.6B. The presence of charges on both the Py-PLL-HCI and Py-
PGNa constructs should normally allow for a more direct comparison between the two
polypeptides. As a matter of fact, the average koion Value of 8.3 £ 0.7 ps~* found for Py-PLL-HCI
in DMSO matched perfectly the average kpiob Value of 8.3 + 1.0 us ™ determined for Py-PLGNa
and Py-PDLGNa. Unfortunately, and despite the fact that both polypeptides bore charged side
chains, the koiob Values could not be compared directly due to the difference in pyrene derivative
used to label the side chains and the side chain length separating the pyrenyl label from the
backbone.

The first factor that may have influenced the dynamics perceived through the Kpiob
values shown in Figure 3.6B was the difference in pyrene derivatives which were used to label
the polypeptides. It is known that different pyrene derivatives can have different photophysical
constants®**® and in the case of dynamics, the probability of quenching (p) upon encounter

between an excited and a ground-state pyrene becomes important.®® To this end, p was
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evaluated for two model compounds, namely N-butyl-1-pyreneacetamide (PyAcNBu) and 1-
pyrenemethyl acetamide (PyMAAC), that closely resembled the pyrene derivatives used to
prepare the Py-PLL-HCI and Py-PGNa constructs, respectively. The full description and
discussion of this study is given in the S, with the final results plotted in Figure 3.6C. In Figure
3.6C, ki is the rate constant of excimer formation derived from the Birks scheme®® for
PyAcNBu and PyMAAC, and [Py] is the concentration of the compounds in solution. Plotting
the product k1[Py] obtained from the global Birks scheme analysis of the monomer and excimer
fluorescence decays against [Py] in Figure 3.6C yields straight lines whose slopes depend on
p and the hydrodynamic radius of the molecules. Since both model compounds have similar
sizes, the slopes of 0.91 + 0.01 and 0.74 + 0.01 ns™* for, respectively, PyMAAc and PyAcNBu
in Figure 3.6C suggest that p would be about 20% smaller for Py-PLL-HCI than for the Py-
PGNa constructs. But since koiob Would be expected to increase by about 20% upon increasing
the length of the spacer linking pyrene to the backbone from 5 atoms for the Py-PGlu constructs
to 7 atoms for the Py-PLL constructs,®* both effects cancel each other resulting in a same koiob
value for the Py-PLL-HCI and the Py-PGNa constructs in Figure 3.6B.

Thus, knion for Py-PLL-HCI would be expected to be about 20% larger or equal to 10
us ! if Py-PLL-HCI had been prepared with a pyrene derivative having a structure similar to
1-pyrenemethylamine used to label the poly(glutamic acid)s. Similarly, if knion for neutral Py-
PLL could have been measured by preventing quenching of pyrene by the PLL amines, it would
have been equal to 15.7 pst after accounting for a 20% increase due to the longer linker

between pyrene and the PLL backbone compared to knion for Py-PGlu. Here again, protonation
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of the PLL side chains would result in a 60% decrease in side chain mobility. In turn, the 60%
slowing of side chain mobility observed in this study for the poly(glutamic acid)s and PLL
when dealing with charged residues in polypeptides would be expected to contribute to a
lengthening of protein folding time as has been reported when charged residues are

incorporated into the sequence of a protein.®©

3.5 Discussion

The selection of DMSO as a solvent to study polypeptide chain dynamics was dictated by the
hydrophobicity of pyrene which prevents the use of water, where pyrenyl labels would
aggregate and lose their ability to probe polymer chain dynamics.?? As DMSO is commonly
used as a denaturing agent for proteins, 3“2 it was expected to solvate and denature the
polypeptides investigated in this study, thus enabling the study of their chain dynamics. Yet,
while DMSO solvated all polypeptides considered in this report and denatured the Py-PLL-HCI
constructs, it did not denature the Py-PLGlu and Py-PLGNa samples. Furthermore, not only
did the negatively charged Py-PLGNa yield the same Npiob Value of 18 residues as Py-PLGlu,
suggesting that PLGNa displayed the same type of structure in DMSO as PLGlu, but negatively
charged Py-PLGNa retained its structure in DMSO while positively charged Py-PLL-HCI did
not.

As it turned out, these apparently contradicting observations are not isolated and the
view that DMSO always denatures polypeptides is being challenged.*>#34547 In fact, it has

been suggested that the a-helices found in proteins or polypeptides dissolved in DMSO might
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adopt a 310 or a poly(proline) type 11 (PPII) helical conformation.*24345 A combination of PEF,
FBM, and MMOs enabled to predict that the conformation of PLGlu and PLGNa in DMSO
can only be that of a 310-helix and not that of a random coil, a PP1I-helix, or an a-helix. Current
techniques capable of structure predictions for macromolecules in solution are mainly
spectroscopic techniques such as NMR,3%424345 gircular dichroism,3%4® or Fourier transform
infrared (FTIR).**’ These techniques typically probe the structural units of macromolecules
over short sub-nanometer distances. Changes in the spectral signature obtained from the
structural units lead to conclusions about their local environment and enables one to predict
the conformation of a given macromolecule in solution. In contrast, PEF probes distances along
amacromolecule that can be as short as 3.4 A (for two stacked and overlapping pyrenes leading
to PEF) and as long as several nanometers depending on the length of spacer used to link a
pyrene derivative to the polymer backbone.3* It thus provides an alternative method that probes
macromolecules over a more extended length scale and which is expected to nicely
complement the spectroscopic techniques currently used to probe the conformation of
macromolecules in solution.

The difference in conformation between the randomly coiled PLL-HCI and the 310-
helical PGNa was attributed to the dual properties of DMSO. First, the dipole moment of 3.96
D for DMSO is much larger than that of 1.85 D for water,*® which explains why DMSO forms
strong hydrogen bonds with amine and amide protons.*® The ability of DMSO at denaturing
structured polypeptides has been attributed to the latter interactions, as they efficiently disrupt

the H-bond network usually involved in the stabilization of secondary structures. In the case
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of PLL-HCI, both interactions are important with the former and the latter leading to H-bonding
between DMSO and the protons of the side chain amines and the backbone amides of PLL-HCI,
respectively. Second, the dielectric constant of 47 for DMSO is about half that of 80 for
water,*® making DMSO a much less polar solvent. DMSO is believed to present its two methyl
groups to solvate the butyl side chain of PLL,* further facilitating the solvation of PLL-HCI
and its access to the amide protons of the PLL-HCI backbone, thus enabling the unfolding of
PLL-HCI into a random coil.

Compared to PLL-HCI, the chemical structure of PGNa is much less favorable towards
interactions with DMSO. First, the carboxylate anions terminating the side chains of PLGNa
cannot interact with DMSO. Second, the ethylene portion of the PLGNa side chains is much
shorter than the butyl portion of the PLL-HCI side chains, thus reducing the level of interactions
with the methyl groups of DMSO. Together, the weaker interactions between DMSO and
PLGNa must be hindering the access of DMSO to the backbone amide protons, resulting in the
PLGNa retaining its structure in DMSO. The ability of side chains to sterically block DMSO
from interacting with the amide backbone of peptides is a mechanism which has been proposed
for the observed stability of some S-structures in DMSO.%2

The apparent lack of effect found in this study induced by the deprotonation of PLGIlu
into PLGNa on the secondary structure of this polypeptide in DMSO can also be related to a
similar absence of effect induced by the deprotonation of a hexa(L-aspartic acid) (HLAA) and
a hexa(L-glutamic acid) (HLGIu) on the end-to-end distance of these end-tagged oligopeptides

probed by fluorescence resonance energy transfer (FRET).%° Contrary to similar hexapeptides
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prepared with basic amino acids such as lysine, arginine, and histidine whose end-to-end
distance increased upon decreasing the solution pH, the end-to-end distance of HLAA and
HLGIlu remained constant when the solution pH was increased from 1 to 12.%° This study
illustrating the different behaviors experienced by positively and negatively charged
oligopeptides represents another example of the poorly understood effect that charges have on
the conformation of polypeptides in solution.

The stability of the PLGIu 310-helix in DMSO regardless of whether the carboxylic
acids were protonated or not offered a unique opportunity for probing the effect of charges on
side chain mobility. It is well-established that the deprotonation of PLGIu in water induces a
conformational change from an a-helix to a random coil 233 A similar a-helix-to-random coil
conformational change takes place upon protonation in water of the side chain amines in PLL.>!
These conformational changes complicate the assessment of the effect that charged side chains
have on their mobility since charging the polypeptide is accompanied by a conformational
change. Our PEF measurements demonstrate that such complications are eliminated for PLGlu
and PDLGIu in DMSO, where they retain, respectively, their 310-helical and random coil
conformation regardless of their charged state. Furthermore, PEF established that the sole
origin of the 60% slower dynamics experienced by the charged side chains of deprotonated
PLGNa and PDLGNa compared to protonated PLGIu and PDLGIu, was the presence of charges
generated along the backbone. This conclusion was also supported by the results obtained with
Py-PLL-HCI by accounting quantitatively for the difference with the Py-PDLGIu constructs in

terms of spacer length of 7 versus 5 atoms separating the pyrene derivative from the

101



polypeptide backbone (see Figure 3.1) and the 20% difference in PEF efficiency between the
1-pyrenemethyl amine and 1-pyreneacetic acid derivatives (see Figure 3.6C). The reduction in
side chain mobility observed for these model polypeptides upon adding charges to the
polymers was also in agreement with literature reports that have found a reduction in folding
time when changing from neutral to charged variants of a same protein.®!° The existence of
charges along the polypeptide backbones appeared to affect side chain dynamics in a same
manner, since the same reduction in knion Values was found upon charging the neutral PLGlu,
PDLGIu, and PLL samples into the charged PLGNa, PDLGNa, and PLL-HCI samples.

This study added the Npiob Value of 14.3 + 1.3 for the PLL-HCI random coil and 17.9 £
1.1 for 310-helical Py-PLGlu and Py-PLGNa in DMSO to that of 21 £ 1 for a-helical Py-PLGlu
in DMF and 10 + 3 for the Py-PDLGIu random coil in both DMF and DMSO.% Figure 3.7
compares all the experimental Noion Values reported thus far in the literature for polypeptides
with the Nuioo™® values corresponding to specific polypeptide conformations. Figure 3.7
clearly illustrates how the experimental Npion values agglomerate along the diagonal and
generate small clusters corresponding to specific polypeptide conformations associated with a
distinct Npioo™° value. In fact, Figure 3.7 suggests that the combination of PEF, FBM, and
MMOs provides a new experimental means to probe the conformation of macromolecules in
solution. Whereas it is well known that PLGlu is an a-helix in DMF and PLL-HCI in DMSO,
PDLGIu in DMF and DMSO, and PDLGNa in DMSO are random coils, the conformation of

PLGIu and PLGNa in DMSO remained unknown at the time of this study. The ability of Figure
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3.7 to help predict the conformation of a polypeptide in solution was taken advantage of to

propose that PLGlu and PLGNa in DMSO adopt a 310-helical conformation.
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Figure 3.7. Comparison of the experimental Noiob and Nbion™™® values obtained with different
polypeptides under different conditions. RC = random coil, 310H = 310-helix, aH = a-helix.
PLGIlu in DMF,%52 PLGlu in DMSO,% PDLGIu in DMF and DMSO,% and PLGNa, PLL-HCI,

and PDLGNa in DMSO (this study).

In terms of the comparison between blobs and foldons, the Noion values for the
structured 310 and a-helices of the Py-PLGIu samples in DMSO and DMF are around 20

residues. The similarity between the size of foldons, estimated to be around 20 amino acids as
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determined by hydrogen exchange (HX) experiments conducted by NMR or mass
spectrometry on structured or partially structured proteins,'? and the size of blobs for structured
polypeptides determined by PEF suggests that blobs and foldons might represent a same entity
as was suggested earlier.!®2 However, whereas the foldon size of unfolded polypeptides
cannot be determined by HX experiments, since all amide hydrogens of an unfolded protein
are fully exposed to the solvent and undergo HX at a similar rate preventing the determination
of foldon size, the blob size can be determined for both structured and unstructured
polypeptides. The FBM determined an Noiob Value of 10.3 £ 1.7 and 14.3 £ 1.3 for the fully
unfolded PDLGIu or PLL samples in DMSO, respectively. The larger blob size found for PLL
compared to PLGIlu could be attributed to the longer reach enabled by the lysine side chain and
the 1-pyreneacetyl derivative. The Nuion Values were lower for the unstructured PDLGIu and
PDLGNa polypeptides compared to the structured PLGlu and PLGNa, reflecting the lower
density experienced by the pyrenyl labels in the unfolded polypeptide coil. Finally, charged
residues did not seem to affect the blob size for structured or unstructured polypeptides,
suggesting that charged residues would not affect foldon size also if blobs and foldons were a

same entity.

3.6 Conclusions

This study represents the first example where a combination of PEF, FBM, and MMOs were
used to probe the effects that charged amino acids had on polypeptide conformation and

dynamics in DMSO. The use of a series of pyrene-labeled homopolypeptides such as
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poly(glutamic acid)s and PLL enabled the alteration of some specific structural parameters in
a controlled manner such as the polypeptide configuration (structured PLGIu versus randomly
coiled PDLGIu), the ionic state of the polypeptide (charged PLL-HCI, PLGNa, and PDLGNa
versus neutral PLGIu and PDLGIu), or the nature and spacing between the side chain charges
and the polypeptide backbone (five side chain atoms for the positively charged PLL-HCI versus
four side chain atoms for the negatively charged PLGNa and PDLGNa). The combination of
PEF, FBM, and MMOs enabled the study of the effects induced by changes in the
aforementioned structural parameters onto polypeptide conformation and dynamics in DMSO.
In particular, these measurements established that charged amino acids reduced side chain
mobility by 60% for the polypeptides studied. They also demonstrated that while PLL-HCI and
PDLGNa were random coils in DMSO, PLGIlu and PLGNa remained structured, leading to the
conclusion that they adopted a 310-helical conformation. This represented the first example
where the combination of PEF, FBM, and MMOs was used to predict the unknown structure
of a macromolecule in solution. Finally, the most important conclusion from this study might
be that the blobs characterized through Noiob and koion display features in terms of size and
dynamics that are similar to those expected of foldons, suggesting that blobs and foldons might

actually represent a same entity.
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Chapter 4
The Effect of Structure on Polypeptide Blobs: A Model Study Using

Poly(L-Lysine)

Adapted with permission from Casier, R.; Duhamel, J. Effect of Structure on Polypeptide
Blobs: A Model Study Using Poly(L-lysine). Langmuir 2020, 36, 7980 — 7990. Copyright 2020
American Chemical Society.
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4.1 Abstract

The conformation of a series of pyrene-labeled poly(L-lysine)s (Py-PLLs) in 60:40 and 90:10
(v/v) acetonitrile:water mixtures was determined by comparing the results obtained from the
fluorescence blob model (FBM) analysis of their fluorescence decays with those obtained from
molecular mechanics optimizations (MMOSs). PLL aggregates formed in both solutions, as
demonstrated by FRET experiments between naphthalene- and pyrene-labeled PLLs. The
addition of an excess of unlabeled PLL allowed the conformational study of isolated Py-PLL
embedded in a matrix of unlabeled PLLs. By varying the acetonitrile (ACN) content of the
solution from 60 to 90 vol% ACN, Py-PLL was found to undergo a conformational change
from a random coil to an a-helix. The conformational change induced an increase in the
maximum number of lysines (Nbion) Separating two pyrene-labeled lysines that could still form
an excimer between an excited and a ground-state pyrene. Npiob Obtained from the FBM
analysis increased from 15.2 + 2.1 to 25.2 + 1.2 lysines as PLL changed its conformation from
a random coil to an a-helix. AFM revealed that the a-helical PLLs organized themselves into
structured bundles ~22 nm in diameter. FBM analysis of the decays acquired with a solution
of aggregated Py-PLLs in a 90:10 ACN:water mixture yielded a larger Noiop Value of 36.6
3.4. The increase in Npiop indicated that the Py-PLL constructs could now interact with one
another in the helical bundles. This increase in Noiob Was then used in conjunction with MMOs
to determine an interhelical spacing of 2.9 + 0.1 nm for Py-PLLs in a bundle. This interhelical
spacing resulted in a local density of 0.25 + 0.01 g-cm™2 for the bundles of PLL a-helices,

which was a reasonable density for a protein in solution. This study describes an experimental
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means to probe the number of amino acids that interact with each other as the conformation of
a polypeptide evolves from that of a random coil to that of an a-helix, to finally that of a bundle

of a-helices.

4.2 Introduction

Uncovering the underlying physical phenomena that convert the one-dimensional sequence of
a protein into its three-dimensional structure has been and continues to be the object of intense
research,? as the three-dimensional structure of a protein defines its biological function.3#
However, proteins are such complex macromolecules that this task remains challenging. One
approach that has been actively pursued to simplify the study of protein folding is to assume
that a protein can be compartmentalized into subdomains where folding takes place
cooperatively.>® This assumption significantly simplifies the study of the folding process by
reducing the total number of conformations that needs to be considered from being exceedingly
large for the whole protein to manageable for an ensemble of smaller subdomains. As of late,
the existence of these subdomains has been supported through the notion of foldons>° and
blobs.”81

The existence of foldons has primarily been substantiated by hydrogen exchange (HX)
experiments.>%1% By monitoring the exchange rate of a protein amide protons by NMR or mass
spectrometry (MS), groups of amino acids were found to have amide protons that exchanged
with the solvent at a similar rate, indicating that they were part of a same subdomain.® The
study of some proteins in their native or near native state by HX experiments have shown that
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foldons contain between ~15 and 35 amino acids, depending on the amino acid sequence and
location of the foldon within a protein.>®?74 Although HX experiments yield the foldon size,
the origin of the specific size taken by foldons is not fully understood. Moreover, since HX
experiments are conducted on proteins near their native state, the measured foldon size is only
representative of the size of a folding subdomain near the end of the folding pathway and
cannot provide information on if/how the foldon size changes as a protein folds. Such
considerations matter as the number of conformations that needs to be considered to predict
the folding time of a protein, an area of considerable scientific interest,'>*® depends critically
on the foldon size.> As it turns out, a fluorescence-based methodology was recently introduced
to determine the number of structural units in a macromolecule that interact with one another
on a time and length scale defined by the fluorescence of the dye pyrene.®1°2! It provides an
alternative to the foldon-based approach to investigate how the number of interacting amino
acids varies as the conformation of a polypeptide evolves along its folding pathway from a
random coil to the organized assembly of secondary structures in the 3D structure of a protein,
and it was applied in this study.

The methodology takes advantage of the ability of pyrene to form an excimer upon
encounter between an excited and a ground-state pyrene. When covalently attached onto a
macromolecule, reduced mobility and steric hindrance experienced by an excited pyrene imply
that during the time pyrene remains excited, it can only form excimer by encountering a
ground-state pyrene inside a small subvolume in the macromolecule referred to as a blob. A

macromolecule can then be divided into a string of blobs.?* These concepts led to the
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formulation of the fluorescence blob model (FBM), which describes the kinetics of pyrene
excimer formation (PEF) in a macromolecule viewed as a cluster of blobs where the pyrenyl
labels are randomly distributed according to a Poisson distribution. FBM analysis of the time-
resolved fluorescence decays of a macromolecule randomly labeled with pyrene yields <n>,
the average number of pyrenes distributed randomly inside each blob according to a Poisson
distribution. In turn, <n> is used to calculate Npiob, Which represents the maximum number of
structural units separating two pyrene-labeled structural units inside a blob that allow excimer
formation between an excited and a ground-state pyrene. Because the dye pyrene can self-
quench to form an excimer,?2?® pyrene acts as both a dye and a quencher, simplifying the
labeling requirements of a macromolecule to be studied by the FBM since it only requires the
attachment of a single dye. In addition, the long unquenched lifetime of pyrene provides a
sufficient timespan to study rigid macromolecules, making pyrene an ideal dye for probing
polypeptides.?427

To date, the FBM has been applied to several pyrene-labeled polypeptides including
poly(L-glutamic acid)s (PLGlu),2?5262° poly(D,L-glutamic acid)s (PDLGIu),2%° arborescent
PLGlu’s,? and protonated PLL.?° A combination of circular dichroism and FBM indicated that
Py-PDLGIu adopted an unstructured conformation in DMF with a corresponding Nbion Value
of 11, while Py-PLGlu adopted an a-helical structure with a significantly larger Npiob Value of
20.% The similarity of Noiob When PLGIu adopted a structured conformation to that of the
expected foldon size of ~20 suggested that blobs and foldons might represent similar entities.®

Furthermore, arborescent Py-PLGlu’s have been used as mimics of a protein in its molten
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globular state near the end of the folding pathway. The increased crowding of the PLGIu helices
with increased generation number resulted in a further enhancement of Npiop t0 @ maximum
value of 28 for the third generation (G3) arborescent Py-PLGlu.?®

This application of the FBM to probe the folding subdomains of a polypeptide provided
several distinct advantages. Since the size of a blob is defined by the diffusive encounters
between an excited and ground-state pyrene attached onto a polypeptide, the Npiob Value is a
direct reflection of the number of amino acids included inside a blob, where the timescale over
which the backbone and the side chains undergo diffusive motion controls pyrene-pyrene
encounters. Thus, the FBM suggests that the size of the folding subdomains within a
polypeptide is defined by the number of amino acids whose combined mobility is reflected by
the ability of two pyrenyl labels located inside this subdomain or blob to form an excimer. The
FBM also provides quantitative information on the dynamics experienced by amino acids
inside a blob through the term knion, Which represents the rate of encounter between amino acids
inside a blob. Additionally, since Noiob is sensitive to the local concentration of amino acids
within a blob, the FBM provides a direct tool to probe how the number of amino acids involved
in a blob evolves along the entire folding pathway of a given polypeptide. This is contrary to
the foldons characterized through HX experiments, which describe folded subdomains near the
end of a protein folding pathway. The preliminary results obtained with the poly(glutamic acid)
constructs support the notion that Niob increases as the polypeptide becomes more structured.®

However, this conclusion was reached by studying different poly(glutamic acid) constructs,
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namely PLGIu and PDLGIu. To study how polypeptide structure affects Npiob in @ more
controlled manner, poly(L-lysine) (PLL) was employed in the present study.

PLL is an excellent model polypeptide to study how Nsiob changes with structure due
to its inherent malleability that enables PLL to adopt varied conformations.*® By controlling
the solvent composition, the solution pH and temperature, PLL is able to undergo
conformational changes from an unfolded coil®* 3 to secondary structures such as
a-helices,** 3 p-sheets,®34 and PPII-helices,® and higher order aggregates of secondary
structures including amyloid-like fibrils.>**® In particular, PLL adopts structures that are
similar in nature to B—amyloid peptide aggregates and lithostathine helical filaments linked to
Alzheimer’s®® and Creutzfeldt-Jakob disease,*’ respectively. Ordered helical domains, such as
those generated in bundles of PLL helices,3 are also encountered in transmembrane
proteins.®®%° The large range of PLL conformations provides an opportunity to use PLL as a
mimic for a protein as it passes through the different stages along the folding pathway, from a
coiled conformation®>~*® representative of an unfolded protein to a structured a-helix3*34
reflecting the formation of secondary structural motives, all the way to a-helical PLL
aggregates® which display similarities with the tertiary structure of some fully folded proteins.

To this end, a series of PLLs were randomly labeled with the dye pyrene (Py-PLLS).
By monitoring the fluorescence of the Py-PLL constructs in acetonitrile:water mixtures, the
FBM was applied to characterize the size of a PLL blob and its dynamics through the
parameters Npiob and Koiob, respectively. The change in Nbiob, as the solvent composition was

varied, was used in conjunction with MMOs to characterize the conformational change from a
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random coil to an a-helix undergone by PLL as the solvent composition was changed. The
presence of higher-ordered Py-PLL aggregates was demonstrated using a combination of
FRET and AFM. The FBM was then applied to characterize the conformation and the internal
spatial arrangement of the secondary structures found in PLL aggregates. The determination
of Npiob as PLL morphed from a random coil to an a-helix, and finally to an a-helix embedded
in a bundle of PLL a-helices, similar to the arrangement of structural motives encountered in
the tertiary structure of a protein, provided a first glimpse at how the size of a blob, and possibly

the size of foldons, evolves along the folding pathway of a polypeptide.

4.3 Experimental

Materials: Acetic acid (glacial, Sigma), acetonitrile (ACN, Sigma, > 99.9%), butylamine
(Aldrich, 99.5 %), N,N’-dicyclohexylcarbodiimide (DCC, Fluka Analytical, > 99.0 %), N,N'-
diisopropylcarbodiimide (DIC, Sigma, 99 %), N,N-diisopropylethylamine (DIPEA, Sigma,
99.5 %), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCI, Sigma,
>99.0 %), N,N-dimethylformamide (DMF, Sigma, > 99.8 %), dimethyl sulfoxide (DMSO,
Sigma, > 99.9 %), hydrochloric acid (HCI, Fisher, 34 wt% in water), N-hydroxysuccinimide
(HOSu, Sigma, 98 %), 1-naphthaleneacetic acid (NpAcOH, Aldrich, technical grade), 1-
pyreneacetic acid (PyAcOH, Aldrich, 97 %), and sodium hydroxide (NaOH, Sigma, > 97.0 %)
were used as received. Deionized water (DIW) was obtained from a Biopure Series 4400 Single
Pass Reverse Osmosis system. The synthesis of all small molecules not listed in the materials

section are reported in the Supporting Information (SI).
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Pyrene-labeled poly(L-lysine)s (Py-PLL)s: The hydrobromide salt of poly(L-lysine)
(Alamanda Polymers, Mn = 165,100 g-mol~*, DP = 790, P = 1.06) was labeled with PyAcOSu
according to the method described earlier?® to yield Py-PLL whose chemical structure is shown
in Figure 4.1A. The hydrochloride salt of Py-PLL was used in all experiments but was still

referred to as Py-PLL for the sake of simplicity.

ZT

HCI-

®NH3 C|® @NH3CI@
Figure 4.1. Chemical structures of A) Py-PLL and B) Np-PLL. x equals the molar fraction of

lysines bearing a dye molecule.

Naphthalene-labeled poly(L-lysine) (Np-PLL): A procedure similar to that used earlier to
prepare the Py-PLL constructs? was applied to label PLL with naphthalene by simply replacing

PyAcOSu in the reaction with NpAcOSu (0.10 eqg. per lysine). All other aspects of the synthesis

114



remained the same. As for Py-PLL, the hydrochloride salt of Np-PLL shown in Figure 4.1B
was used in all experiments but was referred to as Np-PLL.

UV-Vis Absorption: The UV-Vis absorption spectrum was acquired using a Varian Cary 100
Bio spectrophotometer using a 1 cm pathlength cell. A background correction of the solvent
was applied to each spectrum.

Dye content of Py- and Np-PLLs: The molar fraction (x) of lysine residues labeled with pyrene
and naphthalene for the Py-PLL and Np-PLL constructs, respectively, was calculated using
Equation 4.1. In Equation 4.1, Ax represents the moles of dye per gram of sample, My equals
the molar mass of a lysine residue bearing a dye pendant (Mpy = 370.45 g-mol ™, Mnp = 296.37
g-mol™), and ML is the molar mass of a lysine residue protonated with HCI (M. = 164.63
g-mol ™). Jx was determined by accurately weighing freshly lyophilized dye-labeled PLL-HCI
and dissolving it in a known amount of water with sonication. A small aliquot (ca. 0.1 mL)
was diluted with DMF (ca. 5 mL) and the UV absorbance of the solution, or a dilution thereof,
was measured to determine the molar concentration of the dye according to the Beer-Lambert
law. A molar absorptivity coefficient of the model compound N-butyl-1-pyreneacetamide
(PyACNBuU, gpy = 37,300 M~*-cm™ at 345 nm in DMF)*® was used to determine Apy for the Py-
PLLs. N-Butyl-1-naphthalenacetamide (NpAcNBuU), with a molar absorptivity coefficient (enp)
of 6,350 + 21 M t.cm™ at 284 nm in DMF (See Figure S4.1), was used to determine Anp for

Np-PLL.

X=—7
A"+M —-M,
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Steady-state fluorescence (SSF): Py-PLL was dissolved in a small volume of water acidified
with HCI. After dissolution with sonication, an aliquot was diluted in DMF, where the
absorption spectrum of the pyrenyl labels would not be distorted by the presence of pyrene
aggregates, and the absorption was measured. The absorbance of the water stock solution was
back-calculated and an appropriate volume of Py-PLL aqueous solution was added to a vial
such that the pyrene concentration in a 4 mL solution would equal 2.7x10°® M. The Py-PLL
aqueous solution in the vial was acidified with 10 pL of 1 M HCI to ensure that all lysines of
Py-PLL were protonated. Water was then added to the vial to bring the volume of the Py-PLL
aqueous solution to 0.4 or 2.4 mL in preparation for the 90:10 or 60:40 ACN:water solutions,
respectively. Further addition of 3.6 or 1.6 mL of ACN to the vial brought the solution volume
to ca. 4 mL. The solutions were then sonicated for 20 minutes. Oxygen was removed from the
solutions by outgassing with a gentle flow of N> (Praxair, N4.0) for ca. 25 minutes and the
fluorescence cell was sealed to maintain an oxygen-free atmosphere. The SSF spectra were
acquired with a Horiba QM-400 spectrofluorometer equipped with a xenon arc lamp. Pyrene
was excited at 344 nm using an excitation slit width of 1 nm. The fluorescence spectra were
recorded from 350 to 600 nm with a 1 nm resolution. The fluorescence intensity of the
monomer (Im) and excimer (lg) of pyrene were calculated using the area under the SSF
spectrum from 375 to 381 nm and from 500 to 530 nm, respectively, to determine the Ig/lw

ratio.
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Forster resonance energy transfer (FRET): Steady-state FRET experiments were conducted
on solutions that contained Np-PLL as the energy donor and Py-PLL as the energy acceptor.
For each FRET experiment, three solutions were prepared according to the method outlined in
the SSF section. The first solution with Py-PLL had a pyrene concentration of 2.7x10°® M, the
second solution with Np-PLL had a naphthalene concentration of 15.7x107® M, and the third
solution contained both Py-PLL and Np-PLL at the same concentrations as those used to
prepare the first two solutions. These three solutions were then transferred to fluorescence cells
where they were outgassed with a gentle flow of N2 (Praxair, N4.0) for ca. 25 minutes before
acquiring their SSF spectrum. The SSF spectra were acquired with excitation and emission slit
widths of 2 and 1 nm, respectively. The fluorescence was monitored by exciting the samples
at 295 nm and scanning the emission from 300 to 570 nm.

Time-resolved fluorescence (TRF): Samples were prepared in a similar manner as those in the
SSF measurements. The fluorescence decay of pyrene was acquired using an IBH TC-SPC
spectrofluorometer equipped with a NanoLED-340 laser. All decays were collected using an
excitation wavelength of 344 nm over 1,024 channels. The monomer fluorescence was
collected with a time-per-channel of 2.04 ns-ch™ until a total of at least 40,000 counts was
obtained at the fluorescence decay maximum at an emission wavelength of 378 nm using a
370 nm longpass filter. The excimer fluorescence decays were acquired with a decay maximum
of at least 20,000 counts at 510 nm with a 470 or 495 nm longpass filter using a time-per-
channel of 1.02 ns-ch™. The longpass filters were used to minimize potential light scattered by

the solutions from reaching the detector. The instrument response function was collected using
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a LUDOX dispersion whose signal was acquired at 344 nm with a peak maximum of at least
20,000 counts.

Fluorescence decay analysis: The time-resolved fluorescence decays of the monomer and
excimer of Py-PLLs were globally analyzed with the fluorescence blob model (FBM) using
Equations S4.1 — S4.3 given in SI. The FBM acknowledges that a pyrenyl label covalently
attached to a macromolecule probes a finite volume, referred to as a blob, while it remains
excited. The macromolecule randomly labeled with pyrene can be compartmentalized into a
cluster of blobs among which the pyrenyl labels distribute themselves randomly according to
a Poisson distribution. The average number <n> of pyrenes per blob retrieved from the FBM
analysis is used in conjunction with the pyrene-content (Apy) to determine Npiob in Equation
S4.4. The FBM assumes the existence of four pyrene species which have been illustrated in
Scheme 4.1. Within each blob, the excited Pyqir* diffuses toward a ground-state pyrene with
a rate constant knion to form the species Pyko* corresponding to an excited pyrene located close
to a ground-state pyrene. The two pyrenes then rearrange rapidly to form one of the two
excimers EO* or D* with the rate constant k. The excimer species EO* and D* represent
excited pyrene dimers that are either well or poorly stacked and decay to the ground-state
through their lifetime zeo and zp, respectively. The excimer can also be formed by the direct
excitation of the pre-associated EO and D pyrene dimers. Excited pyrenes located inside blobs
without ground-state pyrenes are referred to as the species Pysee, Which emit with their
unquenched lifetime =v. More information about the FBM can be found in earlier

reviews,2021.41
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Scheme 4.1. Reaction scheme illustrating the different pyrene species leading to PEF.

Atomic Force Microscopy (AFM): A 90:10 ACN:water mixture containing 120 pg/mL PLL
was prepared in the following manner. PLL (5 mg) was dissolved in water (5.95 mL) acidified
with 50 puL of 1 M HCI. After dissolution, the PLL solution was filtered through a 0.2 um PTFE
filter to remove any dust. The filtered PLL solution (0.2 mL) was then added to filtered ACN
(1.8 mL). The mixture was sonicated for 15 minutes and was deposited (ca. 2 drops) on a
freshly cleaved mica surface that had been rinsed with filtered ACN. The PLL solution was
left on the mica surface for 30 minutes before being rinsed with filtered ACN. After drying
overnight in a dust-free environment, the AFM images were collected on a DI Dimension 3100

instrument operated with a silica cantilever in tapping mode with a 1 Hz scan rate.

4.4 Results

PLL is known to adopt a broad variety of conformations in solution, taking the form of
a-helices,®3* PPII-helices,® p-sheets,**34 and fibrillar aggregates***® depending on the
solvency conditions and temperature. The most commonly used factor to induce a
conformational change for PLL is pH. Unfortunately, fluorescence quenching by the primary

amine ends of lysine prevents the fluorescence study of the pyrenyl labels bound to PLL at the
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high pH used to induce PLL to adopt an ea-helical conformation.?® Besides pH, adjusting the
solvent composition is another common approach to change the conformation of PLL.3%32 A
previous study reported that the addition of acetonitrile (ACN) to an aqueous solution of
protonated PLL could induce PLL to undergo a coil-to-helix transition.®? Circular dichroism
(CD) measurements indicated that PLL was a random coil in ACN:water mixtures containing
less than 70 vol% ACN, but that PLL adopted an a-helical conformation for ACN contents
above 80 vol%. Since the fluorescence of Py-PLL could only be monitored when Py-PLL was
protonated, this study used a 90:10 and 60:40 (v/v) ACN:water mixture to characterize the
protonated Py-PLL in a helical and coiled conformation, respectively. Due to the hydrophobic
nature of pyrene, the 60:40 ACN:water solution was selected over pure water in order to
minimize pyrene-induced aggregation of Py-PLL.%?

Solvent Induced Aggregation of PLL: Preliminary fluorescence measurements conducted with
the Py-PLL solutions showed a stronger than expected excimer fluorescence with respect to
the monomer emission. This observation suggested the formation of Py-PLL aggregates in
solution. Since the presence of Py-PLL aggregates in solution would affect the interpretation
of the results obtained by pyrene excimer fluorescence/formation (PEF), their existence was
investigated by using Forster resonance energy transfer (FRET) with naphthalene and pyrene
labels, since they constitute a well-known pair of FRET donor and acceptor,*3° respectively.
A PLL sample was labeled with 1-naphthaleneacetic acid to yield a Np-PLL sample with a
molar fraction of naphthalene-labeled lysine (xnp) of 0.09. The absorbance and fluorescence

spectra of the Np-PLL and Py-PLL samples are given in Figure S4.2. Since the Forster radius

120



(Ro) of the naphthalene-pyrene pair equals 2.9 nm*® and the width of a single PLL helix equals
ca. 1.6 nm when measured from one ge-ammonium on a lysine residue to another located on the
opposite side of a PLL helix constructed with HyperChem, the presence of FRET would
indicate that Np-PLL and Py-PLL would have to be within 2xR, (= 5.8 nm) of one another,
and thus form an intermolecular aggregate.

The existence of PLL aggregates was first investigated in the 60:40 ACN:water
mixture. The SSF spectra of solutions containing Py-PLL alone, Np-PLL alone, and a Py-PLL
and Np-PLL mixture are shown in Figure 4.2A. The solution containing only Np-PLL exhibited
a strong fluorescence characteristic of naphthalene, and the Py-PLL solution exhibited the
weak emission of pyrene due to the low absorbance of Py-PLL at the 295 nm excitation
wavelength (see absorption spectrum of Py-PLL in Figure S4.2A). The solution containing the
mixture of Py-PLL and Np-PLL displayed the fluorescence bands characteristic of both the Py-
and Np-PLL samples. By adding the SSF spectra of the Np-PLL solution to that of the Py-PLL
solution, a theoretical spectrum was produced of a solution containing both Py-PLL and Np-
PLL in the absence of FRET. Figure 4.2B compares this theoretical spectrum with the
experimental spectrum obtained for the solution of the Np-PLL and Py-PLL mixture. The
fluorescence spectrum of the Np-PLL and Py-PLL mixture exhibited a slight suppression of
the naphthalene emission accompanied with an increase in pyrene emission. Although these
changes are relatively small, this deviation from the theoretical spectrum indicated that FRET
occurred between naphthalene and pyrene and that the PLLs must be associated in the 60:40

ACN:water mixture.
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Figure 4.2. Steady-state fluorescence spectra in a 60:40 ACN:water mixture of (A,C) (- - -)
Py-PLL alone, (-) Np-PLL alone, and (---) the Py-PLL and Np-PLL mixture. (B,D)
Comparison of (---) the experimental fluorescence spectrum of the mixture of Py-PLL and Np-
PLL and (— —) the theoretical fluorescence spectrum resulting from the addition of the
individual Py-PLL and Np-PLL spectra. The fluorescence spectra were acquired (A,B) without
and (C,D) with a 50-fold excess of unlabeled PLL. Aex= 295 nm, [Np] = 15.7 uM, Xnp = 0.09,

[Py]=2.7 uM, x = 0.12.

Isolation of the fluorescently labeled PLLs could be achieved by adding a 50-fold
excess of unlabeled PLL to the fluorescently labeled PLLs. The addition of unlabeled PLL by

no means prevented the aggregation of the PLLs, but rather ensured that the fluorescently
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labeled PLLs were surrounded by unlabeled PLLs. The successful isolation of the
fluorescently-labeled PLLs was demonstrated through the comparison of Figures 4.2C and D.
Figure 4.2D shows that the theoretical fluorescence spectrum, obtained by adding the
individual Py-PLL and Np-PLL fluorescence spectra, overlapped perfectly with the
experimental spectrum of the Py-PLL and Np-PLL mixture. The perfect overlap of the
fluorescence spectra in Figure 4.2D demonstrated the absence of FRET between Np-PLL and
Py-PLL and that the addition of a 50-fold excess of unlabeled PLL was sufficient to isolate the
fluorescently labeled PLLs from one another. A similar procedure was applied to Py-PLL and
Np-PLL in the 90:10 ACN:water mixture and the corresponding SSF spectra are given in
Figure S4.3. The SSF spectra demonstrated aggregation of the fluorescently labeled PLLs, but
that addition of unlabeled PLL isolated the labeled PLLs from one another. Therefore, these
experiments demonstrated that addition of unlabeled PLL prevented intermolecular excimer
formation in both the 60:40 and 90:10 (v/v) ACN:water mixtures.

Steady-State Fluorescence of Isolated Py-PLLs: Following the conclusions drawn from Figure
4.2D, the isolated Py-PLL constructs were first studied in the presence of a 50-fold excess of
unlabeled PLL. The SSF spectra of the Py-PLLs in 60:40 and 90:10 ACN:water mixtures are
given in Figures 4.3A and B, respectively. For a given pyrene content x, significantly more
excimer fluorescence was generated with respect to the monomer by the 90:10 ACN:water
mixture compared to the 60:40 ACN:water mixture. Although the increase in pyrene excimer
formation observed in Figure 4.3 agrees with an increased density induced by a coil-to-helix

conformational change,® a conformational change is not the only factor that influences the Ig/Ium
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ratio. The Ig/lwm ratio is proportional to the product Kaitex[Py]ioc, Where kaitt is the rate constant
for pyrene excimer formation by diffusive encounters and [Py]ioc is the concentration of
ground-state pyrene experienced locally by an excited pyrene bound to a macromolecule.*’
Therefore, an increase in Ig/lm can be due not only to an increase in [Py]ioc that might have
been induced by the conformational change of Py-PLL, but also to an increase in kit due to a
decrease in solvent viscosity. As it turns out, an increase in the ACN content from 60 to 90
vol% was accompanied by a significant decrease in solvent viscosity # from 0.75 to 0.39
mPa-s.*® The inverse relationship between kaitr and solvent viscosity leads to an increase in
Ie/Im with decreasing solvent viscosity. Changes in solvent viscosity can be accounted for by
considering the product Ie/Imx#n which allows for a more direct comparison between the Ig/lu
ratios obtained in different solvents. The similar Ie/lmxn products obtained in Figure 4.3C
suggest that after correcting for viscosity, PEF only increased a little as the ACN content
increased from 60 to 90 vol%. A conformational change in these two solvent mixtures was
expected to be accompanied by a much larger increase in Ie/lm than that reported in Figure
4.3C, since the backbone is much more condensed in a helical conformation which should
result in a higher [Py]ioc.2 Conclusions drawn about the Ig/Im ratios obtained from different
solvents, as is the case in Figure 4.3C, are further complicated by the solvent-dependent
probability of forming a pyrene excimer upon encounter between an excited and a ground-state
pyrene.*® Fortunately, the dynamic and structural factors described by kit and [Py]ioc that
affect the Ie/lm ratios of Py-PLL can be deconvoluted from one another through FBM analysis

of the time-resolved fluorescence (TRF) decays.
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Figure 4.3. Steady-state fluorescence spectra of the Py-PLL constructs in aqueous solutions
containing A) 60 and B) 90 vol% ACN with an excess of unlabeled PLL. C) Plot of (Ie/lm)x#n
as a function of pyrene content for the Py-PLL constructs in aqueous solutions containing (O)
60 and (A) 90 vol% ACN with an excess of unlabeled PLL. The dashed lines were added to

guide the eye.

Characterization of Individual PLLs by TRF: The fluorescence decays of Py-PLL in the
ACN:water mixtures were analysed in accordance to the FBM. The FBM analysis yields two
key parameters, namely Kkoiob, the rate constant of diffusive encounters between two structural
units bearing a pyrenyl label inside a blob, and Npion, the maximum number of lysines
separating two pyrene-labeled lysines within a blob that still allow efficient pyrene excimer
formation. Figure 4.4A displays Nuion as a function of pyrene content for the ACN:water
mixtures containing Py-PLL with a 50-fold excess of unlabeled PLL. The addition of unlabeled
PLL isolated the Py-PLLs from one another, ensuring that Nyion represented isolated Py-PLLs
inside a matrix of aggregated PLLs. For both the 60:40 and 90:10 ACN:water mixtures, Npiob
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remained relatively constant as a function of pyrene content. The average Npiob Value equalled
15.2 + 2.1 and 25.2 + 1.2 for Py-PLL in the 60 and 90 vol% ACN mixtures, respectively. The
change in Npiob Values between the two mixtures indicated that [Py]ioc had changed, which is
typically the case when a conformational change occurs. The experimental Nyion Values could
be compared to the theoretical Npioo™° values obtained by molecular mechanics optimizations

(MMOs) for a given Py-PLL conformation.
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Figure 4.4. Plots of A) Npiob and B) knion as a function of the pyrene content of Py-PLL in
aqueous solutions containing (Q) 60 and (A ) 90 vol% ACN with a 50-fold excess of unlabeled
PLL. The dashed lines represent the average values and the solid lines represent the Npiop™"®
values obtained from MMOs conducted on a Py-PLL construct simulated with HyperChem

adopting a (Nbiob"° = 14.3 + 1.2) random coil and (Nbiov™° = 27) a-helical conformation.

Such MMOs were performed in an earlier publication?® and the main results for Npjo™°

are summarized hereafter. A PLL macromolecule was constructed in silico with the program
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HyperChem. The PLL backbone was then extended before it was allowed to relax to yield a
conformation representative of a randomly coiled PLL. The number of residues separating a
reference pyrene-labeled lysine from a secondary pyrenyl label attached onto another lysine
along the PLL backbone while still allowing pyrene excimer fluorescence (PEF) was then
determined.824282% These MMOs yielded an Npion™™ for a Py-PLL random coil of 14.4 + 1.2
lysines.®® The MMOs were then repeated for an a-helical Py-PLL construct. Since the
backbone was now structured, the lysines were more densely packed in space. This increased
lysine density resulted in an increased Npioo™° of 27 for an a-helical Py-PLL construct.?®

The experimental Npion Value of 15.2 £ 2.1 when Py-PLL was in the 60:40 ACN:water
mixture matched closely the Npiop™® value of 14.4 + 1.2 for Py-PLL in a coiled conformation.
It also agreed with the experimental Npiob Value of 14.3 + 1.3 obtained earlier for Py-PLL
adopting a random coil conformation in DMSO.?° The matching Nbiob Values confirmed that
Py-PLL adopted a coiled conformation in the 60:40 ACN:water mixture, in agreement with the
conformation determined by circular dichroism (CD) for protonated PLL in the same solvent
mixture.®? As the ACN content was increased to 90%, Nyiob almost doubled to 25.2 + 1.2 which
matched the Npioo™° value of 27 lysines found by MMOs for an a-helical Py-PLL construct.
The good agreement found between the experimental Npiob and Npiob™ confirmed that Py-PLL
adopted an a-helical conformation in the 90:10 ACN:water mixture, again agreeing with
published CD measurements of PLL under similar conditions.®* The similarity between the

experimental Npiob and Npiop™™° obtained from MMOs indicated that a combination of PEF,
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FBM, and MMOs was able to successfully determine the conformation of isolated Py-PLL
inside PLL aggregates.

In Figure 4.4B, the kpiob value of 17.9 + 0.9 us™* in the 60:40 ACN:water mixture was
found to be significantly higher than the kpion value of 12.6 = 1.1 pus* obtained for the 90:10
ACN:water mixture. Since Nbiob and koiob are related to, respectively, [Py]ioc and Kaits used in
the analysis of the SSF spectra, the larger Noiob and smaller Koion Values obtained in the 90:10
ACN:water mixture suggested that the change in solvent composition had an opposite effect
on the dynamics (Koiob and Kaitr) and structure (Nbiob and [Py]ioc) of the Py-PLL constructs. This
observation rationalized the similar Ie/lm ratios found in Figure 4.3C for the 60:40 and 90:10
ACN:water mixtures, since changes in solvent composition seemed to affect dynamics and
structure in opposite manners.

The difference in koiob Observed in the two solvent mixtures was unlikely to be due to a
change in polypeptide conformation, as a previous study showed that Kpion remained constant
for a given polypeptide regardless of its backbone conformation.® One possible cause for the
difference in knion might be a different probability (p) of forming excimer upon the encounter
of an excited and ground-state pyrene, since it is known that p depends on the solvent
composition.?4% The lower kpiop Value in the less viscous 90:10 ACN:water mixture would
suggest that the probability of forming excimer might be lower in this solvent mixture than in
the more viscous 60:40 ACN:water mixture. Another factor which likely contributed to the
differing koion Values was the intermolecular association experienced by PLL in these solvent

mixtures. Since the Py-PLL constructs were embedded inside a matrix of PLL aggregates, it
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stands to reason that the dynamics experienced by the side chains would be affected by these
interactions due to the numerous contacts between the PLL chains. The difference in kpion may
also be a result of differences in packing efficiencies between the PLLs in the helical and coiled
conformation, a denser packing of the PLL a-helices resulting in a lower kyion Value. In either
case, it is apparent that the difference in koion Values obtained in different solvent mixtures can
be attributed to numerous factors that compete with each other and cannot be unambiguously
assigned. Therefore, the focus of the study was placed on the structural characterization of the
Py-PLL constructs through the Npio» Value.

AFM Measurements of PLL: AFM was applied to characterize the PLL aggregates identified
by FRET in the 90:10 ACN:water mixture. The PEF experiments confirmed that under these
conditions, PLL was in an a-helical conformation, as had been established earlier by CD
measurements.® A PLL solution in the 90:10 ACN:water mixture was deposited on a mica
plate for imaging. A full description of the solution preparation is given in the Experimental
section. By far, the majority of the PLLs were incorporated into large PLL aggregates about 1
to 2 um in diameter, as shown in Figures 4.5A and B. These aggregates appeared to be
composed of rather disorganized building blocks, making it difficult to draw any conclusions
from these images. Fortunately, the areas on the mica surface between aggregates showed
better isolated PLL structures in Figure 4.5C, whose aggregation must have resulted in the

large PLL aggregates observed in Figures 4.5A and B.
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Figure 4.5. AFM phase images of PLL deposited on a mica surface from a 90:10 ACN:water
mixture. A,B) Aggregates of PLL bundles and C) the bundles of PLL helices. The white bars

indicate a length scale of A) 5 um, B) 1.5 um and C) 250 nm.

The structures in Figure 4.5C were identified as bundles of aligned PLL a-helices, as
suggested by their fairly straight orientation. The DI Nanoscope software was used to
determine that the bundles of o-helical PLLs were 22.4 + 3.7 nm wide (Figure S4.4). The
average 22.4 nm width was significantly larger than the width of 1.6 nm expected for an
individual PLL a-helix built with HyperChem. The bundle width was also much shorter than
110 nm, which would have been the end-to-end distance of a fully extended a-helical PLL
with a DP of 790, assuming a helical rise of 0.14 nm per lysine. Thus Figure 4.5C suggested
that the bundles were likely composed of an array of PLL a-helices aligned parallel to the main
axis of the bundle, similarly to the bundles of PLL a-helices obtained in 90:10 methanol:water
mixtures.®* The images shown in Figures 4.5A — C suggest that PLL aggregation occurs over
two length scales. The first length scale corresponds to the association of PLL helices into the

organized bundles pictured in Figure 4.5C. These bundles then aggregate together in the large
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macroscopically disorganized masses observed in Figures 4.5A and B. However, one key
structural parameter missing from this analysis of PLL aggregation is the interhelical distance
separating the PLL helices in the bundles shown in Figure 4.5C. How such information could
be obtained is described in the next sections.
PEF in Bundles of PLL a-Helices: Since PEF in Py-PLL can only occur between an excited
and a ground-state pyrene covalently attached onto the polypeptide, PEF reports on length
scales no longer than a few nanometers and therefore provides a direct means to probe
macromolecular structures on the nanometer scale. Consequently, a PEF-based study of a
solution of aggregated Py-PLLs would provide an experimental means to characterize the
spatial arrangement of PLL a-helices inside PLL bundles on this length scale. To this end, the
fluorescence of Py-PLL in a 90:10 ACN:water mixture was studied without unlabeled PLL.
Figure 4.6A compares the Ie/lm ratios of the Py-PLL solutions with and without unlabelled
PLL. Since the solvent was the same in these experiments, direct comparison can be made from
the pyrene excimer trends obtained with the Py-PLL samples. For a given pyrene content, the
Ie/lm ratio was higher for the Py-PLL solution without unlabeled PLL. The increased Ig/lm
ratios indicated that the Py-PLLs were no longer isolated from one another and could now form
excimer intermolecularly. To quantify this enhancement in PEF due to intermolecular
interactions within the Py-PLL bundles, the fluorescence decays of the Py-PLL solutions in
90:10 ACN:water mixtures were analyzed according to the FBM.

Figures 4.6B and C compare the change in, respectively, the koiob and Noion Values

obtained for Py-PLL a-helices embedded in a PLL bundle and Py-PLL «-helices bundled
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together. The Koiob value of 21.1 + 2.5 ps™* in Figure 4.6B for the Py-PLLs bundles was
significantly larger than the kpiob value of 12.6 = 1.1 ps* for isolated Py-PLLs inside unlabeled
PLL bundles. Since the koiob Values were obtained in a same solvent mixture, the difference in
Koiob could be discussed. The pseudo-unimolecular rate constant koiob is equal to the product
Kaifex(1/Vbiob) Where Vpiob is the blob volume and 1/Viop is the concentration equivalent to one
ground-state pyrene per blob. Therefore, the differing knion Values indicated that either Kqiff or
Vhbiob had changed. Whether the Py-PLLs were bundled with unlabeled or pyrene-labeled PLLs,
the Py-PLLs experienced similar environments, implying that the volume Vbion probed by an
excited pyrene should not change. This only left the term Kkqitf as the origin for the change in
Koiob. The change in kit was attributed to changes in the probability (p) of two pyrenyl moities
having the proper alignment for PEF, depending on whether the two pyrenyl labels where
attached on a same helix (small p value) or on two different helices (high p value). When the
Py-PLLs were bundled with the unlabeled PLLs, excimer formation could only occur from
pyrenes originating from the same Py-PLL helix. This meant that a ground-state pyrene could
only approach an excited pyrene located inside a blob from the two sides of the blob along the
backbone. However, when the Py-PLLs were bundled together, pyrenes from nearby helices
could also contribute to the number of pyrenes in the blob. Since the blob could now be
accessed by intermolecular pyrenes that had different orientations with respect to the
intramolecular pyrenes, the increase in the number of possible orientations between two

pyrenyl labels must have led to an increase in the probability p of having a proper alignment
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for PEF. The increase in p is proposed as explanation for the increase in Kqitt and thus Kpiob
observed between the experiments conducted with isolated and aggregated Py-PLL helices.
The increase in Koiob Was also accompanied by an increase in Npiob from 25.2 £ 1.2
determined for an isolated Py-PLL a-helix to 36.6 £ 3.4 when the Py-PLLs were bundled
together. The increase in Noiob also indicated that the Py-PLLs in the bundles of a-helices
experienced local intermolecular interactions with one another. Since Nbiob is @ measure of the
average number of lysine residues inside a blob, the increase in Npiob (ANbiob) Observed for the
Py-PLL bundles meant that the side chains of neighbouring Py-PLLs contributed to the blob
volume of a reference Py-PLL helix. Therefore, the ANpiob 0f 11.4 + 3.7 was a result of an

increase in [Py]ioc experienced by the Py-PLL helices.
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Figure 4.6. Plots of A) the Ie/lm ratio, B) koiob, and C) Noiob as a function of pyrene content for
Py-PLL ina90:10 ACN:water mixture (A ) with and (<>) without a 50-fold excess of unlabeled
PLL. The dashed lines in A) were added to guide the eye, and represent the averaged Npion and

Koiob Values in B) and C), respectively.
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Characterization of PLL bundles: The AFM image in Figure 4.5C indicated that the Py-PLLs
must be aligned parallel with one another inside the bundles. In addition to this, the presence
of FRET between the Np- and Py-PLLs indicated that the PLL a-helices must be packed within
each bundle where they must have been separated by less than 5.8 nm from each other. Based
on this information, it was assumed that the Py-PLLs packed inside the PLL bundles according
to a hexagonal-close-packing (HCP) arrangement. The experimental ANbion Value was used in
conjunction with MMOs to calculate the density of Py-PLLs in the bundles. Following a
procedure published earlier,”® MMOs were conducted to determine the increase in the
theoretical Npiob value (ANbion™™°) as a function of the distance (dn-n) separating the axis of PLL
a-helices constructed with HyperChem in a HCP arrangement. The central helix, referred to
as the primary helix, was then labeled with pyrene halfway down the helix. A secondary
pyrenyl label was then attached onto one of the residues on one of the six neighbouring helices.
The pyrenes were then brought within 3.4 A from each other to determine if excimer could
form between the two pyrenes. If the frame of one pyrene could overlap with 7 or more carbons
of the second pyrene when the two were 3.4 A apart, the overlap between the two pyrenyl
labels was considered sufficient to form an excimer. An example of two Py-PLLs which were

sufficiently close to one another to form excimer intermolecularly is shown in Figure 4.7A.
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Figure 4.7. A) An example side-view of a MMO with good overlap between two pyrenes on
adjacent PLL helices corresponding to an interhelical distance dn-n of 2.9 nm. B) Npios!™° as a
function of interhelical distance between Py-PLL helices in an HCP arrangement. ANpjop™®
represents the increase in Npiop™® with respect to Npiop™™° = 27 for an isolated Py-PLL helix (-
- -). The inlay depicts a simple head-on representation of the primary helix (grey) surrounded

by six neighbouring helices (empty).

This process was repeated for all lysines on each of the neighbouring helices for a given
dn-n. A schematic of helices separated by dnn in @ HCP lattice is given as an inlay in Figure
4.7B. The number of pyrenes on the six neighbouring residues that could form excimer were
then counted yielding ANpioo™°. The determination of ANpiox™®° was repeated for dn.n values
decreasing from 3.4 to 2.8 nm in 0.1 nm increments. Figure 4.7B displays ANpiob™° and the

total Npiop™® as a function of dn-n. The Npios™ value in Figure 4.7B is equal to the sum of
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Nbioo™®® = 27 for an isolated Py-PLL helix and ANpiop™®. A detailed explanation of the MMO
calculations is given in the SI.

Figure 4.7B shows that when the Py-PLL helices are more than 3.2 nm apart from one
another in the HCP lattice, the Py-PLLs are isolated. They are too far from one another to form
excimer intermolecularly and can only form excimer intramolecularly resulting in the Npiob™°
value of 27. As dnn decreased below 3.2 nm, the pyrene-labeled lysine side chains of
neighbouring helices were close enough to one another to form excimer, resulting in the
increase of Npiob™ with decreasing dn-n shown in Figure 4.7B. To quantify the increase in
Nbiob™° with respect to the interhelical distance, ANpion™®° was fit with the empirical function
given in Equation 4.3. The validity of Equation 4.3 holds true only within the bounds of 2.8 <

dh-h <3.2 nm.

AN, = —248.8x(d, , —3.2)’ ~34.8x(d, , —3.2)" ~21.6x(d, , —3.2) (4.3)

The FBM analysis of the fluorescence decays acquired with the Py-PLL constructs
yielded an Nuiob Value that increased from 25.2 + 1.2 for an isolated Py-PLL a-helix to 36.6 £
3.4 when the Py-PLLs were bundled together, resulting in an experimental ANpiop Of 11.4 *
3.7. Equating the experimentally measured ANpiop With ANpieo™® defined in Equation 4.3
yielded the interhelical distance of 2.9 £ 0.1 nm separating the bundled Py-PLLs helices. This
interhelical distance was consistent with the FRET studies which indicated that the helices
must be within 5.8 nm of each other. It was also consistent with the interhelical distance of 2.5
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+ 0.1 nm found for bundles of a-helices of PLL obtained at pH 11.5 from 90:10 ethanol:water
mixtures.®* The slightly larger dn-n value of 2.9 + 0.1 nm found in this work might be a result
of electrostatic repulsion between the PLL helices. Since the PLL bundles were found to have
a diameter of 22.4 + 3.7 nm by AFM, the calculated dn-» value was used to determine that each
bundle contained 55 + 18 PLL helices across their cross section. Lastly, now that dn.n was
known, the PLL density (p) inside the bundles could be determined by applying Equation 4.4
representing the mass of PLL per HCP unit cell volume. In Equation 4.4, ML = 164.63 g-mol ™
is the molar mass of a lysine residue protonated with HCI, Na is Avogadro’s number and Ah.
= 0.14 nm is the raise per lysine of a PLL a-helix. The derivation of Equation 4.4 is given in

the SI.
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With a dn.n value of 2.9 nm obtained through the combination of PEF and MMOs,
Equation 4.4 yielded a density of 0.25 + 0.01 g-cm 3. To put this density in perspective, it was
compared to the density (op) of 41 proteins (see SI) which were calculated from the quantity
2.5/[17] where [77] is the intrinsic viscosity of the proteins.>® While the density of the proteins
listed in Table S4 took an average value of 0.6 + 0.2 g/mL, the density of the PLL aggregates
was found to match the lower pr values found to equal 0.22 and 0.25 g/mL for as2-casein and

clathrin, respectively. The similarity between the density of PLL aggregates and that of some
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proteins suggests that the PEF experiments conducted with Py-PLL probe an environment
similar to that encountered in some proteins. The density of the bundled PLL matched closely
the 0.25 and 0.26 g-cm™2 internal densities of, respectively, second- and third-generation
arborescent PLGlu’s that were studied in DMF and were both viewed as macromolecules with
a very dense interior.?® It must be pointed out however that the protein densities measured by
intrinsic viscosity appear to be half those measured by densimetry.>! The discrepancy must be
accounted for by the hydrodynamic diameter used in intrinsic viscosity measurements which
is typically larger, due to solvation of the outer surface of the protein, than the volume of the

protein core.

4.5 Discussion

The ACN:water mixtures employed in this study provided an experimental means to probe Py-
PLL in different conformations, namely in the form of isolated random coils in a 60:40
ACN:water mixture with a 50-fold excess of unlabeled PLL, isolated a-helices in a 90:10
ACN:water mixture with a 50-fold excess of unlabeled PLL, and bundled a-helices in a 90:10
ACN:water mixture without unlabeled PLL. Noiob determined from the PEF experiments
equaled 15.2 + 2.1 for an isolated Py-PLL random coil, 25.2 + 1.2 for an isolated Py-PLL
a-helix, and 36.6 + 3.4 for bundled Py-PLL a-helices. This steady increase in Nbion mirrored
the increase in density expected for a polypeptide evolving along its folding pathway from a
random coil to isolated secondary structures before ending as a structured protein with

secondary motives spatially arranged in a well-defined 3D structure. The increase in density
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experienced by a folding polypeptide results in an increased number of encounters between the
amino acids diffusing inside the macromolecular volume defined by the polypeptide in
solution, which is reflected by the increase in Npion. Furthermore, the knowledge from CD
measurements that PLL adopts a random coil and an a-helical conformation in, respectively,
the 60:40 and 90:10 ACN:water mixtures,® enabled the validation of the experimental Npiob
values by comparing them to the Npioo™® values obtained by MMOs conducted on Py-PLL
constructs with a same conformation. The good agreement between the experimental Npiop and
theoretical Npiob™® values obtained for a Py-PLL construct in a same conformation
demonstrated the relevance of this approach based on a combination of PEF, FBM, and MMOs
to probe the conformation of polypeptides in solution. It further supported similar conclusions
which were drawn in earlier reports,824-26:28.29

Having used MMO to validate the experimental Nbion Values obtained by PEF for
known conformations of isolated Py-PLL constructs, Npion determined for the Py-PLL bundles
was then compared to that obtained by MMO conducted on an array of a-helical Py-PLLs
packed in a hexagonal arrangement as a function of the interhelix distance (dnn). Npiop™"®
decreased from 46 to 27 when dn-n increased from 2.8 to 3.2 nm, above which Npior° remained
constant and equal to 27, which is the Npiob Value for an isolated Py-PLL a-helix. From the
Nbiob"°-vs-dh-n trend obtained in Figure 4.7B, the Npion of 36.6 + 3.4 for bundled Py-PLL
a-helices resulted in a dn-h value of 2.9 £ 0.1 nm. This dn-n value represented the missing length
scale for the organization of the PLL a-helices at the molecular level in the PLL aggregates
illustrated by the AFM pictures in Figure 4.5. Consequently, this study led to the conclusion
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that a-helical PLLs must be coming within 2.9 nm of each other to form 22 nm-wide bundles
of helices in the 90:10 ACN:water mixture, before aggregating into much larger objects 1 — 2
um in size. The 0.25 g/mL density of the PLL aggregates was also found to be representative
of some proteins in solution.®® The different conformations adopted by PLL as demonstrated

by a combination of PEF experiments, FBM analysis, and MMOs are presented in Figure 4.8.

Isolated Coils Isolated Helices Bundles of helices
60:40 ACN:water 90:10 ACN:water 90:10 ACN:water
with excess PLL with excess PLL without PLL

Figure 4.8. Depiction of the different conformations adopted by PLL under different

experimental conditions as demonstrated by a combination of PEF, FBM, and MMOs.

The blobs used to compartmentalize the polypeptide volume based on the ability of
pyrene labels to encounter in solution provide a means to characterize a finite volume within
the macromolecular volume defined by the polypeptide describing how far the residues of a
given polypeptide can reach in solution. As the polypeptide collapses onto itself to generate
secondary structures that re-arrange themselves into the tertiary structure of a protein, the level

of interactions between amino acids increases due to the shorter distances separating them,
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resulting in the observed increase in Nyiob. As Was pointed out earlier,”®2° the Npiop Values that
are recovered through these PEF experiments happen to be surprisingly similar to those
expected from foldons used to characterize the cooperative folding of segments of a protein,
and whose size has been reported to range between ~ 15 and 35 residues.® In fact, the Npiob
values determined for Py-PLL found as an isolated random coil, an isolated a-helix, and an a-
helix embedded in a bundle of Py-PLL a-helices equal 15.2 + 2.1, 25.2 £ 1.2, and 36.6 + 3.4,
respectively, a range that matches remarkably well the expected range of foldon sizes. Of
course, the Nbiob Value depends on the linker separating the pyrenyl label from the main chain,
a longer linker allowing a larger reach and resulting in a larger Nbiob value. A proper
comparison between blobs and foldons requires accounting for the pyrene label and its linker,
a correction which has not been applied yet for lack of sufficient data. It remains somewhat
interesting, however, that the blob- and foldon-based procedures, which both aim at
compartmentalizing a macromolecule into clusters of subvolumes, yield similar numbers of
interacting structural units in these subvolumes when dealing with polypeptides. Nevertheless,
the comparison between blobs and foldons, although interesting, should not distract from the
fact that the concept of a blob is more general than that of the foldon since blobs can be defined
for any macromolecule including structureless polypeptides such as intrinsically disordered
proteins (IDPs),%?"5* which would be incapable of forming foldons. It must also be pointed out
that compared to the HX experiments conducted on real proteins, the application of PEF
experiments to aqueous solutions of pyrene-labeled proteins would certainly be challenging

due to fluorescence quenching by some amino acids and pyrene aggregation in water.*
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However, the PEF experiments described herein can nevertheless be applied to a wide range
of macromolecular constructs that can be used as model systems to mimic the behaviour of
more complex proteins. Such studies will no doubt be most helpful to sort out the underlying
physical phenomena that control the folding of proteins and that might be impossible to clearly

isolate with more complex proteins.

4.6 Conclusions

The conformations of PLL studied herein provided a snapshot of how the size of the
subdomains within a protein where folding takes place may evolve at three stages along the
folding pathway of a polypeptide. Py-PLL in its coiled conformation represented a protein in
its fully denatured state and it was found to have a relatively small Npiob. The effect that the
formation of structural motives, generated during the folding of a polypeptide, has on the size
of a blob were investigated with the a-helical Py-PLL. The near doubling of the experimental
Npiob Value from 15.2 + 2.1 for Py-PLL in a random coil conformation to 25.2 £ 1.2 as Py-PLL
adopted an a-helical conformation suggested that the formation of structural motifs within a
protein is accompanied by a significant increase in foldon size. Lastly, the bundled Py-PLLs
were used to mimic the packing of structural motifs in proteins in their native or near-native
state. The interactions between the neighbouring Py-PLL helices resulted in a further increase
in Npiob from 25.2 + 1.2 to 36.6 *+ 3.4. This increase in Npiob could be quantified to yield the
interhelical distance between PLL a-helices bundled together in a filament which was found
to equal 2.9 £ 0.1 nm, resulting in a density of 0.25 g/mL. This density was similar to that of
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some proteins as determined by intrinsic viscosity measurements, leading to the conclusion
that the PEF experiments with Py-PLL were capable of probing polypeptide environments

similar to the interior of proteins.
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Chapter 5
The Effect of Amino Acid Size on the Internal Dynamics of

Polypeptides

Adapted with permission from Casier, R.; Duhamel, J. The Effect of Amino Acid Size on the
Internal Dynamics and Conformational Freedom of Polypeptides. Macromolecules 2020, 53,
9811 —9822. Copyright 2020 American Chemical Society.
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5.1 Abstract

The fluorescence blob model (FBM) was applied to analyse the fluorescence decays of a series
of pyrene-labeled polypeptides to better understand how the amino acid (aa) composition of a
polypeptide affected its dynamics. Three pyrene-labeled polypeptides were prepared by
copolymerizing racemic (D,L) mixtures of different aa’s, namely glycine (Gly), alanine (Ala),
and carbobenzyloxylysine (Lys(Z)) with glutamic acid (Glu) to yield Py-PGlyGlu, Py-
PAlaGlu, and Py-PLys(Z)Glu, respectively. All polypeptides contained 44 (+ 3) mol% of Glu
for fluorescence labeling with 1-pyrenemethylamine. The behavior of these three polypeptides
was characterized in N,N-dimethylformamide (DMF) and dimethylsulfoxide (DMSQO) by
fluorescence. It was then compared with the behavior of pyrene-labeled poly(D,L-glutamic
acid) (Py-PGlu) to assess the effect that each comonomer had on the backbone dynamics of
the polypeptides. The FBM analysis of the fluorescence decays yielded the maximum number
(Nbiob) of residues separating two Glu’s bearing a pyrenyl group while still allowing excimer
formation between an excited and a ground-state pyrene. Py-PLys(Z)Glu yielded the same blob
size (Nbiob = 11) as for the Py-PGlu samples. In contrast, the incorporation of ~56 mol% Ala
and Gly resulted in an increase in Npiop from 11 for Py-PGlu and Py-PLys(Z)Glu to 16 for Py-
PAlaGlu and 23 for Py-PGlyGlu in DMSO. Considering that the internal dynamics of a
polymer depend strongly on the size of its structural units and keeping proline aside, whose
cyclic structure prevents backbone motion, this result implied that Noiop for the 17 largest aa’s
of the 20 most common aa’s with 2 or more atoms in their side chain must take a value between
11 for PGlu and 16 for PAlaGlu. This rather narrow range of Npion Values suggests that the

internal dynamics of polypeptides should be much simpler to predict than their structure since
145



only two aa’s, namely Gly and Ala, out of the 20 most common aa’s, appear to contribute

differently to the internal dynamics of polypeptides.

5.2 Introduction

The function of many proteins is defined by their three-dimensional (3D) structure.l?
Therefore, the characterization of the structure and folding of proteins has been a main goal of
protein science.® In this context, intense research has focused on better understanding the
polypeptide dynamics involved in the folding leading to the 3D structure of proteins.*®
Polypeptide dynamics are also important in understanding the role of the unstructured
segments, also referred to as intrinsically disordered regions (IDRs), that have been discovered
in many proteins over the past few decades.® *° In fact, some functional proteins, referred to as
intrinsically disordered proteins (IDPs), exhibit no regular structure under physiological
conditions.*??! The rapidly increasing number of correlations uncovered between the function
and dynamics of proteins indicates that the internal dynamics of proteins are important not
only for controlling the folding pathway toward their final 3D-structure, but also in defining
their function.?2?” In the same manner that a protein sequence defines its 3D-structure, its
sequence must also contribute to the internal dynamics of the protein.?’~3° This study thus
investigates the effect that the aa composition of a polypeptide has on its internal dynamics.
The folding rate of a protein is often determined by spectroscopic techniques such as
fluorescence,® UV/IR circular dichroism (CD),*2 NMR,*® and electron paramagnetic

resonance (EPR).3* Although these techniques provide invaluable information on dynamics,
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they are often conducted on real proteins. Consequently, such studies make it difficult to draw
general conclusions on the effec, that a particular aa sequence might have on the internal
dynamics of a protein since every protein is unique. To date, this effect has been studied
primarily by monitoring the end-to-end cyclization (EEC) rate constant (kcy) of fluorescently
end-labeled oligopeptides as a function of sequence composition.®*-! However, these EEC
experiments are typically applied to short oligopeptides with a degree of polymerization under
25, due to the short distance range over which most fluorescence quenching mechanisms
operate. Consequently, EEC experiments are not suited to study the longer polypeptides more
representative of large proteins, whose two ends would be too far apart for quenching to
occur.*?

Interestingly, the short length scale, over which most quenching mechanisms occur, is
taken advantage of by the fluorescence blob model (FBM), where blobs are used to
compartmentalize a macromolecule randomly labeled with the dye pyrene (PyLM). The blobs
are the loci for encounters between excited and ground-state pyrenes leading to pyrene excimer
formation (PEF). According to the FBM, the PyLM can be viewed as a cluster of identical
blobs among which the pyrenyl labels distribute themselves according to a Poisson
distribution.*?*® FBM analysis of the fluorescence decays of the PyLMs vyields <n>, the
average number of ground-state pyrenes in the blobs, and koion, the rate constant describing the
encounters between two pyrene-labeled structural units (SUs) inside a blob. In turn, <n> can
be used to calculate Npion, Which represents the number of SUs contained inside one blob.#24546

To date, the FBM has been applied to characterize the internal dynamics of numerous synthetic
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polymers including randomly coiled pyrene-labeled polypeptides, namely poly(D,L-glutamic
acid) (Py-PDLGIu) and poly(L-lysine) (Py-PLLys).*8-%

The FBM is applied in the present study to assess the effect that the aa composition of
a polypeptide has on the dynamics of the polypeptide backbone. Since the internal dynamics
of a linear polymer are expected to be strongly influenced by the molar mass of its constituting
structural units in the absence of any other effect,>"° a series of aa’s were selected such that
their side chain size (SCS) covered the range expected for most common aa’s. Glycine (Gly),
with only hydrogens on its a-carbon, had the smallest SCS. The aa with the next smallest side
chain was alanine (Ala), with a methyl group. The two other aa’s selected in this study were
glutamic acid (Glu), since its side chain is comparable in size to many other aa’s, and N-g-
carbobenzyloxylysine (Lys(Z)) to represent the larger aa’s such as lysine or arginine, and less
common aa’s such as pyrrolysine. Copolypeptides were prepared from racemic mixtures
containing ~44 mol% of Glu and ~56 mol% of either Gly, Ala, or Lys(Z) to yield PGlyGlu,
PAlaGlu, and PLys(Z)Glu, respectively. The racemic composition of the copolypeptides
prevented secondary structure formation in solution, while the Glu residues provided a means
for fluorescence labeling with 1-pyrenemethylamine. Maintaining the comonomer content
close to 56 mol% enabled the characterization of the effects, that Gly, Ala, and Lys(Z) had on
the chain dynamics of the polypeptides with respect to PGlu. This study illustrates how the
FBM can be applied to assess the effect that different aa’s might have on the internal dynamics

of polypeptides.
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5.3 Experimental

Chemicals: Activated carbon (Sigma), D,L-alanine (Ala, Sigma, > 99%), ammonium sulfate
(Sigma, > 99.0%), bis(trichloromethyl) carbonate (triphosgene, Oakwood Chemical, > 99%)),
calcium hydride (CaH., Sigma, > 95%), N-g-carbobenzyloxy-D-lysine (H-D-Lys(Z)-OH,
Bachem, 99.7%), N-g-carbobenzyloxy-L-lysine (H-L-Lys(Z)-OH, Bachem, 99.5%), N,N'-
diisopropylcarbodiimide (DIC, Sigma, 99 %), N,N-diisopropylethylamine (DIPEA, Sigma,
99.5%), dimethyl sulfoxide (DMSO, Sigma, > 99.9%), D,L-glutamic acid 5-tert-butyl ester
(H-D,L-Glu(OtBu)-OH, Chem-Impex Int’l Inc., > 98%), glycine (Gly, Sigma, >99%),
hydrochloric acid (HCI, Fisher, 34 wt% in water), 1-hydroxybenzotriazole monohydrate
(HOBt, Advanced ChemTech), (%)-a-pinene (Oakwood Chemical, 98%),
1-pyrenemethylamine hydrochloride (PyMA-HCI, Sigma, 95%), sodium bicarbonate (Sigma,
> 99.7%), and sodium hydroxide (NaOH, Sigma, > 97.0%) were used as received. n-
Butylamine (Sigma, 99.5%), N,N-dimethylformamide (DMF, Sigma, > 99.8%), dioxane (>
99.5%), ethyl acetate (Sigma, > 99.7%), and tetrahydrofuran (THF, Sigma, > 99.0%) were
dried according to procedures given in the Sl before their use. Deionized water (DIW) was
obtained from a Biopure Series 4400 Single Pass Reverse Osmosis system. N-Succinimidyl
acetate (AcOSu) was synthesized according to a previously reported procedure.®® N, gas
(Praxair, N4.0) was used to keep the reaction mixtures under nitrogen atmosphere.

Synthesis of Glycine N-carboxyanhydride (GIyNCA): Glycine (8 g, 107 mmol, 1 eq) was
dispersed in freshly dried THF (300 mL) with stirring in a three-necked round-bottom flask
(500 mL), located in a fume hood, equipped with a condenser and an addition funnel, and

maintained under nitrogen atmosphere. As the dispersion was heated to reflux, triphosgene (18
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g, 61 mmol, 2/3 eq.), which had been in a sealed ampule due to its known toxicity, was weighed
beforehand with a balance outside the fume hood before being dissolved in THF (60 mL) in
an addition funnel. After the complete dissolution of triphosgene, a-pinene (20 mL, 125 mmol,
2.2 eqg.) was added to the refluxing alanine suspension. The triphosgene solution was then
added dropwise via the addition funnel over the course of ca. 2 hours and left to react for an
additional hour. After the three-hour reaction, nitrogen was bubbled through the reaction
mixture to evacuate any remaining phosgene. The yellow solution was filtered, condensed, and
precipitated into heptane with vigorous stirring. After recovering the solid via suction filtration,
the heterogeneous yellow and white solid was dispersed in ethyl acetate (50 mL) which
dissolved the yellow masses, leaving only an off-white solid. The solid was collected and this
process repeated which further reduced the yellow colour. Finally, the solid was dissolved in
acetone and treated with activated carbon (ca. 2 g) before it was filtered and precipitated in
petroleum ethers. After drying, GIlyNCA was recovered as a white solid (5.98 g, 59 mmol, 55%
yield) and used immediately in the polymerization described below. The *H NMR spectrum of
GIlyNCA is given in Figure S5.1 of the Supporting Information (SI).

Synthesis of D,L-Alanine N-carboxyanhydride (AlaNCA): D,L-Alanine (5 g, 56 mmol, 1 eq.)
was dispersed in freshly dried ethyl acetate (200 mL) in an apparatus located in a fume hood
and similar to the one used in the GlyNCA synthesis. a-Pinene (20 mL, 125 mmol, 2.2 eq.)
was added into the refluxing alanine suspension. Triphosgene (11.1 g, 37 mmol, 2 eq. of
phosgene) was dissolved in ethyl acetate (80 mL) taking the same precautions as for the

GlyNCA synthesis before it was added dropwise over 2 hrs to the refluxing alanine dispersion.
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After letting the mixture react for an additional hour, the transparent solution was removed
from the heat and cooled before it was filtered to remove any unreacted alanine. The organic
layer was then washed with an ice-cold bicarbonate solution (100 mL, 0.5 wt% NaHCO3) and
dried with sodium sulfate. The solution was then concentrated (ca. 30 mL) before it was added
into heptane (ca. 300 mL) where AlaNCA was insoluble. The resulting heterogeneous mixture
was vigorously stirred for 10 minutes which led to the formation of a white precipitate. The
organic phase was then chilled overnight at —20 °C. The off-white solid was collected via
suction filtration and dissolved in ethyl acetate (ca. 50 mL). Activated carbon (ca. 1 g) was
added and left to stir for 15 minutes. The carbon was then removed by filtration and the clear
solution was added into heptane (ca. 300 mL), stirred, and then chilled for 1 hour at —20 °C.
The solid was collected and treated with activated carbon before precipitation into petroleum
ethers. The activated carbon treatment was repeated until a bleach-white solid was obtained
(typically 2 — 3 treatments in total). The solid was then dried under vacuum yielding AlaNCA
(5.14 g, 45 mmol, 80% yield), which was used immediately in the copolymerization with
Glu(OtBu)NCA. The *H NMR spectrum of AlaNCA is given in Figure S5.2 of SI.

Synthesis of D,L-Glutamic acid 5-tert-butyl ester N-carboxyanhydride (Glu(OtBu)NCA): The
tert-butyl ester of D,L-glutamic acid (5 g, 25 mmol, 1 eq.) was converted into the NCA in a
procedure similar to that of alanine using triphosgene (2.9 g, 10 mmol, 1.2 eq. of phosgene)
and a-pinene (9 mL, 57 mmol, 2.3 eq.), while observing the same precautions when dealing
with triphosgene. After the activated carbon treatment, the Glu(OtBu)NCA was precipitated

into heptane rather than petroleum ether. The dried white solid (4.8 g, 21 mmol, 85% yield)
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was stored at —20 °C under nitrogen atmosphere until needed. The *H NMR spectrum of
Glu(OtBu)NCA is given in Figure S5.3 of SI.

Synthesis of N-g-Carbobenzyloxy-L-lysine N-carboxyanhydride (L-Lys(Z)NCA): H-L-Lys(Z)-
OH (5.1 g, 18 mmol, 1 eq.) was converted into the NCA using triphosgene (2.4 g, 8.1 mmol,
1.33 eq. of phosgene) and a-pinene (6.5 mL, 41 mmol, 2.3 eq.) following the procedure used
for Glu(OtBu)NCA. A white solid (4.36 g, 14 mmol, 79% yield) was obtained. The dried white
solid was stored at —20 °C under nitrogen atmosphere until needed. The *H NMR spectrum of
L-Lys(Z)NCA is given in Figure S5.4 of SI.

Synthesis of N-¢-Carbobenzyloxy-D-lysine N-carboxyanhydride (D-Lys(Z)NCA): It was
obtained as a white solid (4.94 g, 16 mmol, 92% yield) by applying the same procedure as for
L-Lys(Z)NCA. The *H NMR spectrum of D-Lys(Z)NCA is shown in Figure S5.5 of Sl.
Synthesis of Poly(glycine-co-D,L-glutamic acid 5-tert-butyl ester) (PGlyGlu(OtBu)): A 100
mL pear-shaped flask equipped with a spin vane was flamed under a flow of N2> gas (50
mL-min~%) to remove any residual moisture. After cooling to room temperature, freshly dried
and distilled DMF (50 mL) and dioxane (50 mL) were added and chilled with an ice bath. The
freshly prepared GIyNCA (1.3 g, 13.0 mmol) and Glu(OtBu)NCA (2.3 g, 9.9 mmol) were
dissolved in the DMF/dioxane mixture. The solution was cooled in an ice bath before freshly
distilled n-butylamine (1.6 uL, 16.4 umol, 1400:1 monomer:initiator) was added to initiate the
polymerization. The same nitrogen flow of 50 mL-min~* was maintained over the course of
the polymerization to help eliminate the CO> released from the reaction. The conversion (p) of

the polymerization was monitored by NMR. After 6 hours the reaction was stopped with the
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addition of a drop of 1 M HCI solution at a conversion of ca. 0.14. PGlyGlu(OtBu) could not
be precipitated in ether from the DMF/dioxane mixture, so instead the solution was added to
water (200 mL) and the copolypeptide was salted-out with the addition of ammonium sulfate.
The precipitated polypeptide was then collected by centrifugation (=20 °C, 10 min., relative
centrifugal force (RCF) = 15kxg). After collection, PGlyGlu(OtBu) was precipitated from
DMF (ca. 7 mL) into chilled ether (50 mL) three times to remove any remaining small-
molecule impurities. After drying under vacuum, PGlyGlu(OtBu) was collected as a white
power (0.4 g). Its *H NMR spectrum is given in Figure S5.6 in the SI.

Poly(D,L-alanine-co-D,L-glutamic acid 5-tert-butyl ester) (PAlaGlu(OtBu)): AlaNCA (1.3 g,
10.9 mmol) and Glu(OtBu)NCA (2.1 g, 9.2 mmol) were dissolved in a mixture of DMF (50
mL) and dioxane (20 mL) kept in an ice bath. The polymerization was initiated with n-
butylamine (0.66 pL, 6.7 umol, 3000:1 monomer:initiator). After 4 hours, the polymerization
was stopped at ~0.11 conversion. The polypeptide was precipitated into chilled ether (4:1
ether:DMF), yielding a suspension of white solid in the ether solution. The suspension was
centrifuged (—20 °C, 10 min., RCF = 15kxg) to collect the solid. The solid was then dissolved
in DMF (10 mL) and passed through a PTFE filter (0.45 um) to remove any insoluble matter.
The filtered solution was added to chilled ether to reprecipitate the polypeptide. To ensure the
complete removal of the unreacted monomer, the collected solid was dissolved into DMF (10
mL) and reprecipitated into chilled ether twice more. The precipitate was dried under vacuum
overnight, yielding 0.3 g of PAlaGlu(OtBu). The NMR spectrum is given in Figure S5.7 in the

Sl.
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Synthesis of poly(D,L-Ne-carbobenzyloxylysine-co-D,L-glutamic acid 5-tert-butyl ester)
(PLys(Z2)Glu(OtBu)): The polymerization was completed in a manner similar to that of
PGlyGlu(OtBu). Glu(OtBu)NCA (2.1 g, 8.9 mmol), D-Lys(Z)NCA (2.2 g, 7.2 mmol), and L-
Lys(Z)NCA (2.2 g, 7.2 mmol) was added with stirring to freshly dried and distilled DMF (90
mL) and the mixture was chilled with an ice bath. After dissolution, freshly distilled n-
butylamine (1.2 upL, 12 pmol, 2000:1 monomer:initiator) was added to initiate the
polymerization under a nitrogen atmosphere. After 12 hours, the polymerization had reached
ca. 0.10 conversion, at which point the reaction was terminated. The polypeptide was then
worked-up in a manner similar to PAlaGlu(OtBu). The resulting precipitate was dried under
vacuum overnight yielding 0.55 g of PLys(Z)Glu(OtBu). The NMR spectrum is given in Figure
S5.8 in the SI.

Polypeptide end-capping and deprotection: Before the Glu(OtBu) residues in the polypeptides
were deprotected, the N-terminus was capped with an acetic group to prevent any reaction
between the amine-end and the acid groups of the deprotected Glu. All the polypeptides were
capped and deprotected in a similar manner. The NMR spectra of the polypeptides after
deprotection are given in Figures 5.9 — 5.11 in the SI. An example procedure is given for
PLys(Z)Glu(OtBu). PLys(Z)Glu(OtBu) (41 kg-mol™, 0.55 g, 13 pmol) was dissolved in DMF
(15 mL). After adding AcOSu (0.2 g, 1.3 mmol) and DIPEA (0.2 mL, 1.2 mmol), the solution
was left to stir overnight. The next day, the capped PLys(Z)Glu(OtBu) was purified by dialysis
using an 8 kDa regenerated cellulose dialysis tube. The polypeptide was dialyzed three times

against DMF (400 mL) for 4 hours before being recovered by ether precipitation and
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centrifugation. Once the amine end was capped, the white solid was dried under vacuum for
three hours before it was dissolved in a mixture of trifluoroacetic acid (TFA, 7 mL) and water
(0.7 mL) to deprotect the glutamic acid units. After two hours, PLys(Z)Glu was precipitated
into ether (40 mL) and collected by centrifugation. The solid was then dried under vacuum for
two hours to remove the majority of the remaining TFA. The solid was then purified by three
precipitations from DMF (10 mL) into diethyl ether (40 mL). Each time PLys(Z)NCA was
dissolved in DMF, 1 drop of 1 M HCI was added to ensure the complete removal of TFA. The
white solid was again dried under vacuum to yield PLys(Z)Glu (37 kg-mol ™2, 0.5 g, 13 umol).
The *H NMR spectrum of PLys(Z)Glu is provided in Figure S5.11 in SI.

Pyrene-labeling of the polypeptides: Pyrene-labeling of poly(glycine-co-D,L-glutamic acid),
poly(D,L-alanine-co-D,L-glutamic acid), and poly(D,L-N-e-carbobenzyloxylysine-co-D,L-
glutamic acid) to yield Py-PGlyGlu, Py-PAlaGlu, and Py-PLys(Z)Glu, respectively, was
conducted in a manner similar as in an earlier publication.*® Some glutamic acids, representing
a molar fraction x of the structural units (SUs) constituting the polypeptides, were labeled with
1-pyrenemethyl amine (PyMA). An example of the synthesis of Py-PGlyGlu (see chemical
structure in Figure 5.1A) with a final pyrene content of 5 mol% is provided hereafter. PGlyGlu
(0.1 g, 48 mol% Glu, equivalent to 1.1 mmol of structural units) was dissolved in DMSO (10
mL) with stirring. HOBt (12 mg, 76 pmol, 0.07 eq. to structural units), PyYMA (17.5 mg, 65
umol, 0.06 eq.), and DIPEA (distilled from CaHz, 15.2 puL, 87 umol, 0.08 eq.) were then added
to the solution. After complete dissolution of the reagents, DIC (10.3 puL, 65 pmol, 0.06 eq.)

was added and the solution was left to stir overnight. The next day, the resulting Py-PGlyGlu
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was purified by dialysis (regenerated cellulose, 8 kDa cutoff). The solution was first dialyzed
twice against DMF (600 mL) for four hours to remove the small molecules. The solution was
then dialyzed against 2:1, 1:1, and 1:2 DMF:water solutions at pH 9. Finally, the solution was
dialyzed twice against water (600 mL, pH 9). Once the dialysis was complete, the water was
removed by lyophilization yielding the sodium salt of Py-PGlyGlu (Py-PGlyGNa) as a light-
yellow solid. Each polypeptide was labeled with different pyrene contents according to a
similar procedure where the reagent equivalents were adjusted for each of the target pyrene
contents. The pyrene-labeled polypeptides were stored as their sodium salts in a—20 °C freezer
until needed. They were converted into their protonated form before use with the addition of
an excess of HCI. Their chemical structure is presented in Figure 5.1.

Pyrene-labeled poly(D,L-glutamic acid)s: Pyrene-labeled poly(D,L-glutamic acid)s (Py-
PGlu’s, DP = 784, D = 1.06) were prepared as reported in a previous study.*® The Py-PGlu’s
were stored in a—20 °C freezer and freshly lyophilized before use. The structure of Py-PGlu is

given in Figure 5.1C.
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Figure 5.1. The chemical structures of A) Py-PGlyGlu, B) Py-PAlaGlu, C) Py-PGlu, and D)

Py-PLys(Z)Glu. All stereocenters are racemic.

'H NMR analysis: NMR spectra were acquired on a Bruker 300 MHz NMR spectrometer for
polypeptide solutions in de-DMSO. The glutamic acid (Glu) content of the copolymers
prepared with Ala and Lys(Z) was determined by comparing the integration of the S-protons
of the two comonomers. Since Gly had no B-proton and its a-protons were shifted upfield, the

a-protons of both Gly and Glu were used to determine the Glu content of PGlyGlu. The signal
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of the n-butylamine initiator was observed for PGlyGlu and PLys(Z)Glu. The integration of
the terminal methyl group was used to calculate the degree of polymerization (DP) of these
polypeptides. Table 5.1 summarizes the comonomer content and DP of the polypeptides
determined by NMR.

GPC analysis: The molecular weight distribution of the synthesized polypeptides was
determined with a TOSOH 8321 GPC-WS GPC Workstation in conjunction with a Wyatt
DAWN HELEOS multiangle light scattering (MALS) detector using two TSKgel Alpha-M 13
pm mixed bed columns in DMSO at 70 °C with a flow rate of 0.5 mL-min 1. Unfortunately,
the dn/dc value of PGlyGlu(OtBu) was too low in DMSO to retrieve reliable results from the
GPC analysis. Therefore, GPC analysis was only possible for the PAlaGlu(OtBu) and
PLys(Z)Glu(OtBu) samples. The dn/dc values of PAlaGlu(OtBu) and PLys(Z)Glu(OtBu) were
calculated through the ASTRA software package using the built-in 100% mass recovery
method which yielded values of 0.0198 and 0.0438 mL-g?, respectively. The GPC
characterization was conducted on the protected polypeptides, since they provided better signal
in the GPC detectors as compared to their deprotected counterparts.

The MALS detector array was used to calculate the absolute molecular weight of
PAlaGlu(OtBu) (Mn = 29 kg-mol™ (DP = 240), ® = 1.05) and PLys(Z)Glu(OtBu) (M, = 41
kg-mol™ (DP = 180), ® = 1.04). Although the GPC traces indicated that the polymers
contained some low-molecular weight species (See Figure S5.12 in the Sl), the analysis of the
GPC traces described in Sl indicated that they only contributed a small 0.13 and 0.05 weight

fraction of the overall polymers for PAlaGlu(OtBu) and PLys(Z)Glu(OtBu), respectively. Due
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to their relatively small contributions, these lower molecular weight species did not have much
effect on the molecular weight or dispersity of the polymer, and as such the M, and D reported
in Table 5.1 are characteristic of the main peak. It is worth pointing out that the polydispersity
of polymer samples is irrelevant for the study at hand which is conducted with the FBM,
specifically designed to handle polydisperse polymer samples.*6 Table 5.1 summarizes the
molecular weight of the two polypeptides characterized by GPC analysis. The My’s in Table

5.1 are the molecular weights of the polymers in their deprotected form.

Table 5.1. Glu content, number-average molecular weight (M), degree of polymerization

(DP), and dispersity (D) of the deprotected polypeptides.

Monomer Polypeptide "
Polypeptide Feed Composition " DP b
(kg-mol™)
(mol% Glu) (mol% Glu)

PGlyGlu 43 48 142 1502 -
PAlaGlu 46 42 23 240 1.05
PGIUP - 100 100 784 1.07
PLys(Z)Glu 39 43 37 180, 1762 1.04

@ Determined by NMR.

® Information provided by the certificate of analysis from Alamanda Polymers.

UV-Vis absorption measurements: The UV-Vis absorption spectra were acquired with a VVarian
Cary 100 Bio spectrophotometer using a UV-Vis absorption cell with a 1.0 cm pathlength. A

background correction for the solvent was applied to each spectrum.
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Pyrene content of the polypeptides: The molar fraction (x) of the structural units labeled with
pyrene was determined with Equation 5.1. Where, y is the molar fraction of glutamic acid
incorporated in the polypeptide determined by NMR in Table 5.1. Mz is the molar mass of the
comonomer (Mz: Mgy = 57.05, Maia = 71.08, Muysz) = 262.31 g-mol ™), Mgna (= 144.15
g-molY) is the molar mass of the sodium salt of glutamic acid, and Mey (= 342.4 g-mol™?) is
the molar mass of a glutamic acid-bearing pyrene. Lastly, Apy equaled the moles of pyrene per
gram of sample. To determine Apy, at least 5 mg of the lyophilized pyrene-labeled polypeptide
was added to 5 mL of DMSO. A drop (0.1 mL) of 1 M HCI in water was added to the solution
to protonate the glutamic acid residues. After sonicating for 15 minutes, the solution or dilution
thereof was transferred to a 1.0 cm pathlength cell for UV absorption measurements. Using the
Beer-Lambert law, the molar concentration of pyrene was determined using the absorbance
peak maximum of pyrene at 346.5 nm and the molar absorptivity coefficient (¢) of the model
compound N-(1-pyrenylmethyl)acetamide (PyMAAc) in DMSO (e = 39,300 M t.cm™). The

determination of ¢ at 346.5 nm is described in the SI.

(1_ y) MZ + yMGNa

X= 3
ﬂ’Py +MGNa_MPy

(5.1)

Steady-state fluorescence (SSF): Steady-state fluorescence spectra were acquired on a Horiba
QM-400 spectrofluorometer equipped with a xenon arc lamp. A 10 pL aliquot of 1 M HCI was
added to the solutions containing ca. 2.7x10°® M pyrene to ensure that the pyrene-labeled

polypeptides were studied in their protonated form. After sonicating the samples for ca. 10
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minutes, oxygen was removed by outgassing the samples with a gentle flow of N2 gas (Praxair,
N4.0 or greater) for ca. 30 minutes before sealing the fluorescence cell and acquiring the SSF
spectrum. Using excitation and emission slit widths of 1 nm, the emission of pyrene was
monitored by exciting the sample at 344 nm and scanning the emission wavelength from 350
to 600 nm in 1 nm steps using a scanning rate of 10 nm-s~*. The fluorescence intensity of the
monomer (Im) and excimer (Ie) were calculated using the area under the SSF spectrum from
375 to 381 nm and from 500 to 530 nm, respectively.

Time-resolved fluorescence (TRF): The pyrene-labeled polypeptide solutions were prepared in
a similar manner as for the SSF measurements. The fluorescence decays of pyrene were
acquired using an IBH time-correlated single photon counting (TC-SPC) fluorometer equipped
with a NanoLED-340 laser. All decays were collected using an excitation wavelength of 344
nm selected with the excitation monochromator over 1,024 channels. To minimize light
scattering from reaching the detector, a 370 nm longpass filter was employed to collect the
monomer fluorescence at 378 nm with a time-per-channel of 2.04 ns-ch™* until a minimum of
40,000 counts was obtained at the fluorescence decay maximum. Similarly, a 470 or 495 nm
longpass filter was applied to the collection at 510 nm of the excimer fluorescence decays with
at least 20,000 counts at the decay maximum using a time-per-channel of 1.02 ns-ch™*. The
instrument response function (IRF) was determined by collecting the light scattered at 344 nm
by a LUDOX dispersion in water with a peak maximum of at least 20,000 counts. The IRF

was used in the deconvolution of the fluorescence decays for analysis.
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Fluorescence decay analysis: The monomer and excimer decays of the pyrene-labeled
polypeptides were fit globally according to the FBM using Equations S5.2 — 5.5. Within the
framework of the FBM, a pyrene-labeled macromolecule is divided into a string of subvolumes
referred to as blobs.*® The volume of a blob is defined by the volume that an excited pyrene
bound to the macromolecule can probe while it remains excited. Since pyrene is randomly
attached to the macromolecule, the pyrenes distribute themselves among the blobs according
to a Poisson distribution. Within a blob, an excited and a ground-state pyrene form excimer
through a sequential pathway. First, an excited pyrene Py*, referred to as Pyqitr*, undergoes
slow diffusive motions that are controlled by the diffusion of the pyrene-labeled SU. This
displacement brings Pyuif* close to a ground-state pyrene (Py) with a rate constant Kpiob. VWhen
Pyaire* and Py are within reach of each other, Pyqis* turns into the species Pyx2* which rapidly
rearranges with a rate constant ko to form with the ground-state Py one of two excimers, EO*
or D*, which emit with a lifetime z=o or o, respectively. In contrast, the pyrene monomers
Pyaire* and Pyk2* emit with their natural lifetime av. The global fit of the monomer and excimer
fluorescence decays with the FBM equations yields <n>, the average number of ground-state
pyrenes within a blob. <n> is then used along with the molar fraction (x) of pyrene-labeled
SUs in the macromolecule to determine Noiob according to Equation 5.2, which is the average
number of SUs inside a blob. In Equation 5.2, fufree represents the molar fraction of pyrenes

Pysree™ In the monomer decay that do not form excimer and emit with their lifetime zm.

<n>
Npjop = (

1- foree ) (52)
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The monomer and excimer decays were fitted globally with Equations S5.2 — S5.4 in
the SI, whose parameters were optimized according to the Marquardt-Levenberg algorithm.>3
The fits were deemed satisfactory when the »? parameter was smaller than 1.3 and the residuals
and autocorrelation of the residuals were randomly distributed around zero. An example of the
fits is given as Figure S5.16 in the SI. The parameters retrieved from the FBM analysis of all
the pyrene-labeled polypeptides are given in Tables S5.2 — 5.7. More information on the FBM

can be found in earlier reviews.*46

5.4 Results

Polypeptide Synthesis and Characterization: All copolymers were prepared through the ring-
opening polymerization of the corresponding aa NCAs using n-butylamine as the initiator. The
copolymerizations were stopped at conversions under 15% to minimize monomer composition
drift. Although aa NCAs are known to have quite different reactivity ratios,>*°> maintaining a
low conversion in co- and ter-polymers prepared from aa NCAs has been shown to yield
random compositions.®® Therefore, both the low conversion and the similarity between the feed
and copolymer compositions seen in Table 5.1 indicated that the monomers were incorporated
randomly into the polypeptides studied herein.

Steady-State Fluorescence: The steady-state fluorescence (SSF) spectra of the pyrene-labeled
polypeptides were collected in DMSO and DMF. An example of the SSF spectra is shown for
the series of Py-PLys(Z)Glu samples in Figure 5.2A, where the pyrene content was varied from

4.5 to 13.5 mol%. The SSF spectra of the synthesized pyrene-labeled polypeptides in both
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DMF and DMSO are provided in Figures S5.17 — S5.21 in Sl. Figure 5.2A illustrates how PEF
increased with increasing pyrene content (x) as a result of more pyrenyl encounters. The
increase in excimer emission was quantified with the Ie/Im ratio which was plotted as a function

of pyrene content in Figures 5.2B and C for the solutions in DMSO and DMF, respectively.
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Figure 5.2. A) Steady-state spectra of the Py-PLys(Z)Glu samples in DMSO and the Ig/lm
ratios of for (‘) Py-PGlyGlu, (A) Py-PAlaGlu, (@) Py-PGlu, and @) Py-Lys(Z)Glu in B)
DMSO and C) DMF. The dashed lines were added to guide the eyes. Error on data points in

Figures 5.2B and 5.2C are smaller than the symbols.

Figures 5.2B and C show that most Ie/lm ratios were not much larger in DMF (77 =
0.784 mPa.s at 25 °C) than in DMSO (7 = 1.987 mPa.s at 25 °C) despite the 2.5-fold viscosity
difference between the two solvents. The similarity in the Ig/lmv ratios most certainly originated
from the difference in the efficiency of excimer formation between the two solvents. A

previous study showed that excimer formation for 1-pyrenemethylacetamide is about twice as
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efficient in DMSO compared to DMF.*® Since the Ig/lm ratio is proportional to the efficiency
of excimer formation® and inversely proportional to solvent viscosity,*® the decrease in
viscosity between DMSO and DMF was offset by the decrease in the efficiency of excimer
formation, resulting in the similar Ig/lm ratios between the two solvents.

Another interesting feature of the Ig/lm ratios was that they did not reveal much
difference between different polypeptides in a given solvent. This observation was unlike that
made with the Ie/Im ratios obtained with a series of pyrene-labeled poly(n-alkyl methacrylate)s
(Py-PAMAS) where side chain size (SCS) was found to have a major effect on the Ig/lm ratio,
with smaller side chains resulting in more efficient excimer formation and higher Ig/Im ratios.>?
This effect was primarily attributed to the progressive stiffening of the polymethacrylate
backbone as SCS increased due to an increase in steric interactions. However, Py-PAMAS with
side chains longer than 12 carbons yielded overlapping Ie/lm ratios, suggesting that the Ie/lm
ratio did not change much once the backbone became too stiff. The similar Ig/lv ratios obtained
with the pyrene-labeled polypeptides suggest that the SCS does not influence the polypeptide
dynamics to the same extent as for PAMAS, likely due to the inherent stiffness of the
polypeptide backbone and the 44 mol% content of the bulkier Glu in the polypeptides, which
dampened the effect that the smaller aa’s might have had.

Effect of Amino Acid Side Chain Size on the Blob Size: One of the most important parameters
retrieved from the FBM is Noiob (See Equation 5.2), which is the number of SUs inside a blob.
Since pyrene is covalently bound to the polypeptide backbone through a glutamic acid residue,

Noiob represents the number of aa’s each glutamic acid can interact with on the timescale of the
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polypeptide dynamics. Figures 5.3A and B show that Npion remained constant as a function of
pyrene content for each polypeptide in DMSO and DMF, respectively. Since the increased
addition of bulkier pyrenyl labels to the polypeptides did not affect Npiob, the low level of
pyrene labeling used in these experiments was not expected to perturb the internal dynamics
of the polypeptides.

The effect induced by a given side chain was monitored as a function of its side chain
size (SCS) defined in terms of the number of atoms contained within the side chain structure,
excluding hydrogens. The SCSs were equal to 0 for glycine (Gly), 1 for alanine (Ala), 5 for
glutamic acid (Glu), and 15 for carboxybenzyl protected lysine (Lys(Z)). Quantification of
SCS in this manner allowed for a simple comparison between the comonomers incorporated
into the polypeptides in Figure 5.3C. Figure 5.3C shows that within error limits, Npiob for Py-
PGlu and Py-PLys(Z)Glu took a similar average value of 11.0 £ 1.4 and 11.5 + 1.7 in DMSO
and DMF, respectively. These experimental Npiob (Nbioo™®) values were similar to the
theoretical Npiob (Nbion™™®°) value of 10.3 + 1.2 obtained by molecular mechanics optimizations
(MMOs) for an extended Py-PGlu construct representative of a PGlu backbone in a random
coil conformation.*® These similar Noiob Values suggested that Py-PGlu and Py-PLys(Z)Glu

were fairly extended on the length scale of a blob.
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Figure 5.3. Plot of Npiob as a function of pyrene content for (‘) Py-PGlyGlu, (A) Py-PAlaGlu,
(©) Py-PGlu, and (@) Py-Lys(Z)Glu in A) DMSO and B) DMF. C) Comparison of the average
Nbiob Values as a function of the number of non-hydrogen side chain atoms in () DMSO and
(O) DMF. The dashed lines in Figures A, B) represent the averaged Noio» Value. The solid line
indicates the Npioo™° value of 10.3 + 1.2 for a rigid and extended polypeptide assumed to adopt

a coiled conformation.

The first implication of this result was that the relatively small side chain of Glu was
sufficient to fully stiffen the polypeptide backbone on the length scale of a blob, thereby
making further increases in SCS irrelevant to the blob size. The second implication was that
the eight aa’s out of the 20 most common aa’s with SCS equal to or larger than that of Glu
should not alter the number of aa’s, which can locally interact with one another via diffusive

encounters only, without specific interactions such as H-bonding or electrostatics. Under such
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conditions, Npiob for an oligopeptide segment in a protein is expected to equal 11 if this segment
is composed of aa’s bearing a side chain of size equal to or larger than the SCS of 5 for Glu.

Next, the effect that the smaller side chains of Ala and Gly had on Npion Was explored.
Figure 5.3C shows that the Noiob Values obtained for Py-PAlaGlu and Py-GlyGlu were both
significantly larger than those obtained for Py-PGlu and Py-PLys(Z)Glu. The increase in Npiob
from 11.3 = 1.2 for Py-PGlu and Py-PLys(Z)Glu to 15.8 £ 1.0 for Py-PAlaGlu and finally 22.5
+ 1.5 for Py-PGlyGlu in DMSO indicated that blobs with Ala and Gly residues having smaller
side chains were constituted of a larger number of aa’s. To ensure that this increase in Npion for
Py-PAlaGlu and Py-PGlyGlu was not due to any inherent effect induced by Gly and Ala,
MMOs were conducted for PGlyGlu. Following a procedure which has been described
numerous times,*”~%° Npiop™"® was found to equal 10.3 + 1.2 for PGlyGlu, which matched the
Nbiob"° value of 10.3 + 1.2, that had been obtained for PGlu.*® A full description of the MMO
procedure is provided in the SI. The matching Npioo™ values ruled out the possibility that the
increase in Npioo®™P could be due to differences in the monomer/backbone structures that could
have been induced by the introduction of Gly or Ala. It should also be noted that Npios™ is
representative only of a backbone which is extended on the length scale of a blob (ca. a few
nm)*&4° and should only be used as a lower limiting value, since the backbone in solution may
not be as extended on this length scale.

Since the increase in Npiov™ for Py-PAlaGlu and Py-PGlyGlu could not be simply
explained through MMOs, it must have been due to the increased freedom brought to the

polypeptide backbone by Gly and Ala. As for the previous study on Py-PAMAs,>? the decrease
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in SCS resulted in greater freedom of the backbone due to the reduction of sterics imparted by
the side chains. Two explanations can be suggested to rationalize this increase in Npiob™P. The
first explanation is that the low energy barrier for bond rotation enabled by the small side
chains of Gly and Ala enhanced backbone mobility, which would in turn allow the excited
pyrenyl pendants to probe a larger volume, as was proposed for the relatively flexible
PAMAS.>? The increase in the blob volume would thus result in a larger Npiob™® value than
Nbiob"° determined by MMOs. The second explanation would be that the incorporation of SUs
with a smaller side chain would bring significant conformational freedom to the polypeptide
backbone. The reduction in steric hinderance generated by the smaller side chains, particularly
in the case of Gly which has only hydrogens on its a-carbon, provided greater rotational
freedom between the aa’s in the backbone. This increased freedom may then allow the
polypeptide backbone to adopt more conformations within a blob, resulting in the increased
number of aa’s which can locally interact with one another as reported by Npion®™®.

This second possibility is likely the major contributor to the increased Npiob™" value for
the polypeptides. Unlike PAMAS, the backbone of polypeptides is fairly rigid, which makes it
unlikely that the increased backbone mobility induced by a shorter side chain could justify the
2-fold increase in Npion from 11.3 for PGlu and PLys(Z)Glu to 22.5 for PGlyGlu. In contrast, a
3.6-fold increase in Nbion from 16.3 for poly(octadecyl methacrylate) to 58.6 for poly(methyl
methacrylate) was reported for the much more flexible PAMAs in THF.%2 In addition, previous
studies have indicated that the inclusion of small amino acids, in particular Gly, results in an

increase in the local backbone density based on the end-to-end distance®® or the C.. coefficient
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of Gly-containing oligopeptides.®® This again suggests that the increase in Npioo™ in Figure
5.3 is the result of an increase in backbone conformational freedom.

The Npiov®P values of Py-PAlaGlu and Py-PGlyGlu were also determined in DMF were
they were found to equal 18.4 £ 0.7 and 27.5 + 1.4, respectively. While the Npiov®™® value of
18.4 = 0.7 for Py-PAlaGlu in DMF was comparable to that of 15.8 + 1.0 for Py-PAlaGlu in
DMSO, the Nbiov®™P value of 27.5 £ 1.4 for Py-GlyGlu in DMF was substantially larger than
that of 22.5 £ 1.5 for Py-PGlyGlu in DMSO. The larger Npiop®™P® value obtained for the Py-
PGIlyGlu series in DMF was attributed to DMSO being a much better solvent toward PGlyGlu
than DMF. Indeed, PGlyGlu could be dissolved in DMSO up to a concentration of 7.1 mg/mL,
which enabled the measurement of its intrinsic viscosity (see Figure S5.22 in Sl). In contrast,
PGIlyGlu was insoluble in DMF at a concentration as low as 1.5 mg/mL. To assess whether the
larger Noion Value of 27.5 + 1.4 for Py-GlyGlu in DMF was solely a result of poor solvent
quality and not polymer aggregation, the Ie/lIm ratios of PGlyGlu were measured as a function
of polymer concentration in DMF and DMSO. Figure S5.23 in the SI showed that the Ig/lm
ratios of PGlyGlu remained constant as a function of concentration. The constant Ig/lv ratios
demonstrated that the larger Noiob for PGlyGlu in DMF could not be a result of polymer
aggregation and was solely a consequence of poor solvent quality.

Encounter Rate Constant within a Blob: The FBM analysis also retrieves the rate constant
(knion) describing the diffusive encounters between two aa’s bearing one excited and one
ground-state pyrene located inside a polypeptide blob. The kyion Values retrieved from the FBM

analysis for the pyrene-labeled polypeptides in DMSO and DMF are given in Figures 5.4A and
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B, respectively. Figures 5.4A and B show that for each pyrene-labeled polypeptide, Kpiob

remained constant within experimental error as a function of pyrene content.
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Figure 5.4. Plot of koiob as a function of pyrene content for (‘) Py-PGlyGlu, (A) Py-PAlaGlu,
(©) Py-PGlu, and @) Py-Lys(Z)Glu in A) DMSO and B) DMF. C) Comparison of the average
koiob Values as a function of the copolymer side chain size in @) DMSO and (O) DMF. The
dashed lines represent the averages of the kuiob Values obtained for a same series of polypeptide
in Figures 5.4A and 4B and the averages of the kpion Values obtained in (bottom) DMSO and

(top) DMF in Figure 5.4C.

Unlike Nbiob®™P however, koo Showed relatively little change as a function of SCS for
all the pyrene-labeled polypeptides in Figure 5.4C, taking an average value of 11.6 + 1.8 and
13.4 + 2.2 us ! in DMSO and DMF, respectively. The fact that kpion remained constant despite

the increase in Npiob™® for the smaller aa’s was an interesting result. Kpiop iS equal to the product
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Kaifex(1/Vbiob) Where Kaifr is the bimolecular rate constant for diffusive encounters within a blob
and 1/Vuiob is the concentration equivalent to one pyrene-labeled aa inside a blob.* Therefore,
a constant knion Value implies that if the increase in Npiob™® led to an increase in Vipioh due to the
enhancement in backbone mobility, kit must have increased in the exact same proportion to
yield the fairly constant koion Values observed in Figure 5.4C. Such a coincidence would be
highly unlikely. A much likelier possibility is that both kaifr and Vpion are constant and that the
increase in Npiob™® inside the constant Vpiob is solely due to increased conformational freedom
of the backbone. In turn, kgiff would be independent of the aa composition, suggesting that the
diffusive rate constant of aa’s within a blob is unaffected by changes in the aa composition of
a blob, probably because the polypeptide backbone is too rigid.

Polypeptide Internal Dynamics: Good agreement between Npiop™® and Npion"° values indicates
that the segments of a polymer backbone within a blob remain immobile over the time scale
of PEF (~1 us). This condition has been observed when polypeptides form secondary structures
such as PLGIu in DMF and DMSO, which adopts a- and 3i0-helical conformations,*34°
respectively, o-helical PLLys.HCI in a 90:10 acetonitrile:water mixture,® or when the
polypeptides are extended such as randomly coiled PLys(Z)Glu in a 60:40 acetonitrile:water
mixture® and PDLGIu*®*® in DMF and DMSO. For these rigid backbones, Voiob Can be
assumed to remain constant and therefore koion directly reflects the dynamics of the SUs within
a blob. However, in cases where the constancy of Vpiop IS not certain, the term KoiobXNbiob has
been shown to provide a more accurate representation of the overall polymer dynamics since

it includes both the information on blob size (Nbiob) and the rate of encounters within a blob
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(Kblob).>2%® In this respect, the KoiobXNbion product represents the number of contact events
between SUs located inside a blob per unit time. A plot of <kniobXNbion> averaged over all
pyrene contents for a given series of pyrene-labeled polypeptides is given in Figure 5.5 as a
function of SCS.

The trend of <kpiobXNbiob>-vs-SCS shown in Figure 5.5 indicates that the polypeptide
segments inside the blobs experience slower internal dynamics as the SCS increases, with
<KblobXNbiob> quickly reaching the limiting values of 0.14 + 0.02 and 0.18 + 0.03 ns* in DMSO
and DMF, respectively. One reason for the slightly larger <koiobXNbiob> values obtained in DMF
compared to DMSO is most certainly a consequence of the interplay between the 2.5-fold
decrease in kpion With increased viscosity from DMF to DMSO and the 1.5-fold increase in
Koiob, With the higher probability of forming an excimer upon encounter between two pyrenyl
labels in DMSO than in DMF.*

The trends shown in Figure 5.5 are also in agreement with end-to-end cyclization
(EEC) studies of oligopeptides.38:3%5%67 These studies found that ey, the rate constant for EEC,
remained relatively constant for most amino acids, except when Gly or Pro were incorporated
into an oligopeptide sequence. The presence of Pro decreased kcy, while incorporating Gly
increased ey by about two-fold for an oligopeptide of the same length.%®°° This result agreed
remarkably well with the <ksiobXNbiob> Values obtained, which demonstrated that there was an

about two-fold increase in <knionXNbiob> for PGlyGlu as compared to the other copolypeptides.
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Figure 5.5. Plot of <ksiobXNbiob> as a function of the comonomer side chain size in [, solid

line) DMSO and (O, dashed line) DMF.

Interestingly, the plot of <kpionXNbion> as a function of SCS in Figure 5.5 was somewhat
similar to that obtained for the PAMA series, for which <kpionXNpion> decreased with increasing
SCS, until it reached a plateau for SCSs greater than 15 atoms corresponding to a dodecyl side
chain.>? In both cases, the plateau in <kpiobXNbiop> indicated that increasing the SCS stiffened
the backbone, but that a limit exists to the effect that steric hindrance has on backbone
dynamics. One main difference between the polypeptides and PAMASs was the SCS required
to stiffen the backbone. The PAMASs required a 15 atom SCS to stiffen the backbone, whereas
the copolypeptides were relatively unaffected by SCS other than the limiting case when the
side chain contained a single hydrogen atom, indicating that the inclusion of even a single

methyl group in the side chain was sufficient to stiffen the polypeptide backbone. This result
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was most certainly a reflection of inherent stiffness of the polypeptides as compared to the
PAMA:s for the two following reasons. First, rotation about a peptide bond in the polypeptides
was much more hindered than about a C-C bond in the PAMA samples and second, all
polypeptides contained ~44 mol% of the somewhat bulky Glu, both effects contributing toward

making the polypeptides much stiffer than the PAMA samples.

5.5 Discussion

Perhaps the most surprising result from this study was the relatively narrow range of Npiop™®
values retrieved for different aa’s in Figure 5.3. If one compares in Table 5.2 the different aa’s
according to their SCS, 40% (8 out of 20) of the most common aa’s have side chains which
contain 5 or more atoms. The constancy of Nuiob between PGlu and PLys(Z)Glu with SCS of
5 and 15 atoms, respectively, and the excellent agreement between the Npiop™ and Npiop™®°
values obtained for an extended polypeptide suggest that PGlu and PLys(Z)Glu are fully
extended over the length scale of a blob. Consequently, homopolypeptides prepared with aa’s
having a SCS of 5 or more atoms would be expected to adopt a same extended conformation
and have a same Npiop Value of 11 + 1. In fact, these experiments suggest that any of these 8
aa’s, or 40% of the 20 most common aa’s, should have the same effect on the conformation

and dynamics of an unstructured polypeptide and can be used interchangeably.
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Table 5.2. Experimental and predicted Nuio» Values for polypeptides incorporating ~44 mol%
of amino acids with different side chain sizes (number of non-hydrogen atoms in the side

chain).
Size Amino acid chemical structure Nblob Nblob
(Amino acids in bold have been investigated in this report) DMF | DMSO
OH
o
0 NH, 28+2 | 23%2
Glycine
OH
o
1 NH, 18+1 | 161
Alanine
OH OH
O O
NH, NH,
2
OH SH
Serine Cysteine
OH OH
O O
3 NH, NH,
o 14+3 | 142
Valine Threonine
OH OH OH OH o
[¢] o) (€] o
NH, NH, NH, NH, NH;
4
0] 0]
HO H,N S\
Aspartic acid | Asparagine | Isoleucine Leucine Methionine
o OH ) O . OH o
NH, NH, At ° NH,
le) o - N\/NH
OH HoN
Glutamic acid Glutamine Lysine Histidine
5+ — Y - 11+1| 11+1
& ol OH
NH,
- NH
NH
HZN«NH ol
Arginine Phenylalanine Tyrosine Tryptophan
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The copolypeptides PGlyGlu, PAlaGlu, and PLys(Z)Glu contained 44 (x 3) mol%
glutamic acid on average, where Glu seems to be a good representative of 40% of the 20 most
common aa’s. In fact, these copolypeptides were excellent model polymers to probe the effect
that the 60% other aa’s with a smaller side chains would have on the conformation of
unstructured proteins, whose sequence contains on average 40% of aa’s with a SCS of 5 or
more atoms. Incorporation of the next 9 smaller aa’s with a side chain of 2 to 4 atoms into a
polypeptide containing ~44 mol% Glu should yield an Npiob Value intermediate between that
of alanine and glutamic acid and should thus be equal to ~14 * 2. This statement implies that
17 out of the 20 most common aa’s should have Npion Values between 11 and 16, a surprisingly
narrow range. Only when alanine or glycine are present in the sequence would a more
significant increase in Nbiob be expected.

The assumption that Npiob for an aa is only a function of its SCS may appear like a large
leap at first glance, as this does not take into account any structural features of a side chain
such as branching. As it turns out, branching in the side chain does indeed cause a decrease in
Nbiob compared to its linear counterpart due to increased sterics.> This effect was quantified
for the Py-PAMAS, for which Npion™® obtained with the PAMASs with n- and t-butyl side chains
were compared. In both cases, the SCS equaled 6 atoms, but the branched t-butyl side chains
yielded an Npiob®™® value that was 40% smaller than for the n-butyl groups. Although this is a
rather significant decrease, there are several important differences between the PAMASs and

polypeptides.
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As discussed before, the inherent rigidity of the polypeptides appears to dampen the
effect that SCS has on the backbone conformation, which led to significant changes in Npiob
only for a SCS of 0 for glycine and 1 for alanine. This means that side chain branching should
not be as impactful for the rigid polypeptides. The second and perhaps even more important
difference is the range of Npiob®™P values. The PAMAS saw an increase in Npiop®™P from 16 to 59
as the SCS decreased from 20 to 3. However, Figure 5.3 demonstrates that 18 out of the 19
aa’s in Table 5.2 must take an Npion®™P value between 11 and 16 in DMSO and between 11 and
18 in DMF. Therefore, any effect that branching (or any other structural features of an aa)
must result in relatively small changes in Nbiob™® since the Npion®™? values cannot be lower than
the limiting Nuiov™® value of 11 + 1 for an extended segment of a polypeptide, or higher than
16 or 18 since alanine has a smaller side chain. Consequently, all the aa’s highlighted in green
in Table 5.2 with 2 — 4 non-hydrogen atoms in their side chains must have Npjon™ values
around 14 despite the changes in side chain structure and size. This represents a narrow range
of Npiob™® values.

Furthermore, the 8 aa’s in Table 5.2 with a SCS of 5 or more atoms will generate
oligopeptide segments that are fully extended over the length scale of a blob. The fact that
Nbiob®™® is expected to be ~14 + 2 for the 9 additional aa’s with a SCS of 2 or 3 atoms implies
that for 17 out of 20 aa’s, peptide segments of 11 — 14 aa’s will be fairly extended in solution,
unless they can generate a secondary structure. Of course, this possibility was avoided in the
present study through the use of racemic mixtures of aa’s to prepare all polypeptides, which

were thus unable to form a secondary structure. The more substantial changes in Nyion Observed
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when alanine or glycine are present in the backbone are due to the enhanced conformational
freedom that they provide to the polypeptides.

The trend in Figure 5.3C for the data in DMSO, where the polypeptides are well
solvated, was reproduced in Figure 5.6 to better illustrate how the Npiob Values are related to
the increased folding of the polypeptide chain due to the presence of smaller aa’s. This trend
suggests a hierarchy of motions for the polypeptide backbone. The main chain of a polypeptide
constituted of aa’s with a SCS of 5 or more non-hydrogen atoms is rigid and extended due to
the stiff nature of the constituting peptide bonds and the steric hindrance of the bulky side
chains. The addition of smaller aa’s such as alanine or glycine provides sufficient
conformational freedom to enable the local bending of the chain, thus enhancing the encounter
between two pyrenyl labels located in a same blob. As discussed in this report, these local
motions are reflected by Npiob, Kolob, and the product KpiobxNbiob. LONnger range motions that
would bring pyreny! labels from neighboring blobs into the blob of reference are handled with
the exchange term given by the product kex[blob], where ke is the rate constant describing the
exchange of ground-state pyrene among blobs and [blob] is the local concentration of blobs
inside the polymer coil. In terms of time scales, the ground-state pyrenyls diffuse in and out of
the blobs with a kex[blob] rate constant of ~5x10° s, encounters between two SU bearing a
pyrenyl label inside a blob occur with a kpiob rate constant of ~10x10° s, and rapid re-
arrangement between two pyrenyl labels to form an excimer takes place with a k> rate constant

of ~150x10° s~* (see Tables S5.2 and S5.5).
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Figure 5.6. Illustration of the enhanced flexibility of the polypeptide backbone upon

incorporation of smaller aa’s. (Data from Figure 5.3C obtained in DMSO)

One factor that must be kept in mind when considering the Npiob, Koiob, and kex[blob]
parameters is that these parameters pertain to a glutamic acid modified with 1-
pyrenemethylamine. As has been reported in the literature, these parameters depend critically
on the length of the spacer linking pyrene to the polymer backbone.**8° For instance, Npiob™°
obtained by MMOs for an extended PGlu or PLys labeled with 1-pyrenemethylamine or 1-
pyreneacetic acid equals 10.3 + 1.2 Glu and 14.3 + 1.3 Lys, respectively.*® The difference is
related to the length of the linker made of 5 and 7 atoms connecting pyrene to the polypeptide
backbone of PGlu and PLYys, respectively, whereby the longer reach of PLys labeled with 1-

pyreneacetic acid results in a larger Npiop™° than for PGlu labeled with 1-pyrenemethylamine.
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Consequently, the FBM parameters obtained for polypeptides prepared with different spacers
are internally consistent with each other, as long as the same spacer is used in a series of
experiments.

The two organic solvents DMSO and DMF were used in these experiments. Since this
study focused on the characterization of the internal dynamics of polypeptides, DMSO was
deemed to be a better solvent for this purpose as the polypeptides were better dissolved as
compared to DMF. The dynamic encounters between the pyrene-labeled structural units of the
polypeptides monitored in DMSO would likely be similar to those experienced by proteins in
water at the early stages of folding, before the hydrophobic collapse and the formation of
secondary structures have had time to take place. Working with racemic polypeptides in
DMSO eliminated hydrophobic interactions and prevented structure formation, which would
otherwise reduce, or most likely halt, dynamic interactions between some aa’s in solution.

Perhaps the most important consequence of this work is that the rate of encounters
<kniobxNbiob> between aa’s, which dictates the probability of encounters between specific aa’s
whose interactions result in the formation of structural elements as proteins fold, remains
constant in Figure 5.5 for aa’s having a SCS equal to 1 (Py-PAlaGlu), 5 (Py-PGlu), and 15
(Py-PLys(2)Glu. This is again a surprisingly simple outcome, as except for glycine (SCS=0)
and proline, all other 18 aa’s in Table 5.2 are expected to encounter each other at a same
frequency. It suggests that other than for Gly (and proline), the aa sequence appears to have a

limited effect on the internal dynamics of a polypeptide.
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Interestingly, the Nbion Values reported in Figure 5.3 (and Table 5.2) were similar to the
size of many of the known’® and predicted’* intrinsically disordered regions (IDRs) of proteins,
which are typically constituted of a few 10’s of amino acids. This observation suggests that the
FBM yields information on a length scale that is relevant to IDRs in proteins. Since the size of
a blob is defined by the number of aa’s which can encounter one another on the time scale of
backbone and side chain motions, the agreement between the size of blobs and IDRs suggests
that the size of IDRs in proteins might be defined by those aa’s which are capable of diffusional

interactions with one another.

5.6 Conclusions

The FBM was applied to a series of pyrene-labeled polypeptides to probe the effect that
different aa’s have on the conformation and internal dynamics of polypeptides. Considering
the quasi-infinite number of possible structural arrangements resulting from the folding of
proteins constituted of the 20 most common aa’s, this study suggests that the internal dynamics
and conformation of polypeptides prepared from racemic mixtures of aa’s are infinitely
simpler to understand. The plots of Npiob and the product knionxNbiob @s a function of SCS in
Figures 5.3 and 5.5, respectively, suggest the existence of a gradient in conformational freedom
which, like the synthetic PAMAs studied earlier,%? depends on the size of the aa’s side chain.
However, the plots in Figures 5.3 and 5.5 suggest that this gradient only involves the smaller
aa’s in Table 5.2. In fact, the results presented in this report imply that 8 + 9 = 17 aa’s out of
the 20 most common aa’s generate an extended conformation for an unfolded polypeptide and
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will adopt a conformation in solution with a similarly low density. Only the incorporation of
alanine and glycine, with SCS of 1 and 0, respectively, in the polypeptide sequence seems to
generate substantial conformational freedom resulting in a more compact polypeptide that
would promote encounters between aa’s. This implies that since most aa’s have a same effect
on polypeptide chain dynamics, Ala and Gly distributed along a polypeptide sequence are most
efficient in promoting encounters between aa’s and thus must be key contributors to protein

folding.
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Chapter 6
Blob-Based Approach to Estimate the Folding Time of Proteins

Supported by Pyrene Excimer Fluorescence Experiments

Adapted with permission from Casier, R.; Duhamel, J. Blob-Based Approach to Estimate the
Folding Time of Proteins Supported by Pyrene Excimer Fluorescence Experiments.
Macromolecules 2020, 53, 9823 — 9835. Copyright 2020 American Chemical Society.
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6.1 Abstract

The response of the internal dynamics of a polypeptide to changes in its amino acid (aa)
composition was investigated by applying the florescence blob model (FBM) to a series of
pyrene-labeled poly(D,L-alanine-co-D,L-glutamic acid)s (PAlaGlu’s) and poly(D,L-glutamic
acid) (PGlu). The alanine content of the PAlaGlu samples was varied between 24 and 58 mol%,
using PGlu (containing 0 mol% alanine) for comparison purposes. The FBM yielded the
number Nbion OF @aa’s which could diffusively encounter one another in a blob, which is the
volume probed by an excited pyrenyl label covalently attached to the polypeptide. The
incorporation of 24 mol% of alanine was found to significantly increase Noiob from 11 (1) for
PGlu to 16 (1) for the Pala24Gluze sample in DMSO due to the enhanced conformational
freedom provided by alanine to the polypeptide. Interestingly, further increases in the alanine
content of the PAlaGlu samples from 24 up to 58 mol% did not change the Noion Value,
implying that only a few flexible aa’s in the backbone of a polypeptide are required to disrupt
its rigid conformation. The Npion values of 16 for PAlaGlu and 23 found earlier for
poly(glycine-co-D,L-glutamic acid) (PGlyGlu) were then used to estimate an average Nbiob
value of 19 aa’s for proteins based on their average aa composition, which should include at
least one glycine or one alanine residue for a blob of this size. The Npio» Value of 19 aa’s was
then used to estimate the folding times of 145 different proteins by applying a simple
hierarchical conformational search method to determine the number of conformations that
could be adopted by the oligopeptide segment of a protein located inside a blob. Surprisingly
for such a crude and simple approach, the method provided folding time (z) estimates that
were in good agreement with experimentally measured values, resulting in a correlation

coefficient of 0.73. The good agreement found between the calculated and experimentally
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determined z’s supports the notion that the folding of proteins occurs in and among localized
subdomains which happen to be well represented by FBM analysis of the fluorescence decays

of pyrene-labeled polypeptides.

6.2 Introduction

How a linear chain of amino acids (aa’s) folds spontaneously and rapidly into the specific 3D
structure of a protein remains one of the most fundamental questions in protein science.! The
wide range of protein compositions enabled by the near-infinite number of combinations of the
constituting 20 most common aa’s has made this a rather challenging question to answer. Such
an answer must first provide a rationale as to how polypeptides fold over such short times,
considering that it would take an infinitely long folding time to probe the vastness of the entire
conformational space theoretically available to the polypeptide backbone. Therefore,
predicting the folding time of a protein based on its constitutional elements has become a
means to assess which parameters govern the rate and mechanism for the folding of a protein.
Among the physical parameters that have been investigated to date are the contact topography
of the aa’s based on the local contact order, > the long-range order,* or total contact distance,>®
the protein sequence,’® the aa properties® which include polarity, hydrophobicity, or solvent
accessibility, the chain size,'%!! the secondary structure content,'? and the number of native
contacts.'3 Bioinformatics and machine learning have also enabled the prediction of the folding
time and in some cases even the folding mechanism.* However, since these techniques simply
predict folding using correlations between the structure/sequence of a protein to those of other
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known proteins, these studies lack the ability to provide an underlying physical rationale as to
how proteins fold. Furthermore, the dependency of the physical parameters on the different
types of proteins makes it difficult to conclude which parameters are most important to predict
the folding time. For example, the parameters that seem to have the most effect on the folding
rate of two-state proteins (those that fold in a single step) and three-state proteins are the contact
order’ and the chain length,!* respectively. In addition, good correlations between the
aforementioned physical parameters and the folding rate are not general and are usually found
for specific structural classes of proteins based on their contents of a-helices or g-strands.*”1°

Beyond the physical parameters discussed above, the intermolecular interactions
experienced by aa’s in a protein define the mechanism and rate for the folding of a
protein.t21817 Over the past decades, it has become clear that folding predominantly occurs
through aa’s interacting with each other in localized subdomains, often referred to as
foldons.'®2 Therefore, it stands to reason that the folding of proteins is also governed by the
folding of the oligopeptide segments constituting the foldons. Foldons are typically probed by
hydrogen exchange (HX) experiments, which have demonstrated that aa’s generate domains
in proteins where they interact cooperatively to form secondary structures.*®?° Although HX
experiments probe foldons directly, the inherent complexity of proteins and the fact that these
experiments determine the number of aa’s constituting an already folded domain make it
difficult to assess how the aa composition of a foldon affects its size and the rate of aa
interactions, since it is pre-set by the protein sequence. Consequently, the results of these

experiments cannot be easily applied to predict folding times since the effect that individual
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aa’s have on foldons cannot be easily sorted out. In contrast, the fluorescence blob model
(FBM) provides a means to determine quantitatively the number of aa’s in an unfolded
synthetic polypeptide of known composition, where the aa’s interact locally with one another,
as well as the frequency at which they do s0.22%

Conceptually, the FBM is ideally suited to study the subdomains of macromolecules,
as it was derived by dividing a macromolecule into a series of subvolumes referred to as
blobs.?6728 Within the framework of the FBM, a blob is defined as the volume an excited dye
(typically pyrene) covalently attached to the macromolecule can probe while it remains
excited. Since pyrene is covalently linked to the macromolecule, which for the purpose of this
report will be a polypeptide, the blob represents the volume where a set number of aa’s can
locally diffuse and interact with one another. The random labeling of a polypeptide with a
pyrene derivative ensures that the pyrenyl labels distribute themselves randomly among the
blobs according to a Poisson distribution defined by the average number <n> of pyrenes per
blob. FBM analysis of the fluorescence decays acquired with polypeptides randomly labeled
with pyrene yields <n> which is used to calculate Npiob, the number of aa’s contained inside a
blob. Consequently, Nuion represents the number of aa’s which interact locally with one
another. The FBM analysis also yields the rate constant (koiob) at which an excited and a
ground-state pyrene encounter to form an excimer inside a blob. Again, since the pyrenyl labels
are covalently attached onto the polypeptide, koiob represents the time scale over which the aa’s

encounter one another inside a blob.
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To date, the FBM has been applied to several model polypeptides to provide
information on how the blob size and internal dynamics respond to changes in the structure,??23
internal density,?>?° and aa composition®*?° of a homopolypeptide. If the folding time of a
polypeptide depends on the size of the subdomains where aa’s interact with one another and
since proteins are composed of 20 different aa’s, the effect that the aa composition of a
copolypeptide might have on the blob size (Nwiob) and internal dynamics (Kniob) Would need to
be clearly understood. The first step toward developing such an understanding was carried out
by investigating a series of copolypeptides of known composition.?® Three pyrene-labeled
random copolypeptides referred to as Py-PGlyGlu, Py-PAlaGlu, and Py-PLys(Z)Glu were
prepared that contained 44 (£3) mol% of glutamic acid (Glu) and 56 (x3) mol% of either
glycine (Gly), alanine (Ala), or N-g-carbobenzyloxylysine (Lys(Z)), respectively. The FBM
revealed that compared to poly(glutamic acid) (PGlu), the incorporation of the larger Lys(Z)
had no significant impact on Noiob OF Koiob Which were the same for PGlu and Py-PLys(Z)Glu,
suggesting that all aa’s with large side chains resulted in similar backbone dynamics. However,
the incorporation of the smaller aa’s (Ala and Gly) resulted in a significant increase in Nbiob
from 11 (x1) for PGlu to 15.8 (£1.0) for Py-PAlaGlu and 22.5 (x£1.5) for Py-PGlyGlu in
DMSO. The increase in Nbiob demonstrated that the smaller aa’s provided the conformational
freedom necessary for the polypeptide backbone to increase the number of aa’s which could
interact with one another inside a blob. These preliminary results indicated that the size of a
polypeptide blob was governed by the local conformational freedom of a polypeptide

sequence, and that the small aa’s (Ala and Gly) would enhance the blob size while aa’s with

189



a size similar to or larger than Glu would have a same blob constituted of 11 (1) aa’s.
However, since all the copolypeptides studied had a constant ~44:56 molar ratio of Glu-to-
different aa’s, the effect that the molar ratio of Glu-to-a given aa had on Npon for a
copolypeptide remained unknown. For instance, if an Ala content of 58 mol% raised Npiob from
11 for PGlu to 16 for PAlaGlu, the question remained as to what the increase in Npiob Would be
for a different Glu:Ala molar ratio such as 70:30? Answering this question would help establish
the relationship between Nuiob and the aa composition of a polypeptide, that would enable the
determination of the different Nyion Values for the blobs corresponding to different segments of
the sequence of any polypeptide. In turn, these Nbiob Values could then be converted into
theoretical folding times to be compared with the folding time experimentally determined for
a given polypeptide.

The current study addresses this point by determining Npiob for a series of Py-PAlaGlu
samples prepared with varying Ala:Glu molar ratios. Surprisingly, Nuiob remained constant and
equal to 15.8 (+1.0) regardless of the alanine content for PAlaGlu samples containing between
24 and 58 mol% Ala, leading to the tantalizing proposal that the size of a polypeptide blob
might simply be determined by the smallest aa’s present in the oligopeptide sequence
constituting a blob. Since PAlaGlu and PGlyGlu have an Npiob Value of 15.8 (x1.0) and 22.5
(x1.5), respectively, a protein could be viewed as a string of blobs having an Npion Value of 19
aa’s, taken as the average of the Npio» vValues of PAlaGlu and PGlyGlu (Noiob ~ (15.8 + 22.5)/2),
as long as each blob contains at least one Ala or Gly residue. As it turns out, Ala and Gly have,

respectively, a 7.3 and 7.6% probability to appear in a protein sequence,® so that a hypothetical
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blob constituted of 19 aa’s would be expected to contain 3 aa’s that could be either Ala or Gly.
This would ensure that each 19 aa’s blob would have a greater than 95% probability to contain
at least one Ala or Gly, thus validating the assumption made earlier. The 19 aa’s estimate for
Noiob could then be applied to assess the viability of such a blob-based view for handling
polymer dynamics and conformations. To this end, a procedure was implemented to predict
the theoretical folding time of 145 proteins, assuming that the folding of a polypeptide is
governed by the local interactions of aa’s confined inside blobs made of 19 aa’s. This crude
and simple approach yielded a 1:1 relationship between the experimentally determined and
mathematically predicted folding times for the 145 proteins considered with a correlation
coefficient of 0.73. Such a strong correlation indicates that while the mathematical procedure
can be much refined by mapping out in a more rigorous and detailed manner the relationship
between Npiob and the polypeptide composition, the proposed blob-based methodology appears
to be an appealing mathematical tool to estimate the folding times of proteins. Furthermore,
this study provides further support to the notion*® that folding is dictated by the interactions

existing between aa’s localized in the subvolumes generated inside a protein.

6.3 Materials
Chemicals: D,L-Alanine (Ala, Sigma, > 99%), D,L-glutamic acid 5-tert-butyl ester (H-D,L-

Glu(OtBu)-OH, Chem-Impex Int’l Inc., > 98%), bis(trichloromethyl) carbonate (triphosgene,
Oakwood Chemical, > 99%), calcium hydride (CaH2, Sigma, > 95%), N,N'’-
diisopropylcarbodiimide (DIC, Sigma, 99 %), N,N-diisopropylethylamine (DIPEA, Sigma,
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99.5%), dimethyl sulfoxide (DMSO, Sigma, > 99.9%), hydrochloric acid (HCI, Fisher, 34 wt%
in water), 1-hydroxybenzotriazole monohydrate (HOBt, Advanced ChemTech), (£)-a-pinene
(Oakwood Chemical, 98%), potassium sulfate (Sigma, > 99.0%), 1-pyrenemethylamine
hydrochloride (PyMA-HCI, Sigma, 95%), and sodium hydroxide (NaOH, Sigma, > 97.0%)
were used as received. n-Butylamine (Sigma, 99.5%), N,N-dimethylformamide (DMF, Sigma,
> 99.8%), and dioxane (> 99.5%) were dried following procedures provided in the SI.
Deionized water was obtained from a Biopure Series 4400 Single Pass Reverse Osmosis
system. N-Succinimidyl acetate (AcOSu) was synthesized according to a previously reported
procedure.?? N2 gas (Praxair, N4.0) was used to keep the reaction mixtures under nitrogen
atmosphere.

Synthesis of D,L-alanine N-carboxyanhydride (AlaNCA) and D,L-glutamic acid 5-tert-butyl
ester N-carboxyanhydride (Glu(OtBu)NCA): D,L-Alanine and the tert-butyl ester of D,L-
glutamic acid were converted into AlaNCA and Glu(OtBu)NCA, respectively, according to a
previously published procedure using triphosgene.?

Poly(D,L-alanine-co-D,L-glutamic acid)s (PAlaG/u’s): Three PAlaGlu’s were synthesized
with contents ranging from 24 to 58 mol% alanine (faia = 0.24 — 0.58). The synthesis of
PAlaGlu with fa, = 0.58 (PAlassGlusz) has been previously described.? Each PAlaGlu was
synthesized in a similar manner using an amine-initiated ring opening polymerization of the
NCAs. An example synthesis is provided for the PAlas1Gluse sample with an faja of 0.41.
Freshly prepared AlaNCA (0.34 g, 3.0 mmol) and Glu(OtBu)NCA (1.00 g, 4.4 mmol) were

dissolved in an ice-chilled mixture of dried DMF (45 mL) and dioxane (8 mL) with stirring.
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After all the NCA dissolved, the polymerization was initiated by the addition of 400 uL of a 1
uL/mL n-butylamine/DMF solution (4.0 umol n-butylamine). The head-space of the flask was
purged with a flow of nitrogen (50 mL/min) to displace the carbon dioxide released from the
polymerization. The conversion was monitored by comparing the amide and a-proton signals
of the polypeptide at 8.0 and 4.2 ppm to those of the NCA monomers at 8.9 — 9.0 and 4.4 ppm,
respectively, by taking the *H NMR spectrum of the reaction mixture at different times. After
12 hours, the polymerization was stopped at a conversion of ca. 14 mol% by the addition of 1
drop of 1 M HCI. The solution was then transferred to a dialysis tube (8 kDa cutoff) and
dialyzed against DMF (500 mL). After 4 hours, the dialysate was replaced with fresh DMF to
ensure the complete removal of low molecular weight species. At 4 hour intervals, the dialysate
was replaced with a succession of 2:1, 1:1, and 1:2 DMF:water mixtures. A final dialysis step
against pure water overnight was used to precipitate the PAlas1Glu(OtBu)se which was then
recovered by centrifugation. To prevent complications after the Glu(OtBu) deprotection, the
N-terminus of PAlas1Glu(OtBu)se was capped with an acetic group following the protocol
described hereafter. The collected PAlas1Glu(OtBu)sg (0.13 g, 6 umol) was dissolved in DMF
(50 mL) and AcOSu (0.2 g, 1.3 mmol)? was added. The solution was left to stir for 2 days to
ensure that the N-terminus would have enough time to react with AcOSu. Water (450 mL) was
then added to the mixture, followed by the addition of potassium sulfate until the capped
PAlas1Glu(OtBu)se precipitated from the solution. The precipitate was then collected by
centrifugation. The *H NMR spectra of the PAlaGlu(OtBu) samples with faia equal to 0.24 and

0.41 are given in Figures S6.1 — 6.2 in the SI, respectively. The glutamic acids were deprotected
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by stirring PAlas1Glu(OtBu)se (0.13 g, 6 umol) in a mixture of TFA (7 mL) and water (0.7
mL). After 2 hours, the deprotected PAlas1Glusg was precipitated into cold ether and collected
by centrifugation. The PAlas1Glusg was then dissolved in DMF (5 mL) with 1 drop of 1 M HCI
and filtered through a 0.22 um PTFE filter to remove small traces of insoluble material. The
PAlas1Glusg was then recovered again by precipitation into ether and centrifugation. Two
additional DMF to ether precipitations were conducted to ensure the complete removal of low
molecular weight species. PAlasgGlus2 was then dried under vacuum overnight to yield a white
powder (0.1 g). The *H NMR spectra of PAlaGlu’s with fa. equal to 0.24 and 0.41 are given
in Figures S6.3 — 6.4 in the S, respectively.

Pyrene-labeled poly(D,L-alanine-co-D,L-glutamic acid)s (Py-PAlaGlu’s): The PAlaGlu
samples were all labeled with pyrene in a similar manner. Each PAlaGlu was labeled with
different amounts of pyrene. An example of PAlas;1Gluse with a target pyrene content of 6
mol% is provided. PAlas1Glusg (22 mg, faia = 0.41), 1-pyrenemethylamine (3.7 mg, 14 umol),
HOBt (9.1 mg, 59 pmol), and DIPEA (3 pL, 17 umol) were added to DMSO (17 mL). Once
dissolved, DIC (2.4 puL, 15 umol) was added and the solution was left to stir overnight in the
dark. The pyrene-labeled PAlas1Glusy sample was then passed through a 0.22 um PTFE filter
into a dialysis tube (8 kDa cutoff). The solution was then dialyzed twice against DMF (300
mL) for four hours, before being dialyzed against 2:1, 1:1, and 1:2 DMF:water mixtures for 4
hours each. Finally, the solution was dialyzed twice against water (pH 9 — 10). Once the
dialysis was completed, the water was removed by lyophilization yielding the sodium salt of

Py-PAlas1Gluse (Py-PAlais1GNasg). To minimize CO2 in the air from changing the solutions
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pH, the dialysis beaker was sealed with aluminum foil and an elastic band. The chemical

structure of the Py-PAlaGlu samples are given in Figure 6.1A.
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Figure 6.1. Chemical structure of A) the random copolypeptides Py-PAlaGlu and B) the
homopolypeptide Py-PGlu. All stereocenters are racemic. The molar fractions of alanine and

pyrene-labeled glutamic acids in the copolypeptide are given by faia and x, respectively.

Pyrene-labeled poly(D,L-glutamic acid) (Py-PGlu): The Py-PGlu samples were synthesized
as previously reported.?>?* The chemical structure of Py-PGlu is given in Figure 6.1B.

'H NMR Analysis: Proton NMR spectra were acquired on a Bruker 300 MHz NMR in ds-
DMSO. The alanine content (faia) of the copolymers was determined by comparing the
integration of the g-protons of the two comonomers. The *H NMR spectra used for the
calculations of faia are given in the Sl and a summary of the corresponding fai. values is

provided in Table 6.1.
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Table 6.1. Characterization of poly(glutamic acid) (PGlu) and poly(alanine-co-glutamic acid)

(PAlaGIu).
Monomer Polypeptide Composition M.
Polypeptide Feed mol% Ala DP b
(mol% Ala) G | OGOl

PGIu? - 0 100 100 784 | 1.06
PAlazGluze 20 24 76 10 90 1.10
PAlas1Gluse 41 41 59 16 150 | 1.21
PAlassGluaz 54 58 42 23 240 | 1.05

& Information provided by certificate of analysis from Alamanda Polymers.

GPC Characterization: The molecular weight distribution of the synthesized polypeptides was
determined with a TOSOH 8321 GPC-WS GPC Workstation in conjunction with a Wyatt
DAWN HELEOS multiangle light scattering (MALS) detector using two TSKgel Alpha-M 13
um mixed bed columns, in DMSO at 70 °C with a flowrate of 0.6 mL-min~2. The dn/dc values
were found to be too low when the polypeptides were deprotected, therefore the GPC analysis
was conducted on the PAlaGlu(OtBu) samples. The dn/dc values of PAlaGlu(OtBu) with faia
= 0.24 and 0.41 were calculated to equal 0.0251 and 0.0224 mL-g%, respectively, using the
ASTRA software package with the built-in 100% mass recovery method. The GPC traces are
given in the Sl as Figures S6.4A and B. The MALS detector array was used to calculate the
absolute molecular weights. PAlaGlu(OtBu) with faia = 0.24 and 0.41 were found to have an
M, of 14 kg-mol™* (DP = 90, B = 1.10) and 21 kg-mol™* (DP = 150, B = 1.21), respectively. It

must be noted that polydispersity of the copolypeptides had no bearing on the FBM analysis
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of the decays acquired with the pyrene-labeled polypeptides, as the FBM is designed to handle
polydisperse polymer samples. A summary of the molecular weight and dispersity of all the
deprotected PAlaGlu samples is given in Table 6.1.

UV-Vis Absorbance Measurements: The UV-Vis absorption spectra were acquired with a
Varian Cary 100 Bio spectrophotometer using a UV-Vis absorption cell with a 1.0 cm
pathlength. A background correction for the solvent was applied to each spectrum.

Pyrene Content Determination: The molar fraction x of the structural units labeled with pyrene
in Figure 6.1 was determined with Equation 6.1. In Equation 6.1, faia is the molar fraction of
alanine incorporated in the polypeptide, Maia (= 71.08 g-mol™?) is the molar mass of alanine,
Mecna (= 144.15 g-mol™?) is the molar mass of the sodium-salt of glutamic acid, and Mpy (=
342.4 g-mol 1) is the molar mass of a glutamic acid labeled with 1-pyrenemethylamine. Lastly,
the number of moles of pyrene per gram of sample (1ry) was determined by UV absorbance
measurements. Since the Py-PAlaGNa sample was dialyzed against a NaOH solution, the
lyophilized solid contained both Py-PAlaGNa and salts. The mass of salt (ms) in the mixture
was determined by lyophilizing ca. 20 mL of the last dialysate. The mass of salt per unit volume
(4s) was then determined by weighing the remaining solid after lyophilization. Since the
volume of lyophilized Py-PAlaGNa solution was known, ms in the Py-PAlaGNa solid mixture
(ms+py) was determined by multiplying As by the volume of lyophilized Py-PAlaGNa solution.
The mass fraction f of pure Py-PAlaGNa was then calculated by (ms+py — Ms)/ms+py. At least 5
mg of lyophilized Py-PAlaGNa solid was dissolved in ca. 5 mL of DMSO. The mass of pure

Py-PAlaGNa was determined by multiplying the weighed mass by the mass fraction f. A drop
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of 1 M HCI in water was added to the solution to protonate the glutamic acid residues. After
sonicating for 15 minutes, the solution was diluted with DMF and an aliquot was transferred
to a 1.0 cm pathlength cell for UV-Vis absorption measurements. The molar concentration of
pyrene was determined using the Beer-Lambert law at the absorbance peak maximum of
pyrene at 346.5 nm with the molar absorptivity coefficient of the model compound N-(1-
pyrenylmethyl)acetamide (PyMAAC) in DMSO (e = 39,300 Mt.cm™).% Dividing the pyrene

molar concentration by the polymer mass concentration yielded the pyrene content Apy.

X = fAIaM Ala +(1_ fAIa) Mena

6.1
ﬁ’Py_1+MGNa_MP ¢4

y

Steady-State Fluorescence (SSF) Measurements: Steady-state fluorescence spectra were
acquired on a Horiba QM-400 spectrofluorometer equipped with a xenon arc lamp. A ~5 mL
solution of pyrene-labeled polypeptide was prepared such that it contained ca. 2.7x10°% M
pyrene. A 10 pL aliquot of 1 M HCI was added to ensure that all the Glu residues were
protonated. The samples were sonicated for ca. 10 minutes and outgassed with a gentle flow
of N2 gas (Praxair, N4.0 or greater) for ca. 30 minutes to remove oxygen which quenches the
fluorescence of pyrene. The fluorescence cell was then sealed to preserve the nitrogen
atmosphere before acquiring the SSF spectrum. The sample was then excited at 346 nm using
an excitation and emission slit widths of 1 nm. The SSF spectrum was collected in 1 nm steps
from 350 to 600 nm at a scanning rate of 10 nm-s*. The fluorescence intensity of the monomer

(Im) and excimer (Ig) were calculated using the area under the SSF spectrum from 375 to 381
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nm and from 500 to 530 nm, respectively. The relative intensity of the excimer to that of the
monomer was quantified using the ratio Ig/lw.

Time-Resolved Fluorescence Measurements: The Py-PAlaGlu solutions were prepared in a
similar manner as for the SSF measurements. The fluorescence decays were acquired with an
IBH TC-SPC fluorometer equipped with a NanoLED-340 laser. The monomer and excimer
decays were collected over 1,024 channels. The monomer decay was collected at 378 nm with
a time-per-channel of 2.04 ns-ch™* until a total of at least 40,000 counts was obtained at the
decay maximum. A 370 nm longpass filter was used to minimize any potential light scattering.
The excimer fluorescence decays were acquired with a time-per-channel of 1.02 ns-ch™* to at
least 20,000 counts at 510 nm with a 470 or 495 nm longpass filter. The instrument response
function was collected at 344 nm with a LUDOX dispersion in water and was used in the
deconvolution of the fluorescence decays in the decay analysis.

Fluorescence Decay Analysis: The monomer and excimer fluorescence decays were globally
analysed according to the fluorescence blob model (FBM) with Equations S6.1 — S6.3 in the
Sl. The FBM requires a macromolecule which has been labeled with a dye and quencher. Since
pyrene has the ability to self-quench as it forms an excimer, it is often used since it acts as both
the dye and quencher, thereby simplifying the labeling procedure. Within the framework of the
FBM, a pyrene-labeled macromolecule is divided into subvolumes, referred to as blobs, where
a blob is defined by the volume probed by an excited pyrenyl label covalently attached to the

macromolecule (Figure 6.2).
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Figure 6.2. A) Illustration of the compartmentalization of a linear polymer chain into blobs.

The chain is randomly labeled with pyrenyl groups which (Pyuit*) are attached on structural
units (SUs) undergoing diffusive motions in solution described by kpion, (Pyk2*) are in close
proximity and form excimer via a rapid re-arrangement with a rate constant ko, (Pysree*) are
free in solution and emit with their natural lifetime av, and (PyPy)* are aggregated and form
excimer instantaneously. B) Illustration of a blob for a (red, 10 SUs) rigid and (blue, 21 SUs)

flexible polymer.

The FBM utilizes a sequential process for excimer formation. An excited pyrene,
referred to as Pyqife*, and a ground-state pyrene (Py) diffuse inside the blob with a rate constant
Koiob. Since the pyrenyl labels are bound to the macromolecule, koion reflects the diffusive
motion of the structural unit to which pyrene is bound, and therefore provides information on

the internal dynamics of the macromolecule. Once Pyqite* and Py are in close proximity, Pyaqis™*
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morphs into the species Pyk2* which then undergoes a rapid rearrangement with Py to form an
excimer with a rate constant k. The process forms one of two excimer species referred to as
E* and D* which emit with their natural lifetimes ze and zp, respectively. Provided the pyrenes
are distributed randomly along the macromolecule, the number of ground-state pyrenes within
a blob follows a Poisson distribution. This is taken advantage of by the FBM which yields the
average number <n> of ground-state pyrenes per blob, which is then used in conjunction with
the pyrene content x calculated with Equation 6.1 to determine Npiob, the average number of
structural units within the volume of a blob, whose expression is given in Equation 6.2. In
Equation 6.2, fiufree is the molar fraction of pyrenyl labels which emit with their unquenched

lifetime v in the monomer decay.

Nijor = <—n>(

1- foree ) (62)

6.4 Results

Three series of pyrene-labeled poly(D,L-alanine-co-D,L-glutamic acid)s (PAlaGlu’s) were
prepared to determine the effect of copolypeptide composition on the size (Nbion) and dynamics
(kbion) Of a blob. The glutamic acid (Glu) and alanine (Ala) comonomers were selected for the
following reasons. First, Glu provides a carboxylic acid for the covalent attachment of 1-
pyrenemethylamine. Second, since pyrene-labeled poly(D,L-glutamic acid) (Py-PGlu) and

several other copolypeptides containing Glu had been previously characterized, these studies
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provided a benchmark against which the behavior of the Py-PAlaGlu samples could be
compared.?>? Third, Ala was chosen as the second comonomer since previous research had
found that a Py-PAlaGlu sample prepared with 58 mol% Ala generated blobs with an Npjob
value of 16 (x1) aa’s, substantially larger than that of 11 (+1) aa’s for PGlu. While the increase
in Noiob could be clearly attributed to the enhanced backbone conformational freedom brought
by the Ala residues,? the effect that the content of Ala residues constituting a PAlaGlu sample
might have on Noiob remained to be assessed. Therefore, a series of Py-PAlaGlu samples were
prepared with alanine contents (faia) 0f 0.24, 0.41, and 0.58 to determine how Nbiep Varied with
the Ala content of the PAlaGlu samples. Finally, since the folding of the polypeptide into a
structured conformation would interfere with the measurement of Npiob and koion for a purely
coiled polypeptide according to the FBM, racemic mixtures of Glu and Ala were used to
prepare the copolypeptides and ensure that they were studied in a purely unstructured coiled
conformation.

Steady-State Fluorescence: The fluorescence spectra of the Py-PAlaGlu and Py-PGlu samples
were acquired in DMSO. The fluorescence spectra of the Py-PAlasgsGluas series, with a molar
fraction of alanine (faia) of 0.58, are shown in Figure 6.3A for different pyrene contents (x).
The fluorescence spectra of the other Py-PAlaGlu’s and Py-PGlu series are given in Figure
S6.6 in the SlI. As expected, Figure 6.3A shows that the excimer intensity increases with
increasing x due to the increased local concentration of pyrenyl labels. The increase in excimer
fluorescence was quantified by calculating the Ig/lm ratio as described in the experimental

section and plotting it as a function of pyrene content in Figure 6.3B for all the Py-PAlaGlu
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and Py-PGlu samples. Figure 6.3B showed that the Ig/lm ratios clustered around a single line,
indicating that the Ie/Im ratios were independent of the alanine content of the copolypeptides.
At first glance, this would suggest that the incorporation of alanine had no effect on the internal
dynamics or conformation of the copolypeptides. In fact, this result could also be a
consequence of two effects cancelling each other. Within the FBM framework, PEF for a rigid
backbone would occur between two pyrenyl labels close to each other, resulting in a small Nbion
but a large knion. Similarly, a more flexible backbone would allow two pyrenyl labels to form
excimer inside a larger blob with a larger Npion associated with a smaller Koiob. This discussion
highlights the importance of distinguishing between the local density and the internal dynamics
of macromolecules which are described by Noioo and koion, respectively. An analysis of
fluorescence spectra based on the Ie/lm ratios cannot distinguish between the two effects and
yields an average response. A previous study on pyrene-labeled polypeptides also found that
their Ig/lv ratio did not show much difference with the polypeptide composition.? Differences
in behavior can be assessed more easily through the fluorescence decay analysis according to
the FBM. Consequently, the FBM analysis was applied to the fluorescence decays acquired

with the Py-PAlaGlu samples.
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Figure 6.3. A) Steady-state fluorescence spectra of Py-PAlaGlus (faia = 0.58) (from bottom to
top: x=0.07,0.10, 0.14, 0.15) and B) the Ie/lm ratios for the Py-PGlu and Py-PAlaGlu samples
in DMSO as a function of pyrene content x. faia = (©) 0, @) 0.24, (®) 0.41, and (A) 0.58. The

dashed line was added to guide the eyes.

Blob Size: The size of a blob is characterized by Nbiob, the number of aa’s contained within the
volume of a blob, which was calculated from Equation 6.2. Since the same linker was used to
connect the pyrenyl label to the backbone of all the copolypeptides, namely 1-
pyrenemethylamine covalently attached onto Glu, and all the polypeptides were in a coiled
conformation due to their racemic composition, Nbion provided a direct measure of the
conformational freedom of the copolypeptide backbone resulting from the inclusion of alanine.

Figure 6.4A shows that for the Py-PAlaGlu and Py-PGlu samples in DMSO, Npiob remained
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constant as a function of pyrene content, indicating that the blob size was independent of the

pyrene content.

30 30
A) B)
25 1 25
20 A 20 4
3 o A "
215 '=:ﬁ%ﬂ9:$=:== 215 + - = " Y W ————
Z (o) Z |
10 - — %5 Vi@
5 1 5 -
0 T T T 0 T T T
0 5 10 15 20 0 20 40 60 80
X (mol%) fa1a (MOI%)

Figure 6.4. Plot of A) Npiob as a function of pyrene content and B) the average Noiob Value as a
function of polypeptide alanine content for the Py-PGlu and Py-PAlaGlu samples in DMSO.
fala = (@) 0, (@) 0.24, (©) 0.41, and (A) 0.58. The dashed lines represent A) the Npioh Values
for a given copolypeptide averaged over all pyrene contents and B) the average Nbion Value
(15.6 (+0.8)) of the Py-PAlaGlu samples. The solid line indicates the Npion™ value of 10.3

(x1.2) for a rigid polypeptide in a coiled conformation.

Figure 6.4A shows that Npion Was the lowest for Py-PGlu, taking an averaged value of
10.5 (+1.7) matching the theoretical Npiob™® value of 10.3 (+1.2) determined from molecular

mechanics optimizations (MMOs).% In the MMOs, the Nyion™™ value is representative of a
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polypeptide whose backbone is elongated over a length scale of several nanometers and is
independent of the aa sequence.?® Figure 6.4A shows that the Py-PAlaGlu samples had
significantly larger Noio» Values than Npioo'™®, indicating that the incorporation of alanine into
the Glu backbone enhanced the backbone conformational freedom of the copolypeptides. In
order to characterize how the alanine content affected the blob size of the copolypeptides, the
average Npiob Value of the Py-PGlu and Py-PAlaGlu samples was plotted as a function of the
alanine content (faia) in Figure 6.4B. The trend in Figure 6.4B was rather interesting as it
showed that all the Py-PAlaGlu samples had similar Npiob values equal to 15.6 + 0.8
independent of alanine content. This indicated that the blob size, and therefore the
conformational freedom, of the copolypeptides was independent of the alanine content above
24 mol%.

This result suggested that relatively low amounts of alanine incorporated into the Glu
backbone were able to fully disrupt the elongated (on the length scale of a blob) PGlu coil.
Alanine, with its small side chain, provided enhanced rotational freedom to the sections of the
backbone where it was incorporated, which likely allowed the polypeptide backbone to adopt
a more condensed conformation. The constant Npion Value in Figure 6.4B indicated that only a
few alanines needed to be incorporated for the polypeptide to locally adopt this denser
conformation. The ability of the conformational density of the polypeptide chain to be
controlled by simply adding a few points of enhanced conformational freedom at random

locations in the backbone suggests that the number of aa’s which can interact with one another
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in a blob is controlled by the aa’s with the smallest side chains (and greatest conformational
freedom) found within a blob.

Encounter Rate within a Blob: The diffusive encounters between two pyrenyl labels located
inside a same blob are described by the rate constant kuion. Since the pyrenyl labels are bound
to the Glu residues, Koiob represents the frequency at which two Glu’s interact with each other
inside a blob. A plot of keiob as a function of pyrene content for the pyrene labeled polypeptides
is given in Figure 6.5A. Figure 6.5A shows that keiob remained constant within experimental
error as a function of pyrene content for each pyrene-labeled polypeptide, again indicating that
pyrene content did not affect the results obtained by the FBM.

Figure 6.5B shows that the average koiob Value decreased continuously with increasing
fala from 13.0 (£1.1) us~t for Py-PGlu to 9.0 (£0.9) us ! for Py-PAlassGlus. The decrease in
<koiob> Was reasonable when considering the larger Noiob Values obtained upon incorporating
alanine into the PGlu backbone. Larger Noiob Values reflected blobs that were either larger or
denser, both effects contributing to the decrease in koiob Observed in Figure 6.5B. Nevertheless,
the ~30% decrease in <koiob> 0bserved with faia increasing from 0 to 0.58 was similarly modest

as the ~50% increase in Npiob Shown in Figure 6.4B.
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Figure 6.5. Plot of A) kuiob as a function of pyrene content of the Py-PGlu and Py-PAlaGlu

samples in DMSO and B) the average knion Value as a function of polypeptide alanine content.

fala=(©) 0, (A) 0.24, () 0.41, and (&) 0.58. The dashed lines represent the koion Values for a

given copolypeptide averaged over all pyrene contents and the solid line is the average Koiob

value of copolypeptides composed of ca. 44% Glu determined in a previous study.?*

Blob Dynamics: The product knionXNbion reflects the frequency of contacts between all aa’s

within a blob, and therefore provides a direct measure of the internal dynamics of a

polypeptide. A plot of kniobXNbiob @s a function of pyrene content is given in Figure 6.6A for

the Py-PGlu and Py-PAlaGlu samples.
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Figure 6.6. Plot of A) keiobXNbiob as a function of pyrene content and B) the average Kpiob*Nbiob

product as a function of copolypeptide alanine content for the Py-PGlu and Py-PAlaGlu
samples in DMSO. fan = (@) 0, () 0.24, (®) 0.41, and (A) 0.58. The dashed lines represent

the averages.

Figure 6.6A shows that although scattered, the product ksiobXNbiob did not change much
as a function of pyrene content. To compare the frequency of contacts experienced by the aa’s
constituting a blob between the different copolypeptides, the Koiob*Nbion Values were averaged
and plotted as a function of alanine content in Figure 6.6B. <KpiobXNbiob> equaled 0.14 (£0.03)
nst for Py-PGlu, while it took an average value of 0.16 (+0.02) ns* for the Py-PAlaGlu
samples. Within experimental error, the <kniobXNbiob> values remained relatively unchanged
with alanine content. The constancy of the frequency of aa’s encounters deduced from
<Kbiob*Nbiob> combined with the increase in Npiob in the presence of 24 mol% of Ala indicates

that frequency of encounters between aa’s does not change much with faja.
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6.5 Discussion

The two main results obtained from this and an earlier study regarding the effect of polypeptide
composition on Npieb are illustrated in Figure 6.7. The trend of Npiob as a function of aa side
chain size (SCS) is shown in Figure 6.7A. It was obtained with a series of copolypeptides
prepared from racemic mixtures of Glu and a selected few other aa’s, namely glycine (Gly),
alanine (Ala), and N¢-carbobenzyloxy lysine (Lys(Z)). Figure 6.7A led to the conclusion that
the side chain size of an aa was one of the primary factors which affected the blob size for a
polypeptide. Since there was only a significant increase in Noiob When alanine and glycine were
incorporated, and since they have the smallest side chains of all aa’s, it was concluded that the
majority of aa’s would have similar Npiop Values in the range of 11 to 14. Therefore, a simplistic
view would then be that Nyiob for a polypeptide may be expected to be about 12 aa’s regardless
of its aa sequence unless alanine or glycine is present, which would then result in a larger Npjob
value. The question then became, by how much would the blob size increase when a set amount
of alanine or glycine would be incorporated in a copolypeptide? The current study suggests,
that the blob size is independent of the alanine content in Figure 6.7B (which is a reproduction
of Figure 6.4B) as long as the alanine content remains above ca. 24 mol%. This conclusion
suggested that the mere presence of some alanines within a blob was enough to enlarge the
blob size to a value that remained constant with alanine content. Based on these results, it may
be expected that Npiob for polypeptides would range between 11 and 14 aa’s in size unless Ala

or Gly were present in a blob at which point the blob size would increase to 16 or 23 aa’s,
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respectively. In fact, these conclusions suggested that a blob-based view of the internal
dynamics and conformations of polymers in solution, such as those derived from applying the
FBM, might result in relatively simple rules that could be taken advantage of to implement a
mathematical procedure to predict the folding time of proteins. The following sections describe

how such a procedure could be designed.
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Figure 6.7. Plots of the average Nuiob Value as a function of A) the aa side chain size (SCS)
and B) the alanine content of the PAlaGlu copolypeptide in DMSO. The copolypeptides in A)
were prepared with a ~44:56 molar ratio of D,L-glutamic acid-to-another racemic
comonomer.? The SCS of 0, 1, 5, and 15 corresponds to glycine, D,L-alanine, D,L-glutamic
acid, and D,L-N¢-carbobenzyloxy lysine used as a comonomer. The solid line represents the

Nbiob™® = 10.3 + 1.2 value for a rigid polypeptide in a coiled conformation.
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Blob Model and Polypeptide Folding: Levinthal’s paradox states that the number of
conformations available in the conformational space of a protein far exceeds the number of
conformations that can be searched by a polypeptide backbone during the time a protein
folds.3! In its simplest form, the estimated folding time of a protein may be expected to scale
as 3V, where N is the number of aa’s in the sequence of a protein and 3 represents the degrees
of freedom of each aa.3! This approach quickly fails since it predicts folding times far greater
than those observed experimentally. Despite this breakdown, the size of a protein is still an
important parameter, as demonstrated by the rather good correlation between the square root
of the sequence length of a protein and its folding time.'® To circumvent this second paradox,
the conformational search of the polypeptide backbone has been suggested to take place within
subvolumes of the polypeptide coil that encompass smaller segments of the protein. These
subvolumes have been identified as foldons along the folding pathway of a protein®® or blobs®
to define the number of aa’s capable of diffusively interacting with one another and therefore
fold together on a similar time scale. From a blob-based perspective, the aa’s within a blob
will diffusively interact with one another resulting in preferential interactions, beginning the
folding process. This process occurs simultaneously throughout all the blobs. As the aa’s in an
individual blob begin to fold, the blobs must also reorient with respect to each other in order
for the protein to reach its native conformation. Based on this model of folding, the number of
conformations that a polypeptide must search through as it folds into its native conformation

may be significantly reduced as discussed below.
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Conformations of a Polypeptide: In order to estimate the relevant number of conformations a
protein can adopt based on the above description of folding, two parameters must be known,
namely, the blob size (Nbiob) and the number of blobs (n,) contained in a protein. If these values
are known, they can be used to estimate the number of conformations that a number Npiop Of
aa’s can adopt within a blob and that a number ny of blobs can adopt among themselves. To
do this, the renormalization group (RG) theory was employed. RG theory provides a simple
equation for estimating the number of conformations that a self-avoiding polymer with N
segments can adopt as the segments arrange themselves on a lattice.*** In Equation 6.3, C
depends on the coordination number of the lattice, y depends on the dimensionality, and x is

the effective coordination number.

OQ(N)=CN" 1" (6.3)

On a 3-dimentional simple cubic lattice, the constants C and y are equal to 1.17 and
716, respectively.3*% Since u is equal to the degree of freedom of each chain segment, it
depends on the solvent quality and takes a value as high as 4.68 in an isothermal solvent3*34 to
as low as 3.19 in a poor solvent.3” Although Equation 6.3 was derived for polymers with many
chain segments,®* it turns out that Equation 6.3 still provides a very good estimate even if the
polymer contains few chain segments (see Sl). It should thus remain valid to predict the number
of conformations adopted by the small number of segments encompassed inside a polypeptide

blob.
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To calculate the number of conformations a protein can adopt, Equation 6.3 must be
modified to estimate the number of conformations among a number Npiop Of @aa’s in a blob or
among the ny blobs in a polypeptide. To do this, Equation 6.3 is rewritten in terms of the generic
value n, which is equal to the number of objects (whether they be aa’s or blobs) in a chain. For
simplicity sake, the modification of Equation 6.3 is discussed in terms of the number of aa’s
within a blob, but a similar argument can be made in terms of the number of blobs within a
polypeptide. A blob containing n aa’s is considered first, where each aa occupies a single cell
in the lattice. For each self-avoiding walk of the aa’s in a blob, there will be n filled sites. Since
the number of segments (N in Equation 6.3) is equal to the number of filled sites minus 1, a
blob of size n will generate n — 1 segments. Therefore, Equation 6.4 was defined in terms of
the number of aa’s (or filled sites) by the change in variable of N in Equation 6.3 to n by using

the identity N =n — 1.

Q(n)=C(n-1)" x"* (6.4)

Equation 6.4 is built from a lattice model, which means that the number of
conformations predicted by Equation 6.4 includes the conformations of n aa’s which are
similar but differ in the direction in which the chain initially propagates in the 3D lattice (i.e.
there are conformations which are superimposable but rotated about the origin). This can be
seen by considering the population of conformations which are similar but differ in the lattice-
positioning of the second aa in the blob. The first aa occupies the first site and defines the
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starting point. Since the second aa must be placed in an adjacent site, there are u sites available
(u is the coordination number). This means that there are x possible directions in which the
second aa can be placed, each defining the direction the chain will initially propagate. If the
remainder of the n — 2 aa’s share the same conformational arrangement with respect to
themselves, this results in x conformations which differ only by a rotation about the starting
point. Since it is only the number of conformations with respect to the aa’s in a blob and not
their absolute orientation in space which matters (i.e. the orientation of a folding chain in space
does not affect the number of conformations it must search to fold), the rotational isomers for
each conformation projected along the initial « directions should not be counted towards the
conformational search of the folding aa’s. Therefore, the number of unique (or relevant)
conformations (£u) a blob containing n aa’s can adopt (or a chain containing n objects) is

defined in Equation 6.5 as Q(n)/u.

Q,(n)= =C(n-1)" u"? (6.5)

Since proteins typically collapse into compact structures, the x« term in Equation 6.5 is
set equal to 3.19 since a polymer in a poor solvent may be expected to experience a similar
conformational freedom to that of the dense globular conformations experienced by a folding
protein. All the constants in Equation 6.5 are known (C, y, and x). Consequently, the only
variable that remained to be determined to calculate the number of conformations in a blob is

the number (n = Nbion) Of aa@’s contained in a blob. Connecting Equation 6.5 back to the FBM,
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the number (2g) of conformations that a blob containing Npiob @a’s can take is equal to
Qu(Nbiob), where n = Npiob in Equation 6.5. As the aa’s within individual blobs simultaneously
interact/fold with one another, the blobs must also orientate themselves with respect to each
other. Therefore, the blobs must also undergo a conformational search among themselves for
a polypeptide chain to completely fold. Following a similar logic, Equation 6.5 can also be
used to define the number of conformations n blobs can adopt among themselves. Therefore,
if a polypeptide were to contain ny blobs, the number of conformations (£2m) among those blobs
would be equal to Qu(ns) (where n = ny in Equation 6.5). By viewing a polypeptide as a string
of blobs and applying the so-called blob approach to folding, each blob would generate Qg
possible conformations while there would be Qv conformations among the blobs. Since the
aa’s within each blob simultaneously interact with one another, the total number of
conformations a polypeptide may be expected to adopt could be approximated by the product
QpxOwm.

Size of a Polypeptide Blob: The blob size of a coiled macromolecule is affected by the distance
separating the pyrenyl label from the polypeptide backbone?*3® as well as the structure and
composition of the structural units constituting a blob.?>3° For example, the 7 atom-long linker
connecting pyrene to a randomly coiled poly(L-lysine) resulted in a blob size of 14 aa’s while
the 5 atom-long linker connecting pyrene to the randomly coiled PGlu backbone resulted in a
smaller blob size equal to 10 aa’s.?* The use of 1-pyrenemethylamine to label the polypeptides
extends the glutamic acid side chains by only one methylene group and the pyrenyl derivative.

This represents one of the shortest possible side chain extensions for labeling with a dye
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derivative, which should minimize the effect that 1-pyrenemethylamine has on the blob size.
In addition to the linker length, it has been demonstrated that the blob size of 10 expected for
a pyrene-labeled glutamic acid in PGlu depends also on the nature of the neighbouring
residues, as was illustrated in Figure 6.7A. Since most aa’s have side chain sizes similar to that
of Glu,?® the Npio» value of a pyrene-labeled Glu provides a good starting point for these
calculations. Therefore, a polypeptide blob is expected to be about 10 aa’s in size, but if Ala
or Gly is present, the blob size increases to a value of 16 or 23, respectively. The current study
demonstrates that the increase in Npiob due to the presence of these small aa’s is independent
of the amount of Ala, and probably Gly, which is present in the blob (above 24 mol% for Ala)
and therefore the size of a polypeptide blob can be expected to be controlled by the presence
of a few Ala and Gly residues.

As a first approximation, the blob size of a polypeptide was taken to equal 19 aa’s as
the average of the two Nbioh Values obtained for PAlaGlu (Nbiob = 15.8) and PGlyGlu (Npiob =
22.5). Implicit with this approximation is that each blob should contain at least one Gly or Ala
to generate the necessary conformational freedom resulting in a larger Noiop Value. As it turns
out, 7.8 and 7.3 mol% of the aa’s constituting a protein are expected to be alanines and
glycines, respectively.*® This means that a blob constituted of 19 aa’s should have a greater
than 95% probability of having 3 aa’s being either Ala or Gly, thus validating the assumption.

Based on these considerations, a polypeptide was approximated as a string of blobs,
each containing 19 aa’s. Since many proteins contain a large number of aa’s, their sequence

length is much larger than a blob and the chain ends represent a small component of the overall
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chain and therefore contribute very little to the blob size. However, when the chain length is
relatively short (on the order of 1 to 3 times the blob size),?® the blob size of a polypeptide is
expected to decrease since the aa’s near the chain ends can only interact with aa’s in the chain.
To account for the change in Noiob due to the chain length, Equation 6.6 was previously derived
for polymers with a degree of polymerization (DP) > Npiob.2? In Equation 6.6, No is the largest
number of aa’s separating two pyrene-labeled aa’s from one another while still allowing

pyrene-pyrene encounters for pyrene excimer formation.

1
<N, >=E(—N02—NO+DP(2NO+1)) (6.6)

Using a pyrene-labeled aa as a reference point, the pyrenyl labels can form excimer
with other pyrene-labeled aa’s up to No structural units away. Since the pyrenyl pendant used
as a reference can form an excimer with another pyrenyl label located on either side of the
reference point, Npiob is defined as 2No + 1, where the “+ 1’ accounts for the reference label.?°
Using the estimated Noiob Value of 19, an average blob in a polypeptide can be expected to have
an No value of 9 aa’s. Using an No value of 9, Equation 6.6 provides an estimate of the average
blob size of any polypeptide based on its sequence length or DP.

Estimating a Protein Folding Time: Based on the above discussion, the number of
conformations a polypeptide can adopt is calculated as Qrota = Q%QMm, Which depends only
on the blob size and the number of blobs contained within a polypeptide. If folding is a result

of random diffusive encounters between local aa’s, then the average folding time of a protein
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(zr) would be the sum over all possible conformations (Q2vota) Of the time (zp) it takes to probe
a given conformation. If it is assumed that zp is similar for each conformational state, then the
folding time is simply equal to QrotaX7p, Where 7; is the effective conformational search time.

Therefore, 7= may be estimated with Equation 6.7.

F = QB(<Nblob>) X 2m(DP/<Npiob™>)X7p (6.7)

Equation 6.7 requires two factors; the length or DP of a protein and the size of its blobs.
Using the estimated No value of 9 and the sequence length of a protein (DP), the <Npiob> value
of different proteins was calculated by applying Equation 6.6. Using the calculated <Npiop>
value, the number of conformations, that the aa’s within a blob can adopt, is equal to Qg =
Qu(<Noiob>) from Equation 6.5. Since each blob contains <Npiop> aa’s, the protein will contain
nb = DP/<Npion> blobs and therefore, the number of conformations among blobs is equal to Qm
= Qu(nb). Using a 7p = 1 x 1072 s which is typically assumed for the conformational search of
one aa,*®*3 Figure 6.8 compares the calculated t¢’s to the experimentally measured ze’s (= 1/Ks)
of 145 different proteins.***® A list of the calculated <Npiob> and zr values obtained for these

proteins are given in the SI.

219



4 4 X
Xxx
5 x %
(@)
O 0 - < % X
o X
o % %
< x X ¥ X
8_4_ X)ég(
('_U X
O X
X
'8 T T T
-8

-4 0 4
Experimental log(zg)
Figure 6.8. Log-log plot of protein folding times calculated by applying a blob model approach

as a function of experimentally determined protein folding times. The solid line represents the

line of equality. The correlation coefficient r = 0.73.

Strikingly, Figure 6.8 shows a rather good agreement between the experimental z’s
and those estimated using a blob-based approach over 8 orders of magnitude. This good
agreement is all the more surprising when considering that no parameter needed to be adjusted
for the z calculations based of Equation 6.7. The total number of configurations used in
Equation 6.7 is defined by <Nbiob>, whose expression is based on No, which was set to equal 9
aa’s in Equation 6.6, and the number of blobs (ny), which is given by the ratio DP/<Npiop> and
is thus defined by the length of the protein sequence. The last parameter for the calculation is

r, the time taken by an aa to probe one conformation, which was set to equal 1 ps based on

an assumption made in several reports.*>*3 Yet, if  is optimized to find a better match
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between the calculated and experimental z values shown in Figure 6.8, the optimization
returns a z» value of 0.98 ps, which is essentially 1 ps and justified its use in the z» calculations.

Figure 6.8 shows that the calculated zr values were correlated quite strongly to the
experimentally measured values with a correlation coefficient r of 0.73. Additionally, the
datapoints were scattered about the equality line, demonstrating that the folding times predicted
by the FBM were not only correlated but also scaled directly with the experimentally
determined values. On average, the calculated folding times were able to predict the
experimentally observed zr’s within 1.05 (+0.84) orders of magnitude. Furthermore, the
proteins used in Figure 6.8 include a wide range of protein types with sequence length ranging
from 16 to 307 aa’s, including two- and three-state proteins,*’ as well as a, S, and mixed
proteins,”*® whose secondary structure is composed primarily of a-helices, p-strands, and
mixtures of the two, respectively. The ability of the proposed blob-based approach to predict
the folding times of such a wide range of protein types supports the idea that the folding times
of proteins are defined by the encounters between aa’s taking place within local subdomains.
Comparison with Published Trends: Numerous studies can be found in the literature that
successfully correlate the folding time (or folding rates) of proteins with physical and empirical
parameters. Correlation coefficients range from 0.6 to nearly unity,"#¢ the latter value
indicating that the model can perfectly predict folding rates. Typically the highest correlations
(0.75 to 0.99)"%4 %8 are obtained using machine learning algorithms, which optimize
correlations between calculated and experimental parameters. Despite these very high

correlations, the generated models have no physical basis and therefore can only provide
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information on the parameters that might be important to folding, but not as to why they are
important.* Furthermore, the statistical relevance of these methods was questioned in several
reviews due to model overfitting, because of the relatively small data sets and overtraining,
which leads to great correlations for the included set, but often fails when applied to larger data
sets. 149

The predictive power of physical models yields slightly lower correlation coefficients
in the range of 0.6 to 0.9, but typically less than 0.8.1:15464950 Often these models are only
applied on an individual class of proteins, which requires sorting proteins into groups based on
their folding kinetics (two- vs multi-state) and structural makeup (o, B, and mixed). This leads
to rather small datasets of ca. 20 — 60 proteins, resulting in few correlations that can be
generalized to larger data sets such as the one used in Figure 6.8. In larger datasets (< 80
proteins), the correlations between physical parameters and folding rates are typically
represented by correlation coefficients smaller than 0.75. Larger correlations with higher
correlation coefficients (> 0.8) are often reported, but these are typically only obtained by
adding empirical scaling factors to the physical data, which are then optimized to obtain the
best correlation.®! For example, the local topography of a folded protein is often parametrized
using the absolute contact order (ACO), which is determined by the native contacts in a
proteins structure. Correlation coefficients of ACO and folding rate have been reported to be
as high as 0.87 for 107 proteins when additional empirical factors were used.®® However,
without such factors the correlations are in the 0.69 to 0.73 range’ depending on the dataset.

Another example used a similar topological parameter related to contact yielded a correlation
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coefficient of 0.69 across 95 proteins.*® The 0.73 coefficient determined in Figure 6.8 may not
be the largest correlation coefficient in the literature, but it demonstrates that a blob-based
approach is capable of predicting folding times as effectively as many other methods.

Despite their similar predictive power, the blob-based method described in this report
approaches the prediction of protein folding time from a perspective that is completely
different from all other methods. In the present work, folding times are predicted based on the
size of the folding domains/blobs of proteins estimated solely from the experimentally
determined local conformations and dynamics of polypeptides, without using any structural
information known about the native proteins. Contrary to any other methods which assess the
correlations between folding times and different parameters such as protein size or ACO, the
experimentally determined folding times were compared directly with the predicted folding
times and a 1:1 correspondence was obtained. Considering the crudeness of the proposed
approach, the surprisingly good agreement obtained in Figure 6.8 between the predicted and
experimentally determined folding times suggests that blob-based approaches might be ideally
suited to determine the folding times of macromolecules.

Limitations and Future Refinements: The already good agreement found in Figure 6.8 between
calculated and experimental z=’s might be further improved by reducing the number of
assumptions currently needed in the z calculations. These improvements would involve
assessing how Nuiop is affected by 1) the side chain length of all aa’s, 2) the presence of the 1-
pyrenemethylamine label that extends the reach of the Glu side chains, and 3) the heterogeneity

encountered in the sequence of proteins. As discussed above, the Nuiob Values used for the z+
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calculations in Figure 6.8 were determined by labeling the Glu with 1-pyrenemethylamine in
a series of copolypeptides. Since Npiob is known to depend on the length of the linker separating
the pyrenyl label from the polypeptide backbone, these Noiob Values are only representative of
Glu residues labeled with this specific pyrene derivative. Therefore, a future study must be
conducted to quantify the effect that the pyrene derivative used to label the polypeptide has on
the Nuiob Value so that it can be accounted for. However, since the 1-pyrenemethylamine label
extends the Glu side chain by only one methylene unit (and the pyrene molecule) the results
obtained in this report with 1-pyrenemethylamine are expected to closely reflect the behaviour
of the Glu side chain itself and therefore in this particular case, the Npiob Value would not be
expected to change much.

Since Nbiob depends on the length of the linker connecting the pyrenyl label to the
polypeptide backbone, the Nyiob Values would also be expected to change with each aa since
each aa has a different side chain onto which a pyrene derivative would have to be attached.
This means that each aa would be expected to have its own characteristic Npiop Value depending
on its side chain length. Consequently, a blob-based approach would benefit greatly if the
dependency of Npion On the aa side chain length was determined. The current study used Glu
to determine the Noiob Values of the copolypeptides. As mentioned earlier, Glu happens to have
a side chain whose size is comparable to that of many other aa’s. This means that although the
Noiob values used in the tr calculations were not exact, these Npiob Vvalues should be

representative of many other aa’s.
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Perhaps the greatest limitation in the current calculation is the assumption that each blob in a
protein is composed of a same number Npiob Of @a’s. Since the size of a blob depends on the
local aa sequence, a protein must be composed of blobs of varying size. The current study
demonstrated that the aa’s with a small side chain resulted in a larger Npiop Value that did not
change with the number of small aa’s being incorporated inside a blob. Furthermore, the
incorporation of several flexible aa’s (~ 4 out of 16 aa’s or ~25 % of 20 aa’s) was sufficient
to fully disrupt the rigid polypeptide backbone. Assessing in a more systematic manner how
these smaller aa’s affect Noiob Would most certainly help refine the predictions made with a
blob-based approach. The results obtained from the aforementioned improvements could then
be incorporated in the blob-based approach to provide a detailed map of the different blob sizes
associated with each aa of the sequence of a protein, which in turn would then be used to refine

the calculations and obtain more precise folding times.

6.6 Conclusions

The size and dynamics of different polypeptide blobs were characterized as a function of the
Ala content of different series of Py-PAlaGlu samples. Aside from an initial increase in the
blob size from 11 (x1) for PGlu to 16 (1) for PAla2sGluze with a relatively small Ala content,
Nbiob OF the copolypeptides did not change as a function of alanine content up to an faia value
of 0.58. The dynamics of the polypeptide blobs, monitored through the term Koiob*Nbion, Showed
no change between 0.14 (+0.03) ns™* for PGlu and 0.16 (+0.02) ns™* when averaged for all

PAlaGlu samples. These results suggest that the flexibility, and therefore the blob size, of

225



polypeptides is controlled primarily by the smallest and most flexible aa’s, even if those aa’s
are present in relatively low amounts.

Since alanine and glycine are the smallest aa’s, they are expected to be the two most
important aa’s for determining the blob size in proteins. The Npiob Values of 16 (x1) and 23
(x2) for PAlaGlu and PGIlyGlu, respectively, were averaged to give an estimated blob size of
19 aa’s. Considering that proteins fold through localized domains, the sequence length of a
protein and its blob size estimated to equal 19 aa’s were used to estimate the folding time of
145 different proteins and peptides. The calculated and experimentally determined folding
times were found to agree quite well with each other as demonstrated by the 0.73 correlation
coefficient between the folding times of the 145 proteins spanning 8 orders of magnitude in
Figure 6.8. This procedure, which approaches the prediction of the folding times of protein
from estimates of experimentally determined folding subdomains, represent a complete
departure from the types of parameters employed in all other procedures currently applied to
estimate z=’s. Yet and considering its rather crude implementation, the trend shown in Figure
6.8 suggests a strong and direct correlation between the predicted and experimentally
determined z’s. The ability to predict the folding time of proteins based simply on their
sequence length and blob size appears to be a worthy path toward predicting the z=’s of proteins
and provides further support that the blobs determined through the FBM could actually

represent the domains of aa’s where cooperative folding occurs in proteins.
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Chapter 7
Blob-Based Predictions of Protein Folding Times from the Amino

Acid Dependent Conformation of Polypeptides in Solution

Adapted with permission from Casier, R.; Duhamel, J. Blob-Based Predictions of Protein
Folding Times from the Amino Acid-Dependent Conformation of Polypeptides in Solution.

Macromolecules 2021, ASAP, DOI: 10.1021/acs.macromol.0c02617. Copyright 2021

American Chemical Society.
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7.1 Abstract

A combination of fluorescence blob model (FBM) and molecular mechanics optimizations was
applied to determine the number (Noiob) OFf amino acids (aa’s) located in the volume probed by
an excited pyrene for poly(L-lysine) labeled with 1-pyrenebutyric acid (PyBu-PLL), as it
adopted an extended conformation in DMSO. The Nbiob Value of PyBu-PLL was then compared
to those of other pyrene-labeled polypeptides adopting a similarly extended conformation over
the length scale of a blob to quantify the contribution of the pyrenyl label to Noion. After
subtracting the pyrene contribution, the plot of the corrected Noiob as a function of aa side chain
reach (SCR) led to the conclusion that, for a polypeptide in an extended conformation,
increasing the SCR of an aa by one bond resulted in a ~1.8 aa increase in Npiob. This
information could then be applied to predict the intrinsic Nuion Value (N(SCR)) of any aa based
on its SCR as long as this aa was part of an aa sequence in an extended conformation. The
increase in Npioh resulting from the conformational freedom imparted by smaller aa’s to a
polypeptide backbone was accounted for by multiplying N(SCR) with the bending function
fo(SCS), which was determined experimentally for the different side chain sizes (SCS) of aa’s.
By scanning the sequence of a protein, an Nuiob Value was calculated for each aa from its
N(SCR) and fu(SCS) values. The Nbion Values were then sorted from largest to lowest and
averaged to yield <Npiop>. Renormalization group theory was applied to determine the number
(£ of conformations, that would be available to a protein based on its <Npiob> value, and the

average number of blobs found in the protein sequence. Multiplying £2by the time required by

an aa to adopt its possible conformations yielded the protein folding time (z). A correlation
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coefficient of 0.73 was obtained from the comparison of the calculated and experimentally
determined z+ values, demonstrating the ability of this model to predict the protein folding

times within £ 1.4 orders of magnitude from the expected value.

7.2 Introduction

Recent improvements in our ability to predict the folding times of proteins have led to a greater
understanding of the protein folding phenomenon.? These predictions have benefited from
the identification of some key parameters closely associated with characteristic features of
proteins, that best correlate with their folding times. In turn, these parameters have enabled an
understanding of the many underlying physical phenomena, that control the folding kinetics
and mechanisms of proteins.}? Accounting for these physical phenomena has led to the
implementation of a wide number of approaches based on theoretical,3* thermodynamic,>®
and topological® considerations. Using classic topological correlations, Plaxico demonstrated
in 1998 that the concept of relative contact order, which defines the average number of amino
acids (aa’s) separating all pairs of contacting residues in the native structure of a protein
normalized to its length, was correlated to the folding rate of two-state proteins.® Since then,
there has been continuing developments in the procedures using the contact order and related
contact topological parameters to predict the folding rates of proteins. Some of these
descriptors include the average topological information,’® cliquishness,*'? maximum
intrachain contact entanglement,® absolute contact order,}* geometric contact,® helical

content,*® long-range order,’” and total contact distance.'® These methods yielded strong
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correlations between the different parameters of interest and experimental folding rates,
resulting in correlation coefficients that were greater than 0.7. However, these methods are
often applied to a single structural or folding Kkinetic class of proteins and they all require
explicit information on the native state of proteins.*®?° Another approach is to calculate these,
and other, descriptors from databases of protein structures and combine the results to obtain an
average value of each descriptor for a specific amino acid.>*>?124 The agglomerated results
are then used to predict the folding times of a specific protein based on its sequence without
requiring the knowledge of its structure. However, this approach is still built on the correlations
that are generated between the specific 3D structures of proteins and the selected defining
parameter(s).

Besides the use of these structural parameters, the localized interactions and dynamics
experienced by the aa’s constituting a protein also affect the ability of a protein to fold.?®
Therefore, a method capable of quantifying the dependency of the internal dynamics of a
protein on its constituting aa’s would provide valuable insights into the protein folding process.
One such method is based on the application of the fluorescence blob model (FBM) to probe
the internal dynamics of polypeptides labeled with the dye pyrene. The FBM has been applied
to predict the folding time of proteins based solely on parameters that were determined
experimentally to describe the local dynamics and conformational freedom of polypeptides in
solution.?® Analysis of fluorescence decays of pyrene-labeled polypeptides with the FBM
yields the number of aa’s, which interact locally with one another on the time-scale of

molecular motions undergone by the polypeptide backbone in solution.?67%2 To do this, the
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polypeptide backbone is compartmentalized into domains referred to as blobs, where each blob
is defined by the volume that a pyrenyl pendant can probe while remaining excited.®*® Since
pyrene is covalently bound to the side chain of an aa, a blob represents the subvolume within
a polypeptide coil, that an aa bearing a pyrenyl label can probe. Therefore, the number (Nbiob)
of aa’s encompassed within each blob is equal to the number of residues which locally interact
with one another inside such a domain.

To date, the FBM has been applied to probe the internal dynamics and local
conformations of pyrene-labeled homopolypeptides, including poly(L-glutamic acid)
(PLGIu),%"° poly(D,L-glutamic acid) (PDLGIu),?*3 and poly(L-lysine) (PLL),3*%! as well as
copolypeptides of D,L-glutamic acid and glycine, D,L-alanine, or carboxybenzyl protected
D,L-lysine (Lys(Z)), referred to as PGlyGlu, PAlaGlu, and PLyz(Z)Glu, respectively.?63?
Since PDLGIu and the copolypeptides were all labeled with pyrene in the same manner, namely
with a 1-pyrenemethylene (PyMe) derivative covalently attached onto a Glu via an amide
bond, it provided the opportunity to explore how the aa composition of the copolypeptides
affected the Nuiob Values of the pyrene-labeled Glu’s. The increase in Nbiob from 11.0 (£1.4) for
PyMe-PLys(Z)Glu and PyMe-PDLGIu to 15.8 (+1.0) and 22.5 (+1.5) for, respectively, PyMe-
PAlaGlu and PyMe-PGlyGlu demonstrated that in dimethylsulfoxide, the inclusion of alanine
and glycine increased the flexibility and conformational freedom of the copolypeptide
backbone compared to that of PGlu, resulting in an increase in the number of aa’s interacting
with one another inside a blob.3? Interestingly, Noiob Was found to remain constant for a series

of PyMe-PAlaGlu samples with alanine contents ranging from 24 to 58 mol%, which
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suggested that the blob size was controlled by the presence of small aa’s in its sequence and
not their level of incorporation in a blob.?® Since proteins contain, on average, about 7.3 and
7.6% alanine and glycine, respectively, the combined ~15% probability of finding an alanine
or glycine in any protein sequence led to the assumption that a protein blob was composed of
19 aa’s (Nbiob ~ (15.8 + 22.5)/2 based on the Npiob Values of 15.8 and 22.5 obtained for PyMe-
PAlaGlu and PyMe-GlyGlu, respectively), as a blob made of 19 aa’s would have a greater than
95% probability of containing at least one glycine or one alanine. Using the idea that a protein
folds through localized interactions between its constituting structural units, a procedure was
developed to estimate the folding time of a protein based on the average Noiob Value of 19 aa’s
and the sequence length of a protein. The procedure was applied to 145 proteins resulting in a
0.73 correlation coefficient between the logarithms of the experimental and calculated folding
times.?® Although a strong correlation was obtained, the first iteration of the model was rather
crude since it relied on a number of assumptions, which are described hereafter.

The first assumption was that the Npiob values used in these calculations were
representative of all aa’s, although they were truly based on the response of Glu residues
labeled with 1-pyrenemethylamine (PyMA\). In fact, since the blob size depends on the linker
length separating the pyrenyl label from the polymeric backbone,?®¢ each aa would be
expected to have its own distinctive Npiob Value with respect to its specific side chain reach,
thus resulting in a distribution of Nyio» Values. Since PyMA was a pyrene derivative, that would
minimally extend the side chain of the Glu residues used for pyrene-labeling, the second

assumption was that PyMA would provide the most accurate description of the dynamics
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experienced by a Glu residue. Of course, while PyMA would affect the motions of the Glu side
chain in the least intrusive manner, the determined Npiob Values still reflected the contributions
from both the reach of the Glu side chain as well as the pyrenyl label itself. The third
assumption was that every protein would have a similar blob size of ~ 19 aa’s regardless of its
sequence based on the probability for a 19 aa sequence to contain at least one glycine or one
alanine. However, since the size of a blob depends on the nature of the aa’s in the sequence of
the oligopeptide located within the volume of a blob, the blob size is expected to fluctuate
throughout the protein sequence.

The present study addresses these issues by proposing an improved blob-based
procedure, that predicts the folding time of proteins by calculating Npiob for each aa in any
given protein sequence, in a manner that accounts and corrects for the side chain reach (SCR)
of each aa, the contribution of a pyrenyl label to the size of a blob, and the exact sequence of
a protein. The improved blob-based procedure is implemented by designing polypeptides with
well-defined features in terms of chemical composition, conformation, and length of spacer
connecting the pyrenyl label to the polypeptide backbone. The fluorescence decays of these
pyrene-labeled polypeptides were analyzed according to the FBM to retrieve the parameters
required for the proposed blob-based procedure to calculate the size and number of blobs
constituting a polypeptide. In turn, blob size and number of blobs were fed into a program to
predict the folding times of 145 proteins, which were compared to those obtained

experimentally. Consequently, this study illustrates how experiments can be designed to
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determine the parameters needed in the implementation of blob-based approaches to better

predict the folding times of proteins.

7.3 Experimental

Chemicals: Acetonitrile (ACN, Sigma, > 99.9%), dichloromethane (DCM, Sigma, > 99.8%),
N’,N’-dicyclohexylcarbodiimide (DCC, Sigma, 99%), dimethyl sulfoxide (DMSO, Sigma,
>99.9%), N,N-dimethylformamide (DMF, Sigma, > 99.9%), 2-propanol (isopropanol, Sigma,
99%), N-hydroxysuccinimide (HOSu, Sigma, 98%), N,N-diisopropylethylamine (DIPEA,
Sigma, > 99%), poly(L-lysine) (PLL-HBr, Alamanda Polymers, M, = 165,100 g-mol %, DP =
790, & =1.06), and 1-pyrenebutyric acid (Sigma, 97%) were used as received. Deionized water
was obtained from a Biopure Series 4400 Single Pass Reverse Osmosis system.

1-Pyrenebutyric acid N-hydroxysuccinimide ester (PyBuOSu): 1-Pyrenebutyric acid (1.0 g, 3.5
mmol, 1 eq.) and HOSu (0.48 g, 4.2 mmol, 1.2 eq.) were dissolved in a solution of DCM (60
mL) and ACN (20 mL). DCC (0.83 g, 4.0 mmol, 1.2 eq.) was added and the solution was left
to stir overnight in the dark. The reaction was filtered to remove the urea side product and
condensed to ~ 25 mL on a rotary evaporator. The solution was then filtered again to remove
additional urea that had precipitated. The solution was condensed to ~ 10 mL and isopropanol
(60 mL) was added to precipitate PyBuOSu. The PyBuOSu product was then collected by
suction filtration. The brown solid was dissolved in DCM (10 mL) and precipitated in

isopropanol (60 mL) twice more. The solid was dried under vacuum to yield PyBuOSu (0.79
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g, 2.0 mmol, 59% yield). The *H NMR spectrum of PyBuOSu is provided as Figure S7.1 in
the Supporting Information (SI).

1-Pyrenebutyric acid-labeled poly(L-lysine) (PyBu-PLL): The PyBu-PLL samples were
prepared from the hydrobromide salt of poly(L-lysine) (PLL-HBr). An example preparation of
a PyBu-PLL sample, where 4.4 mol% of the lysines were labeled with pyrene, is described.
PLL-HBr (34.2 mg, 0.16 mmol Lys) was added to a stirring solution of DIPEA (32 uL, 1.1 eq.
per Lys) and DMSO (5 mL). Once PLL-HBr had dissolved, a solution of PyBuOSu in DMSO
(0.34 mL, 10.2 mg-mL%, 0.05 eq. per Lys) was added. The stirring solution was left to stir
overnight in the dark. PyBu-PLL was purified by dialysis against successive solutions of DMF,
aseries of 2:1, 1:1, 1:3 DMF:water mixtures, and lastly water acidified with HCI (pH ~ 5). The
hydrochloride salt of PyBu-PLL was then freeze dried and stored at —20 °C until it was used
for fluorescence measurements.

UV-Vis absorbance measurements: The absorption spectra were acquired with a Varian Cary
100 Bio spectrophotometer using a 1.0 cm quartz UV-Vis absorption cell. A background
correction for the solvent was applied to each spectrum.

Pyrene content determination: The pyrene content of the PyBu-PLL samples was determined
with Equation 7.1. In Equation 7.1, x is the molar fraction of lysine residues bearing pyrene,
Myys is the molar mass of the hydrochloride salt of a lysine residue (= 164.63 g-mol™), Mpy is
the molar mass of a lysine bearing a pyreny! label (= 370.45 g-mol™?), and Jpy is the number of
moles of pyrene per mass of PyBu-PLL. Apy was determined by measuring the absorbance of

a PyBu-PLL solution in DMSO with a known mass concentration. To this end, 10 mg of

235



lyophilized PyBu-PLL was dissolved in 5 mL of DMSO. After sonicating for 30 minutes, an
aliquot of the solution was diluted and transferred to a 1.0 cm pathlength cell for UV-Vis
absorption measurements. The molar concentration of pyrene was determined using the Beer-
Lambert law at the absorbance peak maximum of pyrene at 346 nm with the molar absorptivity
coefficient of 1-pyrenebutyric acid used as a model compound in DMSO (¢ = 41,400

ML.cm1).37

X = Ly (7.1)
Mo,

Lys

Steady-state fluorescence (SSF): The steady-state fluorescence spectra were acquired on a
Horiba QM-400 spectrofluorometer equipped with a xenon arc lamp. Samples were prepared
by diluting a solution of PyBu-PLL in DMSO such that the concentration of pyrene was equal
to 2.4 uM. A small aliquot (10 pL) of 1 M HCI was added to a 4 mL solution of PyBu-PLL to
ensure that the lysines were protonated. The solution was then sonicated for 15 minutes and
outgassed with nitrogen (Praxair, N4.0) to remove oxygen. The fluorescence cell was then
sealed and the SSF spectra acquired using an excitation wavelength of 346 nm. The excitation
and emission slit widths were set to 1 nm. The emission was monitored from 350 to 600 nm in
1 nm increments with a scanning rate of 10 nm-s™*. The fluorescence intensity of the pyrene
excimer (Ig) and monomer (Im) were determined by integrating the intensity of the fluorescence
spectra from 500 to 530 nm and from 376 to 382 nm, respectively. Dividing Ie by Iv yielded

the Ie/lm ratio which was used to quantify the efficiency of pyrene excimer formation (PEF).
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Time-resolved fluorescence (TRF): The fluorescence decays of PyBu-PLL were acquired with
an IBH TC-SPC fluorometer equipped with a NanoLED-340 laser using the same samples as
for the SSF measurements. The monomer and excimer fluorescence decays were acquired over
1,024 channels using a time-per-channel of 1.02 ns-ch™ . The monomer decay was acquired at
378 nm to a decay maximum of at least 40,000 counts. The excimer decay was acquired at 510
nm to a decay maximum of at least 20,000 counts. A 370 or 490 nm long pass filter was placed
at the entrance of the emission monochromator to minimize stray light and scattering photons
from reaching the detector during the acquisition of the monomer and excimer TRF decays,
respectively. The instrument response function was acquired using a LUDOX dispersion in
water for deconvolution of the fluorescence decays.

Fluorescence decay analysis: The monomer and excimer decays of PyBu-PLL were globally
analyzed using the fluorescence blob model (FBM). The FBM has been extensively described
in previous publications®*2%28 and the details for the current study are given in the SI. Briefly,
within the framework of the FBM, the polypeptide is divided into blobs which represent the
volume that an excited pyrenyl label attached onto PLL can probe. Taking advantage of the
random labeling of pyrene, the FBM determines the average number (<n>) of pyrenes per
blob, which is then used along with the pyrene content to determine Npiob, the average number
of structural units inside a blob, according to Equation 7.2. In Equation 7.2, x is the molar
fraction of pyrene-labeled aa’s as defined in Equation 7.1 and fwusree represents the molar
fraction of isolated pyrenyl labels that do not form excimer and are detected in the TRF decays

of the pyrene monomer.
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Nblob :<—:(I>X(1_ foree) (72)

7.4 Results and Discussion

The effects that the side chain reach of an aa and the composition of a polypeptide have on the
number of aa’s, which locally interact with one another, were studied using a series of pyrene-
labeled polypeptides. In these fluorescence experiments, Npiob defines the number of aa’s,
which are contained within the volume of a blob. Therefore, Nuion depends both on the size of
a blob, defined by the length of the spacer linking the pyrenyl label to the polypeptide
backbone,?#% and the local density of the polypeptide backbone, defined by its
conformation.?®32 First, the effect that the side chain reach of an aa had on Npob Was
determined by monitoring the change in Nuiob as the length of the spacer connecting the pyrenyl
label to the polypeptide backbone was increased by using 1-pyrenemethylamine, 1-
pyreneacetic acid, and 1-pyrenebutyric acid to label poly(D,L-glutamic acid) (PyMe-PDLGlIu),
poly(L-lysine) (PyAc-PLL), and poly(L-lysine) (PyBu-PLL), respectively. The chemical

structures of PyMe-PDLGIu, PyAc-PLL, and PyBu-PLL are provided in Figures 7.1A — C.
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Figure 7.1. Chemical structure of A) PyMe-PDLGlu (5), B) PyAc-PLL (7), and C) PyBu-PLL

(9). The length of the linker separating the pyrenyl label from the polypeptide backbone,

expressed in terms of spacer atoms, is noted in the parenthesis.

PyMe-PDLGIu and PyAc-PLL have been previously characterized using the FBM.25:2%
31 The Nbiob value of 14.3 (+1.3) aa’s obtained for PyAc-PLL in DMSO was found to be larger
than that of 10.5 (+1.7) for PyMe-PDLGIu.?*3! Molecular mechanic optimizations (MMOs)
were conducted on the PGlu and PLL backbones to demonstrate that in DMSO, both PyMe-
PDLGIu and PyAc-PLL adopted coiled conformations, where the rigid backbone was extended
on the length scale of a blob. Since both polypeptides adopted a similar conformation, it was

concluded that the 7-atom long linker connecting the pyrenyl label to the polypeptide backbone
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of PyAc-PLL allowed the pyrenyl label to probe a larger volume compared to that afforded by
the 5-atom linker of PyMe-PDLGIu and therefore included more amino acids within its larger
blob volume. To quantify the dependence of the blob size on the side chain length, a third
pyrene-labeled polypeptide, namely PyBu-PLL, was prepared using 1-pyrenebutyric acid to
generate a 9 atom-long linker. However, since PyBu-PLL had not yet been characterized, its
fluorescence was first studied to determine its blob size and ensure that it adopted a
conformation similar to that of PyMe-PDLGIlu and PyAc-PLL.

PyBu-PLL characterization: The steady-state fluorescence spectra of PyBu-PLL in DMSO are
provided in Figure S7.2 in the Sl. Since the fluorescence spectra looked typical for that of a 1-
pyrenebutyric acid labeled polymer, the TRF decays of the pyrene monomer and excimer were
acquired and analyzed with the FBM to determine Nuion and provide information on the
polypeptide conformation. The parameters retrieved from the analysis were listed in Tables
S7.1—-S7.2 in Sl and were used to calculate Nniob based on Equation 7.2. Figure 7.2A shows,
that Noiob plotted as a function of pyrene content remained relatively constant for PyBu-PLL in
DMSO, taking an average value of 17.7 (£1.9). Since Npiob responds to both the length of the
linker connecting the pyreny! label to the polypeptide backbone?®3 and the local conformation
of the polypeptide backbone,?®3? it is important to isolate the two effects from one another so
that each effect can be individually quantified. Therefore, the conformation of PyBu-PLL in
DMSO was assessed by using molecular mechanics optimizations (MMOs) to determine the
theoretical blob size (Npiov™°) of a rigid PLL backbone in a coiled conformation following

previously reported procedures.?®=°
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Figure 7.2. A) Plot of Nuiob as a function of pyrene content for PyBu-PLL in DMSO. The line
represent the average experimental <Npiob> and calculated Npion™™®°, which take similar values
of 17.7 (x1.9) and 17.7 (x1.2), respectively. B) Number of carbon atoms determined by MMOs
between two overlapping pyrenyl pendants as a function of the number of lysines separating
two pyrene-labeled lysines for a PLL chain in a coiled conformation. The line represents the
breakpoint between good and poor pyrene-pyrene overlap. C) Example rendering of the MMO
for PyBu-PLL in an extended backbone conformation (black) with two pyrenyl labels showing
good overlap (light and dark blue) located 6 lysines apart from one another. The unlaleled side

chains of lysine are in shaded grey.
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To this end, a 45 unit-long PLL was constructed in the program HyperChem. The chain
ends were stretched apart, resulting in an elongated conformation. The chain end constraints
were then removed so that the PLL backbone would adopt a relaxed conformation. Once the
root-mean-squared energy gradient was less than 0.1 kcal-A™*-mol™, the conformational
optimization was considered complete. After fixing the backbone in place, a reference lysine
residue was labeled with 1-pyrenebutyric acid (PyBA). A second residue was also labeled with
PyBA. To determine if the pyrenyl labels were close enough to form an excimer, the
polypeptide backbone was fixed in the MMO and the two pyrenes were pulled towards one
another, such that they could stack parallel to each other with a 3.4 A separation gap. The
extent of overlap between the two pyrenyl labels was quantified by counting the number of
carbons of the pyrene on the secondary lysine residue, that were observable within the frame
of the pyrene on the primary lysine residue. The pyrene-pyrene pairs resulting in 7 or more
overlapping carbons were considered to generate enough overlap to form an excimer. The
procedure was repeated for each residue up to 15 residues away from the reference pyrene.
Figure 7.2B plots the number of overlapping carbons as a function of the distance separating
the two pyrene-labeled residues using three different reference positions. An example
rendering of two pyrenyl labels attached onto the PLL backbone and showing good overlap is
given in Figure 7.2C. The maximum number (No) of structural units separating the two pyrenyl
labels while still resulting in good overlap is defined as the reach of a pyrene-labeled side
chain. Figure 7.2B indicates that of the three reference positions, two positions resulted in

sufficient overlap to form an excimer up to 8 units away, while the other showed sufficient
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overlap up to 9 units away. Therefore, a lysine labeled with PyBA would have on average an
No value of 8.3 (£0.6) lysines, assuming that the backbone adopted the extended conformation
expected of a random coil. Since the reference pyrenyl label can interact with a secondary
pyrenyl label located on either side of the reference pyrene along the PLL chain, the total
number of structural units capable of interacting with one another is equal to 2xNo + 1, where
the “+ 1° accounts for the reference residue. The No value of 8.3 (x0.6) thus resulted in an
Nbiob™® value of 17.7 (¥1.2), which precisely matched the experimentally obtained Npiob Value
of 17.7 (£1.9) in Figure 7.2A and demonstrated that the PyBu-PLL must adopt an extended
coiled conformation in DMSQO. This result was in agreement with the conclusions previously
drawn for a series of PLLs labeled with 1-pyreneacetic acid acidified in DMSO.3%% This
provides another demonstration of the ability of the FBM in conjunction with MMOs to
provide quantitative information on the conformation of polypeptides in solution
independently of the nature of the pyrenyl label.

Nbiob @and amino acid side chain reach: Since PyMe-PDLGIu, PyAc-PLL, and PyBu-PLL all
adopted the same extended coil conformation in DMSQO, their different Npion Values arose solely
from differences in the length of the spacer connecting the pyrenyl label to the polypeptide
backbone. A plot of Nbiob as a function of the number of atoms in the spacer linking pyrene to
the backbone of a polypeptide adopting an extended conformation is given in Figure 7.3. Since
Noiob represents the number of aa’s which locally interact with one another, Figure 7.3
represents a calibration curve for predicting the blob size as a function of linker length. Such a

curve can then be used to predict the Npio» Value for any aa based on its side chain reach (SCR),
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where SCR is defined by the fewest number of continuously connected atoms spanning the
length of the side chain. Since the Nyion Values reported in Figure 7.3 are representative of side
chains bearing a pyrenyl label, the contribution to Nuion from the pyrene molecules must be

accounted for.
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Figure 7.3. Plot of Nnioh as a function of the length of the linker (referred to as side chain

length) connecting pyrene to the backbone of a polypeptide in an extended conformation. The

dashed line represents the line of best fit: y = 1.78 (+0.07) x + 1.68 (+ 0.52), R? = 1.00.

When the trend in Figure 7.3 was extrapolated to a 0-atom SCR, Nuiob took a value of
1.68 (£ 0.52). Since it would be impossible for an aa with a zero-length side chain to interact
with any aa’s other than itself, this aa would be the only aa contained within its volume and
the blob size should take a value of 1. Therefore, the contribution of pyrene to Noiob must equal

the intercept minus 1. Since the pyrene molecule is constant among all the pyrene-labeled
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polypeptides, it is reasonable to assume that its contribution remains constant with changing
side chain reach. It was therefore concluded that a pyrene molecule contributed 0.68 aa to the
blob sizes in Figure 7.4. Consequently, if pyrene were removed from the side chain, the new
relationship between side chain reach and Npiob Would be 1.78 times the side chain reach (SCR)
expressed in number of atoms plus 1 as described in Equation 7.3. This result is reasonable
since adding one atom to all side chains should increase the reach of each side chain toward
another side chain to its left and to its right by 4 atoms in total or 1.33 aa’s if the polypeptides
was a fully extended string of atoms. Accounting for residual bending in the conformation of
a polypeptide adopting an extended conformation explains the 1.78 increase given in Equation
7.3. Although this relationship would be impossible to check by fluorescence, the fact that Npjob
represents the number of aa’s which locally interact with one another dictates that these local

interactions must still be present even when pyrene is removed from the side chain.

Nyop =1.78x SCL+1 (7.3)

Noiob and polypeptide composition: The second parameter affecting Nuiob iS the local backbone
conformation. This section aims to provide first, a brief summary of how the Noio» value of
coiled polypeptides responds to local conformational changes induced by the local aa
composition and second, the implications of the resulting plots which are later used to calculate
the blob sizes in proteins. The effect of local aa composition was first studied with a series of

copolypeptides prepared from a mixture of 44 (£3) mol% D,L-glutamic acid and 56 (£3) mol%
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of either glycine (Gly), D,L-alanine (Ala), or D,L-N-g-carbobenzyloxylysine (Lys(Z)) and
referred to as PyMe-PGlyGlu, PyMe-PAlaGlu, and PyMe-PLys(Z)Glu, respectively.®> The

chemical structures of the copolypeptides are provided in Figures 7.4A — D.

ZT
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Figure 7.4. Chemical structures of A) PyMe-PGlyGlu, B) PyMe-PAlaGlu, C) PyMe-PDLGlIu,

and D) PyMe-PLys(Z)Glu. All stereocenters are racemic.
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The Npiob Values of the copolypeptides were plotted in Figure 7.5A as a function of the
comonomer side chain size (SCS, in terms of non-hydrogen atoms). Interestingly, the Npiob
values of 22.5 (x1.5) for PyMe-PGIlyGlu and 15.8 (£1.0) for PyMe-PAlaGlu were larger than
those of the plateau value of 11.0 (x1.4) for PyMe-PLys(Z)Glu and PyMe-PDLGlu. Since each
polypeptide used 1-pyrenemethylamine to label a fraction of the glutamic acid residues, the 5-
atom linker length remained constant and therefore, the differences in Noiob must have been
due to a change in backbone conformation. The racemic mixtures of aa’s used to prepare the
copolypeptides ensured that they could not form secondary structure and adopted a coiled
conformation in solution. Therefore, the increase in Noiob With decreasing comonomer SCS was
not due to the formation of secondary structures, but rather to an enhancement in the backbone
conformational freedom due to reduced steric hindrance experienced by the aa’s with small
side chains. The reduced steric hindrance provided points of greater conformational freedom
throughout the backbone and therefore allowed more aa’s to interact with one another in a
blob. This led to the conclusion that the Nbion Value of a polypeptide depended on the local aa
sequence contained within a blob, such that with all else being equal, blobs containing small

aa’s would have larger Npion Values than those that exclusively contained larger aa’s.
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Figure 7.5. Plots of the average Noiob Values of (&) PyMe-PGlyGlu, (©) PyMe-PAlaGlu, (O)
PyMe-PDLGlu, and () PyMe-PLys(Z)Glu in DMSO as a function of A) comonomer side
chainsize (Gly =0, Ala=1, Glu =5, and Lys(Z) = 15) and B) alanine content. The solid lines
represent the Npioo™° value of 10.3 (+1.2) for a rigid polypeptide coil having a 7 atom-long
linker connecting pyrene to the polypeptide backbone. The dashed line represents the average
Npiob Value of 15.6 (£0.8) for the PyMe-PAlaGlu’s and the dotted lines were added to guide the

eyes.

Since the copolypeptides in Figure 7.4 contained 44 (£3) mol% Glu and 56 (x3) mol%
comonomer, the dependence of Noiob On the level of comonomer incorporated into the
backbone needed to be studied next. This was accomplished by using a series of PyMe-
PAlaGlu samples with alanine contents ranging from 24 to 58 mol%.2® Figure 7.5B shows that

compared to PyMe-PDLGIu (which contained no alanine), the incorporation of 24 mol%
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alanine into the Glu backbone resulted in a sharp increase in Npion from 10.5 (£1.7) to 15.6
(£0.8). Surprisingly, Nbiob then remained constant as a function of alanine content indicating
that the backbone conformational freedom of the copolypeptides remained unchanged. This
result demonstrated that the incorporation of low levels of small aa’s were able to control the
backbone flexibility of a polypeptide on the length scale of a blob.

Estimating the blob size of an aa in a protein: At the beginning of this discussion, it is
important to discuss the definition of side chain reach (SCR) and side chain size (SCS), which
are used as two different concepts in this study. SCR represents the number of atoms, including
H-atoms, that extend the side chain of an aa into the solvent, thus reflecting the reach of an aa
side chain. In contrast, SCS reflects the bulkiness of the side chain, which most affects bending,
and as such is given by the total number of non-hydrogen atoms in the side chain. As a result,
lysine with its e-aminobutyl side chain has a SCR and SCS equal to 6 and 5, respectively. The
SCR and SCS values of the 20 most common aa’s have been listed in Table S7.4 in Supporting
Information (SI).

All the polypeptides studied above were either homopolypeptides or random
copolypeptides. Consequently, the distribution of aa’s was similar along the entire backbone
and the blobs were therefore symmetrical. In other words, the number of aa’s (No), that a
reference pyrenyl label could interact with along the backbone on each of its two flanks, was
the same in both directions such that Nuion equaled 2xNo+1. However, since the aa sequence
of proteins is heterogeneous, the No value for a given aa may be different from one side of the

reference pyrenyl label relative to the other. As a result, the Npion vValue of an aa in a
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heterogenous sequence is defined by the modified equation No' + No™ + 1, where No' and No"
represent the No values to each of the right (r) or left (1) side of the reference aa inside a blob.
For this reason, the Npion determination of the aa’s in a protein will be described with respect
to No and not Npiob. A simplistic diagram showing the relationship between Ng and Npiob in a
homogeneous polypeptide with an elongated backbone is given in Figure 7.6 where the
polypeptide backbone is first assumed to adopt an extended conformation on the length scale

of a blob.

2xN(SCR)
Figure 7.6. Schematic representation of the components defining the Noiob Value for the

reference aa (black) in a polypeptide containing homogeneous blobs and adopting an extended
conformation. The No values depend on the side chain reach (SCR) of the reference residue
and the aa’s to the left (green) and right (blue). The number (N(SCR)) of aa’s which are

included in the intrinsic reach of a single side chain is a function of SCR.

As discussed above, the results obtained from the FBM suggest that the number of aa’s,
that any particular aa interacts with in a polypeptide, is a function of its SCR and its

surrounding sequence. Therefore, determining the blob size of an aa in a protein must take
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both these considerations into account. The effect of SCR is discussed first. As depicted in
Figure 7.6, the No value of an aa depends not only on the SCR of the reference aa, but also on
the SCRs of the surrounding aa’s. Therefore, the term N(SCR) (referred to as the intrinsic
reach) was introduced to represent the number of aa’s located on one side of the reference aa,
whose side chain tip could interact with the side chain tip of the reference aa (Figure 7.6). The
first step in estimating the blob size of a protein was to determine N(SCR) as a function of
SCR. This was accomplished by using the Nbion Values in Figure 7.3. Equation 7.3 defines Npion
as a function of the SCR of an aa inside a pyrene-free blob. Since all the polypeptides used to
generate Equation 7.3 had homogeneous blobs obtained with homopolypeptides, the
corresponding reach (No) of each side chain was determined with the relationship existing
between No and Npiob (No = (Nbiob — 1)/2 = SCRx1.78/2 based on Equation 7.3). Lastly, one still
needed to consider that No represents the reach of two aa’s touching each other, and that it is
defined by the combined SCRs of these two aa’s. In this case, since each blob studied so far
was defined by aa’s having the same SCRs, the No values of these polypeptides represented
twice the intrinsic reach of each aa (i.e. No = 2xN(SCR) for symmetrical blobs). These
relationships were then used to generate a plot of N(SCR) as a function of SCR for pyrene-free
aa’s in Figure 7.7A. The linear relationship in Figure 7.7A could now be used to determine the
N(SCR) value for any aa based on its SCR according to Equation 7.4. For the purpose of
determining N(SCR), the SCR of an aa was determined as the furthest possible distance

separating the tip of its side chain to its a-carbon in terms of the number of atoms/bonds
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(including hydrogen atoms). Table S7.4 in Sl provides the SCR and the N(SCR) values of the

20 most common aa’s.
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Figure 7.7. Plot of A) N(SCR) as a function of aa side chain reach (SCR) and B) No of the
pyrene-labeled polypeptides in Figure 7.5A and the bending function (f, (SCS)) by which No
increased from its plateau value of 5.0 (£0.7) as a function of side chain size (SCS). The dashed
lines represent the lines of best fit equal to A) N(SCR) = 0.45 (+0.02) x SCR and B) defined

by Equation 7.4.

Ny, —1 1.78xSCR

. ~0.45% SCR (7.4)

N(SCR) =%

The N(SCR) value determined from Figure 7.7A represents the number of structural
units an aa can interact with in one direction along a polypeptide backbone if and only if the

backbone adopts a rigid extended conformation (like the one shown in Figure 7.2B). However,
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Figure 7.5A demonstrated that a polypeptide backbone was only rigid if the blob contained
aa’s with side chain sizes (SCSs) of 5 non-hydrogen atoms or greater. Since the sequence of a
protein often contains many different aa’s, it is very likely that the blob of a protein will contain
a mixture of aa’s with side chains both larger and smaller than 5 atoms which, respectively, do
not and do affect the size of a blob. Therefore, the effect that the local aa sequence inside a
blob has on the N(SCR) value must be determined. In particular, it will affect the term No which
is used to determine Noiob in Equation 7.4 and which represents the number of aa’s that a
reference residue can interact with along one of its flanks, after taking into consideration the
local polypeptide (or protein) conformation. Thus, the No value for a symmetrical blob is
expected to equal [2xN(SCR)]xfu(SCS), where f»(SCS) is the bending function accounting for
the change in the N(SCR) values due to the local backbone conformational freedom of a
polypeptide resulting from the SCS of an aa. f,(SCS) was estimated from the increase in Nbiob
from 11.0 (x£1.4) to 22.5 (x1.5) in Figure 7.5A as the SCS decreased from 5 to 0 atoms. Since
this behavior was only representative of the 5 atom-long side chain of the 1-
pyrenemethylamine-labeled Glu (SCR = 5), it needed to be generalized. This was
accomplished by first determining the corresponding No (=(Nbiob — 1)/2) values which were
plotted as the secondary axis in Figure 7.7B as a function of SCS. All No values in Figure 7.7B
were then normalized by dividing them by the plateau value of 5.0 (x0.7) found for PyMe-
PDLGIu and PyMe-PLys(Z)Glu to yield the bending function f,(SCS). The bending function
represented the factor by which N(SCR) increased due to the additional conformational

freedom provided by the introduction of aa’s with smaller SCS in the local aa composition
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inside a blob. fp(SCS) was plotted as a function of SCS on the primary axis in Figure 7.7B.
SCS values of 5 or greater resulted in an f,(SCS) value equal to unity. An f,(SCS) value of 1.0
indicates that an oligopeptide segment occupying a blob containing only large aa’s is in an
extended conformation and that the No value is simply equal to the N(SCR) value determined
from Figure 7.7A. However, if a protein blob contains a smaller amino acid, the N(SCR) value
would be increased by the factor fp(SCS) to account for its increased conformational freedom.
To determine which SCS within a blob should be used to calculate f,(SCS) in Figure 7.7B, the
PyMe-PAlaGlu copolymers were used. Figure 7.5B showed that without alanine, a PDLGIu
backbone had a blob size of 10.5 (+1.7) aa’s. However, if 2 — 3 of those Glu’s, corresponding
to an alanine content per blob of 0.24x10.5 = 2.54 for the PAlag.24Gluo.76 copolypeptide, were
replaced by an alanine, the blob size increased by ~48%. Again, since a blob is defined by the
number of aa’s on both sides of the reference aa bearing a pyrenyl label, this meant that on
average there only needed to be ~1 (=2.54/2) alanine on each side of the reference residue to
increase its blob size. In other words, the N(SCR) value of the PyMe-Glu residue increased by
~ 48% (Figure 7.7B) due to the inclusion of a single alanine inside the blob. This indicated that
the No value of an aa responds to the smallest aa in its range, even at very low levels of
incorporation. Consequently, the aa with the smallest SCS among the No residues within reach
of a reference aa defines fo(SCS) for the reference aa. The f,(SCS) values in Figure 7.7B were
fit empirically with the piecewise function given as Equation 7.5 allowing for the calculation

of f,(SCS) for any SCS. Equation 7.5 uses the SCS of the smallest aa located within No units
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of the reference residue. Figure 7.7B could then be used as a calibration curve to determine

fo(SCS) for the local composition experienced by a reference aa inside a blob.

—0.266

fb(SCS)={1'57X(SCS +03)"" scs<5 75)

1 SCS >5

Since N(SCR) and f(SCS) could be determined as a function of the SCR and SCS for
all aa’s constituting the local sequence surrounding a reference aa, the Npiob Value could now
be estimated for any aa in a heterogeneous polypeptide, such as a protein. The process used to
calculate Noiob for a reference aa represented as the i" aa in a heterogeneous sequence is
illustrated in Figure 7.8. The process is based on the fact that for two aa’s to interact, their side
chains must be able to touch. Therefore, No was calculated by determining the aa that was the
furthest away from the i aa used as reference in Figure 7.8, such that the side chains of the i
aa and a second aa located at position i —j in a polypeptide (i.e. j aa’s to the left of the reference
aa) could still touch one another. Since the SCR of an aa defines its N(SCR) value, the furthest
the aa’s at position i and i — j could be separated from one another and still interact, while the
polypeptide retained an elongated conformation, was the sum of their N(SCR) values (=
N(SCR(i)) + N(SCR(i-}))). However, since the local conformation depends on the SCS of the
aa’s located between (and including) the aa’s at positions i and i — j (SCS(i—i-j)), the sum of
their N(SCR) values needed to be multiplied by f,(SCS(i—i-j)) to account for the backbone

conformation. As explained in the discussion pertaining to the bending function, fo(SCS(i—1i-
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J)) takes the value f,(SCS(I)) of the smallest aa located at position | such thati —j <1 <.
Therefore, the largest number of aa’s in a heterogencous polypeptide separating the aa’s at
positions i and i — j, while still allowing them to interact, would be [N(SCR(i)) + N(SCR(i-
INIXf(SCS()). If the number j of aa’s was less than the product [N(SCR(i)) + N(SCR(i-
INIXf(SCS(1)), then the two aa’s were considered close enough to interact. A similar reasoning
would apply for a secondary aa located k aa’s to the right of the reference aa at position i.
Since a blob is defined by the largest number of aa’s separating the reference aa from a
secondary aa, the No'and No' values for the No value left and right of the reference aa at position
I, were set equal to the largest number of aa’s separating the reference aa at position i and a
secondary aa at position i —j or i + k, respectively, while still allowing them to touch via their
side chain. Therefore, as depicted in Figure 7.8, No' and No" equaled the largest integers j and

k satisfying the conditions described in Equation 7.6,

j < [N(SCR(i—/)) + N(SCR(i))]*fo(SCS(1)) (7.6a)

k < [N(SCR(i)) + N(SCR(i-+k))]xfo(SCS(1)) (7.6b)

where | represents the position of the aa with the smallest SCR such thati —j<I<iori<I<

i+k depending on whether the sequence to the left or the right of the reference aa is being

considered, respectively. Finally, the Npiop Value was calculated as No' + No" + 1.
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[N(SCR(i—)) + N(SCR(i))]xfa(SCS(1)) v
[N(SCR(i)) + N(SCR(i+k))]xf(SCS(1))

Figure 7.8. Schematic representation of the components defining the Npion value for the
reference aa (i, black) in a heterogeneous polypeptide. The No values depend on the side chain
reaches (SCRs) and side chain sizes (SCSs) of the reference residue (i) and its neighboring
aa’s to the left ((i-))™ aa, green) and right ((i+k)"" aa, blue). The superscripts ‘I’ and ‘r’ denote
whether the No values are to the left or to the right of the reference aa at position i, respectively.
The numbers i, j, and k denote the position of each aa in the sequence. The SCR of each aa
defines its N(SCR) value according to Figure 7.7A. The SCS of the smallest aa with an index
| between i—j and i (SCS(i-j—1)) and between i and i+k (SCS(i—i+k) defines the f,(SCS(I))
values to the left and right, respectively. The values of j = No' and k = No" are determined by
taking the largest integers satisfying the condition [N(SCR(i—j)) + N(SCR(i))]xfo(SCS(i-j—1))
>jand [N(SCR(i)) + N(SCR(i+k))]xfo(SCS(i—i+k)) > k, respectively, as described in Equation

7.6. Nbiob = No' + No" + 1.

Determining the blobs in a protein: Now that a procedure had been implemented to determine

the Npiob Values of each aa in the sequence of a protein, the next step was to use these Npiob
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values to determine how many blobs a protein might contain and what their average size would
be. Since every aa was assigned an Npiob Value, a procedure was implemented to determine
which of these Npiob Values best defined the protein. The largest Noiob Value was identified first,
since it would be expected to generate the greatest number of interactions and therefore be
central to the folding process. Next, the Nuion Values for all other aa’s contained within the blob
were discarded since these aa’s (which by definition have smaller Npiob values) were
considered to be contained within the larger blob. This marked the boundaries of the first blob
of the protein. The next largest Noiob Value in the remaining sequence was then found and the
process repeated, marking the boundaries of the second blob. Continuing this iterative process,
the entire sequence was compartmentalized into blobs, at which point the Npion Values were
averaged to yield the proteins average Npiob Value, and tallied to give np, the number of blobs.
An example illustrating this procedure is given in the SI. In some cases, the search for the
largest remaining Npiob Value returned two or more aa’s with the same Npiob Values. In this
situation, one of the aa’s was selected at random since it was equally likely for the blob to be
centered about any of the aa’s with the same Npion. FOr this reason, the calculation of the
proteins n, and Npion Value was averaged over 1000 iterations of this process to obtain
representative values. The resulting <Npiob> and <ny,> values were therefore equal to average
blob size and number of blobs, respectively, contained within the protein. Since the boundaries
of the blobs may intersect with one another, the product <Npiob>%<np> is often greater than the
protein length since this product ‘double counts’ the aa’s contained within the overlapping

regions of the blobs. While this double counting might appear troubling at first glance, it is
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clear that the conformational search of one aa whose side chain can interact with the side
chains of other aa’s in a neighboring blob does not stop at the boundary of the neighboring
blob and will involve these neighboring aa’s. A discussion on the implications of overlapping
blobs is given in the SI.

Estimating the folding time of a protein: The folding of proteins takes place in
compartmentalized domains, as demonstrated by hydrogen exchange experiments.®® These
domains consist often of continuous segments in the sequence of a protein, demonstrating that
folding involves the rearrangement of a linear oligopeptide segment contained within a
subvolume of the protein. The number of aa’s contained within each of these folding
subvolumes must therefore depend on the local chain conformation and dynamics. Since Npiob
represents the number of aa’s which locally interact with one another in the subvolume of a
polypeptide, it provides a method to estimate the number of aa’s that encounter diffusively to
generate the folding domains within a protein. By viewing a protein as a string of blobs, the
number of conformations and therefore the folding time of a protein can be calculated. Starting
from an unfolded protein in a coiled conformation, the aa’s contained within each blob begin
to simultaneously interact with one another, starting the folding process. As folding continues,
the blobs must also rearrange among themselves so that the folding domains can assemble into
their native conformation. Based on this model, the number of conformations that a protein
can adopt is divided into two components, namely the number (©2g) of conformations resulting
from the re-arrangement of aa’s inside a blob and the number (©2wm) of re-arrangements among

the blobs constituting the protein. Since each blob contains Noion aa’s, Qg is defined by the
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number of conformations enabled by Nuion Structural units. Similarly, Qv depends on the
number (ny) of blobs contained within the protein. To calculate the number of conformations

among a number Npiob Of @a’s and np blobs, Equation 7.7 was used.

Q(n):C(n—l)H,u”‘2 7.7)

As discussed in an earlier publication,?® Equation 7.7 defines the number of unique
conformations (£2) that a polymer with n structural units can adopt. It is based on the results of
the renormalization group theory of self-avoiding walks. On a 3D cubic lattice, the constants
C and y are equal to 1.17 and 7/6, respectively,*®! while the constant u is the effective
coordination number, which depends on the solvent quality. Since the dense globular structure
of a folding protein is expected to be similar to that of a polymer in a poor solvent, 1 was set
equal to 3.19, which is the calculated degree of freedom of a polymer in such conditions.*?

Based on the above description of a folding protein, each blob folds simultaneously so
that the conformational searches of the blobs parallel each another. As the aa’s within each
blob undergo their conformational search, the blobs are also probing their conformations,
which compounds the number of conformations within a blob (2g) with the number of
conformations among the blobs (Qm). Assuming that an aa requires some particular time z, to
probe a single conformation, the folding time (zr) needed for this conformational search to
reach the native conformation of a protein is defined in Equation 7.8, using the average blob

size <Npiop> and number of blobs <np> of a protein. In Equation 7.8, 1p is set equal to 1 x 10712
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s, which corresponds to the time-scale of local molecular motions and is commonly used as

the conformational search time of an aa in a protein.3-4

7 =Q(< Ny, >)xQ(<n, >)x7 (7.8)

p

Correlation of Calculated Folding Times: Following the above procedure, the primary
sequence of 145 proteins were converted into strings of Nbion Values. The Noiop Values were
then used to divide the sequence of the proteins into strings of blobs. The average number of
blobs (<np>) constituting a protein and their average Npiob Values (<Nbiop™>) Were then used to
estimate its folding time using Equation 7.8. The calculated folding times were then compared
to experimentally determined z values in Figure 7.9.47% A list of the proteins and their
experimental and calculated zr, <Nbiob>, and <ny> values is provided in Table S7.6 in the SI.
The Sl also contains more considerations about the procedure applied for predicting the =

values.
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Calculated log(zg)

10 6 2 2 6
Experimental log(zg)

Figure 7.9. Plot of the logarithm of the folding time (zr) of proteins calculated from the
fluorescence blob model as a function of the logarithm of experimentally determined zr values.
The solid line represents the equality line. The correlation coefficient r of all the proteins is
equal to 0.73. Excluding VISE, r = 0.75 and the line-of-best-fit (dashed): y = 1.00 (x0.07) x +

0.3 (x0.2).

Figure 7.9 shows that overall, the calculated folding times match the
experimentally determined ones relatively well with a correlation coefficient of 0.73. The one
significant outlier appears to be the V1sE protein (PDB: 1L8W). VISE is often excluded from
correlation trends due to its abnormal folding rate.*®-? The use of topological descriptors (ex.
contact order) suggests that VISE should fold ~ 4 orders of magnitude faster due to its primarily
a-helical structure.*® Interestingly, polypeptide dynamics used in this study predicts that VISE

should fold much more slowly due to its large size (and many blobs). In either case, the folding
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time of VISE is often an outlier in correlation trends. If the VISE protein is excluded, the
correlation coefficient in Figure 7.9 increases to 0.75 demonstrating that polypeptide dynamics
are a good predictor for the folding times of proteins, regardless of their size, structural class,
or folding kinetics. Furthermore, the 1.00 (£0.07) slope of the line-of-best-fit indicated that the
predicted folding times showed a 1:1 relationship with the experimentally determined values
and the 0.3 (x0.2) intercept showed that the values were similar. In fact, the average difference
between the calculated and observed folding times was used to show that the blob-based
method described herein was able to predict folding times within +1.4 orders of magnitude of
the experimentally determined values.

The 0.75 correlation coefficient obtained using a blob-based approach to predict the
folding time of proteins is rather comparable to correlation coefficients obtained using
topological parameters. However, what makes the blob approach different is that the method
explicitly predicts folding times and does so using only information pertaining to the internal
dynamics of polypeptides in solution as a function of aa composition. In contrast, most other
experiment-based models correlate the topology (typically contact topology) of the folded
proteins which requires information from the high-resolution structures of the natively folded
proteins. In this respect, the blob-based approach is the first example in the literature which
solely relies on experimentally obtained information on the dynamics of polypeptides to
predict the folding time of proteins.

A similar blob-based methodology has been applied previously to predict protein

folding times, but it used many approximations.?® The main assumption was that all proteins
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had a blob size of ~19 aa’s which decreased for smaller proteins due to chain end effects. The
Nbiob Value of 19 aa’s was taken as the average of the Npiop Values of 22.5 (£1.5) for PyMe-
PGlyGlu and 15.8 (x1.0) for PyMe-PAlaGlu. Although this assumption led to a similar
correlation coefficient of 0.73 for the same 145 proteins considered, the current study is most
important because it takes into consideration the molecular details of a protein sequence and
eliminates any possible contribution from the pyrenyl labels used to determine the blob sizes.
The precise aa sequence of each protein was taken into account while determining the size and
number of blobs of each protein. These corrections were important, as the current model now
demonstrates that the folding time of proteins can be calculated based on their individual
internal dynamics and local conformation, even when pyrene is accounted for and removed

from the process.

7.5 Conclusions

The dynamic and structural parameters retrieved from applying the FBM to specifically
designed pyrene-labeled polypeptides were employed to propose a theoretical framework
enabling the compartmentalization of a protein sequence into blobs, which were specific to
each aa constituting a protein sequence. This led to the implementation of a program which
was used to predict the folding times of proteins. The excellent agreement found between the
predicted and experimental folding times suggests that the short folding time of proteins is a
mere consequence of polymer chain dynamics, which promote the local interactions in

subvolumes of the polypeptide coil, and that these interactions are well described by a blob-
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based approach like the FBM. This study opens the path to numerous experiments that should
be aimed at further refining the form of the f,(SCS) function defined in Equation 7.5 and
establishing a broader library of Npiob Values for more aa’s and different lengths of spacers
separating the pyrenyl label from the polypeptide backbone. It is certainly the main advantage
of the proposed methodology that experiments can now be designed to probe the specific

effects that selected aa’s might have on the folding times of proteins.
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Chapter 8

Concluding Remarks and Future Work
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8.1 Thesis Summary

The primary goal of this thesis was to assess whether a combination of pyrene excimer
fluorescence (PEF), fluorescence blob model (FBM) analysis, and molecular mechanics
optimization (MMO) could characterize the conformation and internal dynamics of
polypeptides in solution. The proof of principle for this primary goal was established in
Chapter 2 by using poly(L-glutamic acid) (PLGIlu) and poly(D,L-glutamic acid) (PDLGIu) as
model polypeptides. PLGlu and PDLGIu were labeled with 1-pyrenemethylamine to yield Py-
PLGlu and Py-PDLGIu, respectively. Circular dichroism (CD) was used to assess the
conformation of Py-PLGlu and Py-PDLGIu in DMF and DMSO. The absence of molar
ellipticity (/0]) of the 'Bp band of pyrene for Py-PDLGIu demonstrated that Py-PDLGIu
adopted a coiled conformation in both solvents. An increase in [] with increasing pyrene
content of Py-PLGIu indicated that Py-PLGIlu adopted an a-helical conformation in DMF.
While DMSO was expected to denature the Py-PLGIu helix into a random coil, the non-zero
[6] values suggested that Py-PLGlu adopted a structure intermediate between an a-helix and
a random coil in DMSO. The fluorescence of the monomer and excimer decays of Py-PLGlu
and Py-PDLGIu were analyzed within the framework of the FBM to yield Nbion, the number of
structural units (Glu residues) contained within a blob, which is the volume probed by an
excited pyrene bound to the polypeptide, and kunion, the quenching rate constant in a blob
containing one exited and one ground-state pyrene. The Npioh Value of Py-PDLGIu was found
to be similar in DMF and DMSO, taking an average value of 10 (x1), while the Nbio» Value of

Py-PLGIlu was significantly larger in DMF and DMSO, taking values of 21 (1) and 18 (£1),
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respectively. To help with the assessment of Nbiob, molecular mechanics optimizations
(MMOs) were utilized. a-Helical and coiled conformations of PGlu were constructed in silico
and were used to determine the largest number of Glu’s, referred to as the theoretical Npiob
value (Nbiob™™®), that could separate two pyrene-labeled Glu residues and still allow for PEF.
Nbiob™° was found to equal 23 and 10 (+1) when PGlu adopted an e-helical and a coiled
conformation, respectively. Comparison of the theoretical Npiob™® and experimental Npiob
values led to the conclusion that Py-PLGIlu adopted an a-helical conformation in DMF and Py-
PDLGIu adopted a coiled conformation in both DMF and DMSO, in agreement with the results
obtained by CD measurements. Interestingly, the Npiob Values obtained from the FBM were
similar to the folding domains found in many proteins that are made of ~ 20 amino acids (aa’s),
which suggested that the blobs characterized by the FBM had a similar length scale as the
domains generated during protein folding. The internal dynamics of the polypeptides were
investigated next with the term kpion, Which represents the rate constant at which the aa’s
encompassed inside a blob encounter each other. The Py-PLGlu a-helices and Py-PDLGIu
random coils yielded similar koiob Values, which suggested that interactions between the side
chains of the Glu residues occurred at a similar frequency regardless of the backbone
conformation. Whereas Kkoiob describes the encounter frequency between Glu residues, the
inverse of kpiob (Koiob 1) reports on the time scale over which these encounters occur. For Py-
PDLGIu, it was found that the 10 Glu’s constituting a blob would interact with one another on
a ~ 73 ns time scale, which is the same time scale expected for the internal dynamics

experienced by a hypothetical protein made of Nyiob aa’s (3N?1°x1 ps ~ 60 ns). The ability for
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the FBM to not only provide information on the structure and dynamics of a polypeptide, but
to do so on the same time- and length-scale at which proteins fold, suggested that the diffusive
encounters between the aa’s, which define the blob of a polypeptide, are also responsible for
defining the folding domains in proteins. This insight provided the opportunity to use the FBM
to explore in a controlled manner how changes in the conformation and amino acid (aa)
composition of a polypeptide affected the number of aa’s which can locally interact with one
another in a blob and the rate at which they do so.

In Chapter 3, the FBM analysis of polypeptides was pushed further by investigating the
effect that the charges borne by aa’s had on the blob size and dynamics. This was accomplished
by comparing the Nbiob and Keiob Values, obtained for Py-PLGIlu and Py-PDLGIu in their
protonated form in Chapter 2 to those obtained in their deprotonated form, referred to as Py-
PLGNa and Py-PDLGNa, respectively. The FBM revealed that the blob size (Npiob) remained
constant in DMSO, whether or not the Glu side chains were charged. Since Py-PDLGIu and
Py-PDLGNa both adopted a coiled conformation, the similar Npiob Values of ~10 indicated that
the blob volume was independent of whether the side chains were charged. Interestingly, the
relatively large Nbiob value of ~18 for Py-PLGlu in DMSO persisted even when it was
deprotonated, which indicated that PLGIu and PLGNa must retain some structured
conformation in DMSO. Since the Npiob Value of ~18 aa’s did not match either of the Npjop™°
values of 23 or 10 obtained by MMOs for PLGIu in either an a-helical or random coil
conformation, respectively, it implied that Py-PLGlu and Py-PLGNa in DMSO did not adopt

either conformation. Consequently, the MMOs were extended to include Py-PLGIu constructs
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adopting the polyproline type-1l (PPIl) and 3io-helical conformations. The 3io-helical
conformation of PGlu yielded an Npioo™® value of 19, matching the Npiop Value of ~ 18 aa’s
obtained for Py-PLGIlu in DMSO and identifying the 310-helix as the probable conformation
adopted by PLGlu in DMSO. This marked the first time that the FBM had been used to identify
the unknown conformation of a macromolecule in solution. Comparison of the kpion Values
obtained for the protonated and deprotonated Py-PGlu samples showed that the presence of the
charged glutamate side chains led to a ~ 40% decrease in the side chain mobility due to their
ionic repulsions. A pyrene-labeled poly(L-lysine) (Py-PLL) was also studied in its protonated
(charged state). Using a combination of MMOs and the FBM, Py-PLL was found to adopt a
coiled conformation in DMSO with an Npiob value of 14 (x1). Compared to the coiled Py-
PDLGIu, the longer side chain of lysine connecting the pyrenyl label onto the PLL backbone
allowed the excited pyrene to probe a larger volume, resulting in a larger blob size despite the
similarity in their conformations. This highlighted the important effect that aa side chain length
had on the blob size. The similar Npiob Values found for different polypeptides regardless of the
side chain charges and the dependency of Nuion 0N the length of the spacer separating the
pyrenyl label from the polypeptide backbone suggested that the size of the folding domains in
proteins are also independent of the presence of charges, and that the domain size depends only
on the conformation and side chain length of the aa’s.

The increase in Npion 0f Py-PDLGIu from 10 in a coiled conformation to 21 for Py-
PLGIu in an a-helical conformation showed that the blob size depended on the local

conformation adopted by the polypeptide. To further investigate this effect, Chapter 4 aimed
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to characterize how the blob size of Py-PLL changed as PLL folded into more complex
architectures. The smallest blob size of Py-PLL was found to be 14 (1), when PLL adopted a
coiled conformation in either DMSO or a 60:40 acetonitrile:water mixture. When the
acetonitrile content of the acetonitrile:water mixture was increased to 90%, the Py-PLLs
aggregated into large structures. The addition of a 50-fold excess of unlabeled PLL isolated
the Py-PLLs from one another, which allowed for their individual characterization. The Npiob
value of the isolated Py-PLLs equaled 25 (1), corresponding to the Npion™®° value expected
for an a-helical conformation using MMOs. AFM images of the Py-PLLs revealed that the
large aggregates were composed of organized bundles of Py-PLLs aligned parallel to one
another. With this information, the FBM was then applied to analyze the fluorescence decays
of a solution of the aggregated Py-PLLs. The presence of intermolecular interactions between
the Py-PLL a-helices led to a further increase in Npiob to 37 (£3). The increase in Npiob by ~12
lysines upon incorporation into a PLL bundle was used to determine that the bundled PLL
helices must have been separated by an interhelical distance of 2.9 nm, resulting in a density
of 0.25 g/mL. The evolution of Npiob as Py-PLL underwent a conformational change from a
random coil, to an a-helix, and finally to bundles of a-helices provided a snapshot of how the
number of aa’s capable of diffusively encountering one another increased with increasing
structural order. This insight led to the conclusion that the folding subdomains generated in a
protein are expected to increase in size along its folding pathway due to the increased number

of interactions experienced by the aa’s.
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The firm conclusions drawn in Chapters 2 — 4, that the FBM could successfully
characterize the ordered conformations of polypeptides in solution, led to the investigation in
Chapter 5 of the effect that the aa sequence of a polypeptide has on its conformational freedom
and dynamics, when the polypeptide is in an unstructured state. This study was conducted by
preparing a series of copolypeptides containing racemic mixtures of D,L-Glu and either glycine
(Gly), D,L-alanine (Ala), or carbobenzyloxy protected D,L-lysine (Lys(Z)) to produce
PGlyGlu, PAlaGlu, and PLys(Z)Glu, respectively. The copolypeptides were all prepared with
a similar Glu content of ~ 44 mol% to ensure that the only difference in the copolypeptide
composition was the choice of the aa comonomer. Furthermore, the racemic mixtures of aa’s
used in the preparation of the copolypeptides ensured that they could not form secondary
structures in solution. The FBM results of the pyrene-labeled copolypeptides were then
compared to those obtained with Py-PDLGIu to determine what effect the side chain size (SCS)
of an aa had on the polypeptide blobs. The Nuiob Values of Py-PLys(Z)Glu was similar to that
of Py-PDLGIu, which suggested that all copolypeptides prepared with aa’s having a SCS
similar to, or larger than, Glu were expected to adopt an elongated conformation on the length-
scale of a blob. Compared to the average 11 (1) blob size of Py-PDLGIu and Py-PLys(Z)Glu,
Nbiob Was found to increase to 16 (+1) for Py-PAlaGlu and 23 (x2) for Py-PGlyGlu in DMSO
due to a reduction in steric hinderance between the small side chains of Ala and Gly and their
neighboring residues. The reduction in steric hindrance meant that the polypeptide backbone
was now much more flexible, allowing many more aa’s to interact with one another within a

blob. The surprisingly narrow range of Nuion Values obtained in this study suggested that 17 of
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the 20 most common aa’s were expected to have only very minor effects on the backbone
conformation of a polypeptide, resulting in estimated blob sizes of 11 to 14 aa’s. Significant
changes in a polypeptide conformational freedom required that either Ala or Gly be present in
the sequence. The internal dynamics experienced by the copolypeptides were also compared
with the product KeiobXNbiob, Which represents the number of encounters between the aa’s in a
blob per unit time. KoiobXNoiob Was found to remain constant for all the pyrene-labeled
polypeptides except for Py-PGlyGlu, which resulted in ~twice the frequency of encounters
between the aa’s. This suggested that the aa sequence of a polypeptide has a very limited effect
on its internal dynamics unless Gly (and very likely proline, which was not included in the
study) is present.

The preliminary results of Chapter 5 indicated that the incorporation of aa’s containing
small side chains defined the number of aa’s capable of interacting with one another in a
polypeptide sequence and the frequency at which they did so. However, these conclusions were
based on copolypeptides containing a large (~60 mol%) fraction of comonomer. Chapter 6
compared a series of Py-PAlaGlu samples with alanine contents ranging from 24 to 58 mol%
to Py-PDLGIu in DMSO to investigate how the blob size and internal dynamics of a
polypeptide respond to the level of incorporation of small aa’s. kniobXNoiob Was found to
decrease with increasing Ala content due to either the increase in blob volume or blob density.
More interestingly, Nbiob increased from 11 (x2) for Py-PDLGIu (which contained 0 mol% Ala)
to 16 (x1) for Py-PAlaGlu containing 24 mol% of Ala, at which point Npioh remained constant

as a function of Ala content. The constancy of Nbiob With Ala content was rather surprising and
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indicated that the blob size was apparently controlled by the smallest aa present in a blob. This
insight led to an attempt of estimating the folding time of 145 proteins by viewing a protein as
a string of folding blobs. Assuming that each blob in a protein contained either an Ala or Gly
(the smallest aa’s), the blob size of a protein was estimated to be ~ 19 aa’s, the average of the
Noiob Values obtained for Py-PAlaGlu and Py-PGlyGlu. Although this approximation was
rather crude, a 0.73 correlation coefficient and a near 1:1 scaling was achieved between the
calculated and experimentally determined folding times of 145 proteins. The ability of the
proposed blob-based method to predict the folding times of proteins supported the earlier
conclusions drawn in Chapters 2 — 4 that protein folding is governed by the local interactions
of the aa’s contained inside blobs. This study also suggested that blob-based approaches such
as those presented in this thesis might be ideal mathematical tools to represent the diffusive
encounters between the aa’s constituting foldons, which in turn could provide an effective

means to better understand protein folding.

The final experimental chapter refined the method for estimating the blob size of a
protein by taking into account the side chain length (SCL) of each aa, the contribution of
pyrene towards a blob size, and the exact aa sequence of proteins. The effect of SCL and the
contribution of pyrene was accounted for by comparing the blob sizes of a series of pyrene-
labeled polypeptides with pyrene attached at incrementally longer SCLs from the polypeptide
backbone. A plot of Nyiob against SCL showed that a 1 atom increase in the SCL of a reference
aa resulted in a 0.89 increase in the number of aa’s that the reference aa could interact with

on each of its two sides along the oligopeptide segment constituting its blob. Extrapolating the

274



SCL to 0 atoms revealed that the pyrene molecule increased the blob size of the pyrene-labeled
polypeptides by 0.7 aa’s. This information was then used to calculate the inherent blob size
(N(SCL)) for each aa when the polypeptide backbone was in an extended conformation. The
results of Chapters 5 and 6 were then generalized to account for changes in the Npiob Values
due to the increase in conformational freedom imparted by aa’s having a small SCS by defining
the bending function fy(SCS), which was defined by the local sequence surrounding an aa. The
blob size for each aa in the sequence of a protein was determined from the product
N(SCL)xfs(SCS). The blobs were then sorted based on their size to determine the average size
and number of blobs in a protein. These numbers were then used to estimate the protein folding
time based on the number of configurations available to a protein according to the procedure
that had been described in Chapter 6. The calculated folding times of 144 proteins were within
~ £1.4 order of magnitude of the experimentally determined values, yielding a correlation
coefficient of 0.75. The ability of the proposed blob-based approach to predict the folding time
of proteins suggests that the complexity of protein folding arises from the chain dynamics and
interactions experienced by the oligopeptide segments that define the subvolumes, where the

folding of a protein actually takes place.

8.2 Future Work

The main conclusion of the studies presented in this thesis, namely that the polypeptide blobs
can be viewed as the domains where folding occurs in proteins leaves this area open to many

avenues of research. The early chapters focused on the effect that the polypeptide structure has
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on blob size. This effect could be investigated further by studying the blobs generated by other
secondary structures found in proteins, such as f-sheets. Preparing macromolecules with well-
defined densities of polypeptide chains, such as a bottle-brush type architectures with
polypeptide branches, could be used to investigate in a controlled manner changes in the blob
size and internal dynamics of the polypeptide chains as a function of the density of the
polypeptide branches. These types of studies could then be applied to map the changes in a
polypeptide behavior, as the side chains interact with one another in an increasingly crowded
environment.

The latter chapters focused on how the aa sequence affected the behavior of a
polypeptide in solution. The assumption that the blob size of a polypeptide is defined by the
inclusion of a single small aa was based on the constant Noion Values obtained for the Py-
PAlaGlu samples as a function of alanine content in Chapter 6. To this end, two additional
experiments should be conducted to further support this conclusion. First, the lowest alanine
content of the PAlaGlu samples used in Chapter 6 was 24 mol%. Consequently, a PAlaGlu
with a lower (~5 — 10 mol%) alanine content should be prepared to assess whether or not a
constant Npiob Value continues to apply for very low alanine contents. Second, it would be
beneficial to confirm that any copolypeptide prepared with small aa’s exhibit the same pattern
as the PAlaGlu series, namely that their blob size is independent of the small aa content. To
test this assumption, a series of Py-PGlyGlu’s with a glycine content ranging from ~ 10 to 40

mol% could be prepared to evaluate how Nbion Varies as a function of glycine content.
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The experiments described in this thesis led to the broader question of how the heterogeneous
sequence of a polypeptide affects the blob size and chain dynamics. Chapter 7 handled this
question by introducing the bending function f,(SCS), which defines the increase in the blob
size of an aa due to the flexibility of its surrounding oligopeptide sequence. The f,(SCS) term
was built from the results obtained with the copolypeptides prepared in Chapters 5 — 7. In
addition to the suggested experiments mentioned above, additional experiments could be
designed to improve the accuracy of f,(SCS). Some simple experiments would involve the
preparation of Py-PXGlu copolypeptides, where X is any aa of choice, to map the response of
the Nbiob Value to each aa, while keeping the Glu residue for pyrene labeling. One noteworthy
aa would be proline, whose cyclic structure could not be accounted for in the current studies.
The comparison of leucine and isoleucine copolypeptides would also be of interest due to their
relatively small side chains and their difference in branching. Preparation of these two
copolypeptides would be used to investigate the impact that branching has on the dynamics of
a copolypeptide. Furthermore, fo(SCS) relies on the relative change in Npon for a 1-
pyrenemethyl amine attached onto glutamic acid resulting in a 5 atom-linker as a function of
comonomer side chain size. To ensure that the blob size defined by the length of the side chain
of an aa responds to chain flexibility according to the same f,(SCS) function, the effect of the
comonomer side chain size (SCS) should be investigated for copolypeptides containing pyrene
attached onto aa’s other than glutamic acid. Lysine-based copolypeptides would be ideal
candidates for these studies since 1-pyreneacetic acid could easily be attached onto the e-amine

of lysine, resulting in a 7-atom linker separating pyrene from the polypeptide backbone. Lastly,
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fo(SCS) assumes that polypeptides containing more than 2 different aa’s behaved in a similar
manner to the studied copolypeptides (i.e. only the smallest aa in a blob is important). This
assumption should be verified by preparing polypeptides from 3 or more different aa’s. Out of
the aa’s studied in this thesis, the terpolypeptide of glutamic acid, alanine, and
carbobenzyloxy-lysine (Lys(Z)) could be used to determine if the very large side chain of
Lyz(Z) would dampen the increased flexibility imparted to the polypeptide backbone by
alanine, or if alanine does indeed define the blob size regardless of any other larger aa’s. The
results obtained by applying the FBM to polypeptides of increasingly complex sequences
would be used to refine fo(SCS), to more precisely predict the blob sizes in the pseudo-infinite
combination of aa’s defining a protein. To verify the ability of the procedure introduced in
Chapter 7 to predict the blob size in proteins, the FBM could be applied to a denatured protein.
The protein would need to have a pseudo-random distribution of aa’s to which pyrene could
be labeled, such as glutamic acid or lysine. After denaturing the protein with guanidinium
chloride in DMSO, it could be labeled with pyrene and studied with the FBM. The results
obtained from the FBM could then be used to ensure that fo(SCS) can accurately predict the
blob size of proteins, and to refine the selection criteria for defining the blobs constituting a

protein.
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UV-Vis absorption spectra.
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Figure S2.1: Example UV absorption spectra of Py-PLGlu (left) and Py-PDLGIu (right) in
DMF.
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Molar ellipticity spectra obtained from circular dichroism.
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Figure S2.2: Circular dichroism of Py-PLGlu (right) and Py-PDLGIu (left) in DMF (top)

and DMSO (bottom). The solvent baseline is given as the dashed lines.
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Equations for Fluorescence Decay Analysis

Equation for monomer fluorescence decays:

[Py*](t) :[Py;ff ](t) +[PY:2](t) + [Py:ee](t) =[Py 1o EXp[_ (Az +Tijt - A (1_exp(_A4t))J

M

([Py”] #[Pyanloe” z/?ug A%:Ak ]e p[ (k +L}J
_ A A +IA, B L1
[Py, 1, € Z T exp( (A2+|A4+TM jt]

+[PY free I exp(— L] } (S2.1)

Twm

Equation for excimer fluorescence decays:

A A A, J

[E*]., =[E0*],, +[D*]y, = kz[[[Pykz(EO)]o—l_[Pydlff(EO)]oe Z it A +iA, K

oL {2

kK, +——
exp —(AZ +iA, +1]t —exp(— tj
A2+|A Twm Teo

i A +iA, -k, A2+iA4+i—i

™™ Teo

X

+[Py i (EO)] & Z
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(0.0]
Ko| | [P, (D)], +[Pyay (D) e 3 22
+K,| [ [PYy.(D)], +[PYqs (D], i;O it A, +iA, -k, k +i_i
= 2

™™ Tp

i _ exp[— tj—exp(—[k2 +—
A2 + |A4 J y Tp m

i ot et
il AZ + iA4 Twu (1

Py (DL e S
i=0

it A +iA, -k, A +iA +i_i
2 4 TM TD
t t
+ [EQ], xexp(— T—j+ [D], xexp(— T_H (52.2)
EO D

In Equations S2.1 and S2.2, the parameters Az, As, and A4 are given in Equations S2.3.a—c.

A =<n> Kok, [ol0D] (52.3.3)
K, op+K, [blob]
k 2

e > Cbob S2.3.b
Ay =<n> X[kblob+ke[blob]j (52.3.0)
A, =k, +k, [blob] (S2.3.c)

<n>
I\Iblob = f—(l_ foree) (824)
Py
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Figure S2.3: Monomer (left, lem = 375 nm) and excimer (right, Zem = 510 nm) fluorescence
decays (o) of Py-PLGlu (fry = 6.9 mol%) in DMF. The instrument response function (©) and
the fit of the global analysis of the FBM (—) are overlaid with the fluorescence decays. Jex =

344 nm, [Py] = 2.5 x 106 M. 2 = 1.10.
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Molecular Mechanics Optimizations

HyperChem Procedure: A PLGIu helix was constructed of 32 glutamic acid residues using the
built-in alpha helix conformation parameters (Phi = -58 °, Psi = —47 °, and Omega = 180 °).
The glutamate side-chain on the 9" Glu residue from the C-terminus was then modified to
include a 1-pyrenemethyl amide unit. A second pyrene pendent was then added on the 10%
residue. The helix backbone was prevented from moving during the optimization by
constraining the atoms via the ‘FIX ATOMS’ constraint. Restraints were then placed on the
pyrene rings such that the pyrene pendants could be brought together in a planar manner to
achieve a 3.4 A distance between the pyrenes. A typical placement of restraints were between
the tops (C7 in a pyrene ring) and bottoms (C2 in a pyrene ring) of the pyrene molecules. The
molecular mechanics optimization (MMO) used a Fletcher-Reeves Conjugate gradient in
vacuo with a termination condition of a RMS gradient of 0.1 kcal-A-t-mol-L. The optimization
was considered successful when the planes of the pyrene pendants were parallel to one another
with no bends present in the plane of the pyrene molecule. To ensure that the maximum overlap
between the pendants was obtained, the optimization was conducted a second time as follows:
The pyrene furthest away form the backbone (the ‘red’ pyrene in Figure S2.4A) was rotated
180 ° around the methyl bond attached to the 1-position of the pyrene. This resulted in flipping
the pyrene relative to its starting position (Figure S2.4C). The MMO optimization was then
completed again resulting in Figure S2.4E. (Note the difference in orientation of the 1-methyl

groups of the pyrene pendants in Figures S2.4B and S2.4F.)
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Figure S2.4: Hyperchem renderings of A,E) the side-view of the two pyrene conformations
used for determining the maximum carbon overlap of the two pyrene pendants located on the
9" and 10" Glu residue from the C-Terminus with the corresponding B,F) pyrene-top-down
views, respectively. C,D) displays the intermediate 180 ° rotation of the ‘red’ pyrene along
its 1-methyl bond. Note: the sidechains along the PGlu backbone were hidden to highlight

the pyrene-labeled residues.
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Once the optimization was complete, and the above requirements met, the overlap of
the pyrenes was determined by highlighting the pyrene on the 9" residue and orientating the
screen such that it was orthogonal to the plane of the pyrene molecule. The number of carbons
of the pyrene on the 10" residue that fell within the frame of the reference pyrene was then
counted. The higher number of the two conformations was taken as the maximal overlap
number. This procedure was then repeated via moving the second pyrene along the PLGIlu
backbone until no overlap was observed for several units in a row.

The pyrene carbon overlap for a PLGlu random coil was conducted in a similar manner
as the helical PLGIlu. To obtain a randomly coiled PLGIu segment, a PLGIu helix containing
32 Glu units was built and then stretched by setting a restraint of 999 A between the 1% and
32% unit. After optimization, the restraint was then removed and the chain segment allowed to
relax with no restraints present, yielding the conformation of the PLGIu random coil. The
backbone was then constrained using the ‘FIX ATOMS’ constraint and the pyrene carbon
overlap was determined in the same manner as above. Since the coil segment was not
symmetrical, the pyrene labeling was repeated three times; with the first pyrene labeled on the

oth 10" and 11" Glu residue from the C-terminus, respectively.
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Parameters retrieved from the fluorescence decay analysis.

Table S2.1: Parameters retrieved using the FBM analysis of the pyrene monomer decays in

DMF.
fy ko ke[blob] Kbiob ™
Construct fmkz fmaife <n> fmfree | %2
(mol%) | (ns™h) (us™) (us™) (ns)
6.0 0.15 0.18 5.3 0.36 15 1.3 | 215 | 0.46 | 1.00
o 8.0 0.15 0.23 2.9 0.46 13 1.3 | 215 | 0.32 | 1.05
y 10.4 0.15 0.29 3.6 0.46 15 15 | 215 | 0.25 | 1.06
PDLGIu

115 0.15 | 0.22 3.1 0.54 12 1.2 | 215 | 0.24 | 1.07

124 0.15 | 0.29 3.1 0.53 14 14 | 215 | 0.18 | 1.10

2.9 0.15 | 0.16 4.0 0.40 19 1.1 | 215 | 044 | 1.15

4.4 0.15 | 0.22 3.6 0.60 12 1.2 | 215 | 0.18 | 1.17

Py- 4.9 0.15 | 0.19 3.7 0.57 14 1.1 | 215 | 0.24 | 1.15

PLGIu 6.9 0.15 | 0.36 2.8 0.54 13 1.6 | 215 | 0.10 | 1.10

9.0 0.15 | 0.38 2.9 0.52 18 21 | 215|010 | 121

14.3 0.15 | 0.57 1.7 0.35 11 3.1 | 215 | 0.08 | 1.24
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Table S2.2: Parameters retrieved using the FBM analysis of the pyrene excimer decays in

DMF.
fry TEO D
Construct fexe feditreo | feeo fegito | fep Y2
(mol%) (ns) (ns)
6.0 0.29 50 0.53 0.13 107 0.05 0.00 1.00
o 8.0 0.30 36 0.36 0.03 68 0.24 0.09 1.05
Y 10.4 0.34 41 0.38 0.00 70 0.16 0.12 1.06
PDLGIu
11.5 0.24 41 0.34 0.16 12 0.25 0.01 1.07
12.4 0.28 46 0.34 0.20 75 0.17 0.01 1.10
2.9 0.24 54 0.47 0.17 103 0.12 0.00 1.15
4.4 0.23 43 0.43 0.11 83 0.19 0.04 1.17
Py- 4.9 0.20 38 0.37 0.17 69 0.26 0.00 1.15
PLGIu 6.9 0.30 40 0.43 0.02 83 0.03 0.21 1.10
9.0 0.28 55 0.29 0.32 94 0.09 0.00 1.21
14.3 0.39 39 0.13 0.37 70 0.11 0.00 1.24
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Table S2.3: Fraction of pyrene species calculated using parameters retrieved from the FBM

analysis of the pyrene monomer and excimer decays in DMF.

ny
Construct fi2 faiffeo faif faiff faggEO faggD fagg ffree X
(mol%)

6.0 0.17 | 0.30 | 0.03 | 0.33 | 0.07 | 0.00 | 0.07 | 0.43 | 1.00

8.0 021 | 0.25 | 0.17 | 0.42 | 0.02 | 0.06 | 0.08 | 0.29 | 1.05

104 | 0.26 | 0.29 | 0.12 | 0.42 | 0.00 | 0.09 | 0.09 | 0.23 | 1.06
PDLGIu

115 019 | 0.27 | 0.20 | 0.47 | 0.13 | 0.00 | 0.13 | 0.21 | 1.07

124 | 024 | 028 | 0.14 | 043 | 0.17 | 0.00 | 0.18 | 0.14 | 1.10

2.9 015 | 029 | 0.07 | 0.36 | 0.10 | 0.00 | 0.10 | 0.39 | 1.15

4.4 019 | 0.36 | 0.16 | 053 | 0.09 | 0.03 | 0.12 | 0.15 | 1.17

Py- 4.9 0.16 | 0.21 | 0.29 | 050 | 0.14 | 0.00 | 0.14 | 0.20 | 1.15

PLGlu 6.9 0.28 | 0.40 | 0.02 | 042 | 0.02 | 0.20 | 0.21 | 0.07 | 1.10

9.0 0.27 | 0.28 | 0.09 | 0.36 | 0.30 | 0.00 | 0.30 | 0.07 | 1.21

14.3 037 | 012 | 0.10 | 022 | 0.35 | 0.00 | 0.35 | 0.05 | 1.24
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Table S2.4: Parameters retrieved using the FBM analysis of the pyrene monomer decays in

DMSO.

Construct fey . fmk2 Felblob] fndifs oro <n> ™ fmfree | %2
(mol%) | (ns™) (us™") (us™) (ns)

6.0 0.15 | 0.14 8.6 0.39 15 1.3 | 170 | 0.47 | 1.12
8.0 0.15 | 0.19 4.2 0.50 13 1.5 | 170 | 0.31 | 1.09
PDPIE/(-BIU 10.4 0.15 | 0.20 5.7 0.46 12 16 | 170 | 0.33 | 1.12
11.5 0.15 | 0.19 4.3 0.55 13 1.3 | 170 | 0.26 | 1.09
12.4 0.15 | 0.24 3.0 0.56 12 1.5 | 170 | 0.19 | 1.13
2.9 0.13 | 0.09 6.5 0.30 14 1.3 | 170 | 0.61 | 1.04
4.4 0.13 | 0.13 3.9 0.46 13 1.3 | 170 | 0.41 | 1.19
4.9 0.13 | 0.15 5.4 0.63 15 1.2 | 170 | 0.22 | 1.13
i4 6.9 0.13 | 0.20 4.6 0.63 15 1.3 | 170 | 0.17 | 1.03
PLGIL 9.0 0.13 | 0.20 2.9 0.71 14 1.8 | 170 | 0.10 | 1.22
14.3 0.13 | 0.45 3.2 0.52 10 2.8 | 170 | 0.03 | 1.14
18.4 0.13 | 0.56 4.5 0.42 12 3.3 | 170 | 0.02 | 1.15
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Table S2.5: Parameters retrieved using the FBM analysis of the pyrene excimer decays in
DMSO.

fpy TEQ )
Construct feko fedirreo | feEO feqifo feo X
(mol%) (ns) (ns)

6.0 0.22 49 0.64 0.10 133 0.02 0.02 1.12

8.0 0.26 35 0.24 0.08 58 0.41 0.00 1.09

Py-

Y 104 0.28 47 0.59 0.10 103 0.04 0.00 1.12
PDLGIu

11.5 0.23 46 0.57 0.11 82 0.08 0.02 1.09

12.4 0.26 40 0.41 0.08 68 0.21 0.03 1.13

2.9 0.18 54 0.60 0.17 145 0.03 0.03 1.04

4.4 0.19 42 0.49 0.10 79 0.20 0.02 1.19

5 4.9 0.15 48 0.49 0.25 84 0.12 0.00 1.13

y 6.9 0.20 46 0.47 0.18 75 0.15 0.00 1.03
PLGIu

9.0 0.14 43 0.22 0.33 67 0.30 0.01 1.22

14.3 0.39 40 0.34 0.02 64 0.11 0.14 1.14

18.4 0.46 42 0.28 0.01 63 0.06 0.19 1.15
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Table S2.6: Fraction of pyrene species calculated using parameters retrieved from the FBM

analysis of the pyrene monomer and excimer decays in DMSO.

ny
Construct fio faiffeo faif faiff faggEO fagg D fagg ffree X
(mol%)

6.0 0.13 | 0.36 | 0.01 | 0.37 | 0.06 | 0.01 | 0.07 | 0.44 | 1.12

8.0 018 | 0.17 | 0.29 | 046 | 0.06 | 0.00 | 0.6 | 0.29 | 1.09

P -
Y 104 0.19 | 0.40 | 0.03 | 0.43 | 0.07 | 000 | 007 | 032 | 1.22
PDLGIu
11.5 0.17 | 0.43 | 0.06 | 050 | 0.08 | 0.01 | 0.09 | 0.23 | 1.09
12.4 021 | 0.34 | 0.17 | 051 | 0.07 | 0.03 | 0.10 | 0.27 | 1.13
2.9 0.08 | 0.26 | 0.01 | 0.27 | 0.07 | 0.01 | 0.09 | 056 | 1.04
4.4 0.12 | 0.30 | 0.12 | 043 | 0.06 | 0.02 | 0.08 | 0.38 | 1.19
. 4.9 0.12 | 0.40 | 0.10 | 050 | 0.21 | 0.00 | 0.21 | 0.18 | 1.13
y 6.9 0.17 | 0.40 | 0.13 | 053 | 0.16 | 0.00 | 0.16 | 0.15 | 1.03
PLGIu

9.0 013 | 0.21 | 0.28 | 048 | 0.31 | 0.01 | 0.32 | 0.07 | 1.22

143 | 038 | 0.33 | 0.11 | 0.44 | 002 | 0.14 | 0.16 | 0.02 | 1.14

184 | 045 | 028 | 0.06 | 0.33 | 0.01 | 0.19 | 0.20 | 0.02 | 1.15
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S3 - Sl for Chapter 3

Synthetic Procedures

Pyreneacetic acid N-hydroxysuccinimide ester (2,5-dioxopyrrolidin-1-yl 2-(pyren-1-
ylacetate, PyAcOSu): 1-Pyreneacetic acid (PyAcOH) was first activated into the N-
hydroxysuccinimide ester to facilitate the pyrene-labeling of poly(lysine). In a 250 mL round-
bottom flask, PyAcOH (1.00 g, 3.84 mmol, 1.0 eq.) and N-hydroxysuccinimide (HOSu, 0.71g,
6.2 mmol, 1.6 eq.) was dispersed in 100 mL of dichloromethane (DCM) and left to stir for 15
minutes to ensure an even dispersion. N,N’-Dicyclohexylcarbodiimide (DCC, 1.17 g, 5.7
mmol, 1.5 eq.) was then added as the dispersion was stirred, which resulted in the solution
quickly becoming transparent. Over the next hour the fine white precipitate of
dicyclohexylurea (DCU) appeared. The reaction was left to stir overnight. The next day, the
reaction mixture was suction filtered (Whatman #1) to remove the precipitated DCU before
condensing the solution mixture to ca. 10 mL on a rotary evaporator. Upon condensing the
solution, more DCU precipitate appeared which was subsequently removed via suction
filtration. PyAcOSu was then isolated by precipitation into ethanol (ca. 100 mL) to yield a
yellow-brown solid (1.34 g, 3.75 mmol, 98% vyield). The solid was dried under vacuum
overnight before storage at — 20 °C. *H NMR (300 MHz, ds-DMSO): § = 8.35 — 8.07 (m, 9H),
4.90 (s, 2H), 2.79 (s, 4H) ppm.

2,5-Dioxopyrrolidin-1-yl acetate (acetic acid N-hydroxysuccinimide ester, AcOSu): AcOSu
was synthesized according to a previously reported procedure.!
N-(Pyren-1-ylmethyl)acetamide (PyMAAC): 1-Pyrenenethylamine hydrochloride (PyMA-HCI,

0.32 g, 1.2 mmol, 1 eq.) and AcOSu (0.24 g, 1.7 mmol, 1.4 eq.) were dispersed in 18 mL of
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rapidly stirred DCM. N,N’-Diisopropylethylamine (DIPEA, 0.41 mL, 2.4 mmol, 2.0 eq.) was
then added to the turbid mixture which slowly became clear over 2 hours. After leaving the
clear solution to stir overnight, the solution turned turbid and the now turbid mixture was
filtered (Whatman #1) to remove the white solid. The clear organic layer was then washed
twice with 20 mL of 1 M HCI, twice with 20 mL of 2 M NaOH, and a final wash with 20 mL
brine. The organic layer was then dried with sodium sulfate. The dried DCM was then decanted
from the sodium sulfate before its removal via rotary evaporation. The resulting solid was dried
under vacuum to yield PyMAAc (0.21 g, 0.8 mmol, 65 % vyield) as a light-yellow solid. *H
NMR (300 MHz, ds-DMSO): & = 8.55 (br. t, 1H), 8.39 — 8.02 (m, 9H), 4.99 (d, J = 5.7 Hz,
2H), 1.92 (s, 3H) ppm.

N-Butyl-2-(pyren-1-yl)acetamide (PyAcNBu): PyAcOSu (0.21 g, 0.58 mmol, 1 eq.) was
dissolved in 18 mL of stirring DCM. To the clear brown solution, N-butylamine (0.17 mL, 1.7
mmol, 3 eq.) was added before leaving the solution to stir overnight. The next morning, the
clear solution was washed twice with 20 mL aliquots of 1 M HCI, twice with 20 mL of 2 M
NaOH, and once with brine. The DCM solution was then dried with sodium sulfate. The
solution was decanted before DCM was rotary evaporated. The resulting brown solid was dried
under vacuum to yield PyAcNBu (0.14 g, 0.45 mmol, 78 % yield) as a dark-brown solid. *H
NMR (300 MHz, ds-DMSO): & = 8.41 — 7.99 (m, 10H), 4.18 (s, 2H), 3.08 (dt, Ja = 6.1 Hz, J; =

6.6 Hz, 2H), 1.39 (m, 2H), 1.27 (m, 2H), 0.85 (t, J = 7.2Hz, 3H).
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Equations of the monomer and excimer decays

The monomer and excimer decays were globally analyzed using Equations S3.1 and S3.2 for

the monomer and excimer decays, respectively.

[Py*], =[Py:;ff I +[Py:2](t) + [Py:ee](t) = [PYair 1o EXP(_ [AQ +i]t - A (1—eXp(—A4t))J

Tm

P S A o2

~[Pyas1.€ A32Aé A, A, exp(—(A2+iA4+ijtJ

it A, +iA, -k, T
+[Py free]o exp(_ LJ :| (831)
m
[E*], =[E0*], +[D*], = k. [{[Pykz(EO)] +[PYgq (EO)] e ABE /:SAZ%.ZA“J

exp(— t}—exp[— (kz +1th
TEo Tm
Y

T Teo

. 1 t
_ exp| — +1A, +— |t |—exp| ——
A, A +iA, ( (AZ ) TMJ J [ 2'on

A +IA -k, A2+iA4+i—i

Tm  Teo
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il A +iA, - 1 1
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ITm Tp
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+ [EOQ], xexp(— —j+ [D], xexp(— —ﬂ (S3.2)
TEo )

In Equations S3.1 and S3.2, the parameters Az, As, and A4 are given in Equations S3.3.a—c.

A =<n> Kok [o10b] (S3.3.)
K,op-+K, [blob]
k 2
> blob S3.3.b
A ><[kbmke [blob]J (53.3.b)
A, =k, +k, [blob] (S3.3.0)

353



Molecular mechanics optimizations for Py-PLL-HCI and Py-PLGIu
The helical PLL was constructed in Hyperchem 8.0.7 for windows using the built-in a-helix
database (Phi = —58 °, Psi = —47 °, Omega = 180 °) consisting of 45 L-lysine residues. The
ammonium-end of the 10" lysine residue from the N-terminus was modified by attaching a 1-
pyrenacetic acid unit, referred to as the reference residue. A second residue was then modified
in a similar manner. The backbone of the PLL helix was locked in place using the ‘FIX
ATOMS’ selection. Restraints were then added between the two pyrene pendants to force them
to come together in such a way that the planes of the pyrene pendants were held parallel to one
another and separated by 3.4 A. The MMO to minimize the energy of the restrained molecule
was then performed using a Polak-Ribiere (Conjugate gradient) algorithm in vacuo until a
RMS gradient less than 0.1 kcal-A~'-mol ™! was achieved. The extent of overlap between the
two parallel pyrene pendants was then assessed by superimposing the two pyrene rings and
counting the number of carbon atoms in the second pyrene that overlapped the frame of the
reference pyrene. The second pyrene was then moved to the next lysine side chain and the
above procedure was repeated. This process was continued until the two pyrenes could no
longer touch and the overlap between the two became zero. Figure S3.1A depicts the good
overlap experienced between two pyrene pendants when the second pyrene was located 11
residues away from the reference pyrene.

To construct a PLL chains adopting a random coil conformation, a chain of 45 lysines
was created and it was fully stretched by constraining the chain ends to be very far apart from

one another. An end-to-end distance of 999 A was used, but any number larger than the
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extended chain would have sufficed. The stretched chain was then relaxed until the RMS
gradient was less than 0.1 kcal-A~'-mol™!, yielding the relaxed random coil conformation for
the 45-mer oligolysine used for the MMOs. The structure of the relaxed chain with pyrene on
the 10" and 18" residue from the N-terminus is shown in Figure S3.1B. Since the coiled
segment is not symmetrical, the MMOs were repeated three times by changing the location of
the refence pyrene from the 10", 11% and 12" and averaging the number of overlapping

carbons obtained for the three overlapping pyrene pairs.
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Figure S3.1. lllustrations of the quality of pyrene carbon overlap for Py-PLL-HCI made of
45 lysine and labeled with a reference pyrene on the 10" residue from the left and having
the second pyrene labeled on the A) 21% residue (good overlap) when PLL adopted a helical

conformation and B) 18" residue (poor overlap) when PLL adopted a coiled conformation.

355



The MMOs were repeated for Py-PLGlu in a 310-helix and PPII-helix conformation
using a 30-mer oligo(L-glutamic acid) in a manner similar to that applied to generate the
a-helical Py-PLL-HCI, constructs. The built-in angles for the 310-helix were Phi = —49 °, Psi
=—-26 °, and Omega = 180 °. The PPII-helix was constructed using Phi = =75 ©, Psi = 145 °,
and Omega = 180 °.2 Due to the symmetry of the helix, the MMOs were repeated only once

using the 4™ glutamic acid residue from the N-terminus as reference.

Quenching efficiency of PyAcNBu and PyMAAc in DMSO

Although both poly(lysine) and poly(glutamic acid) were labeled with pyrene via an amide bond, the
pyrenyl motive resided on opposite sides of the amide bond for the two polypeptides. For Py-PLL-HCI,
the 1-pyrenemethyl group is bonded to the carbonyl side, while it is bonded to the nitrogen side of the
amide for Py-PLGIu and Py-PDLGIu (Figure 3.1). Since this difference in configuration involves a
single methylene group separating the pyrenyl from either atom of the amide bond, it might affect the
photophysical properties of pyrene.® Some of these properties include the monomer lifetime (zv), the
molar absorptivity coefficient (¢), quantum yield (¢), and the efficiency (p) of the pyrene derivative to
form excimer upon encounter between two pyrenes.* zv is typically found by labeling a small amount
of pyrene onto the polypeptide and fitting the fluorescence decay with a mono-exponential function,
while ¢ is typically determined by measuring the absorbance of a model compound. The model
compounds PyAcNBu and PyMAACc were used to determine ¢ for Py-PLL-HCI and Py-PLGlu (and Py-
PDLGIu), respectively. Determining =v and ¢ is enough to fully characterize the pyrene-labeled
polypeptides according to the FBM, however in order to fully compare the results between the two, p

should be determined. To do this the Birks Scheme was applied to the analysis of the monomer and
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excimer fluorescence decays of the model compounds PyAcNBu and PyMAAc. The kinetic scheme

representing pyrene excimer formation according to the Birks scheme is described in Scheme S3.1.°

Py+Py+hy —— Py + Py* —/— E*

-1

L L

™ e

Scheme S3.1. Birks scheme for pyrene excimer formation.

In Scheme S3.1, an excited pyrene Py*, with lifetime v, encounters another ground-state
pyrene Py which can result in the formation of excimer E* with a rate ki. E* can then either dissociate
to regenerate Py and Py* with the rate constant k-, or decay to the ground-state with the lifetime ze. The
time-dependent concentrations of the pyrene monomer and excimer produced according to the kinetic
scheme shown in Scheme S3.1 have been solved for and their equations are given in Equations S3.4—

3.6, where X =ky+ v tand Y = k—1+ ¢ 1.8

[E*]= k[PY*], [— exp(-t/z,) +exp(-t/ rz)] (S3.4)

JOX=Y )+ 4Kk,

[( X — rz’l)x exp(-t/z,) — (X —7; 1) x exp(—t/rz)] (S3.5)

- [Py*],
[Py"1= JOX=Y )2 +4kk,
XY (X =Y)? +akk,

= 5 (S3.6.a)

LXHY = (X =) +akk
A
2

(S3.6.b)
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Samples containing 4 to 12 mM of a given model compound in DMSO were prepared. After
purging with nitrogen, the steady-state and time-resolved fluorescence of the samples were then
acquired according to a procedure similar to the one outlined in the experimental section using a time-
per-channel of 2.04 ns-ch™! for the excimer decay. In Equation S3.7, « is an instrument constant of the
steady-state fluorometer, and ¢° and @v° are the fluorescence quantum yields of the monomer and

excimer, respectively.

o k[P
Te _ K¢_§_1[ le (S3.7)
I P Ki+7e

Equation S3.7 implies that a plot of Ie/lIm should be linear with respect to concentration with a
slope that depends on the instrument constant, the quantum yields, the excimer dissociation rate
constant and lifetime, and the rate constant of excimer formation. A plot of Ig/lm as a function of

concentration is given in Figure S3.2 for PyAcNBu and PyMAAC.
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Figure S3.2. Ie/lm as a function of concentration for (<>) PyMAAc and () PyAcNBuU in
DMSO. The dashed lines represent the linear fits with slope of 78.8 + 0.4 and 61.9 + 0.3 M*

for PyMAACc and PyAcNBu, respectively.

As seen in Figure S3.2, PyMAAC has a slope a little over 25% larger than for PyAcNBu. Since
all the measurements were acquired on the same instrument, « is constant between the two series, and
implies that the rate constants and/or quantum yields vary between the two derivatives. To remove the
effects of quantum yield and isolate ki, time-resolved fluorescence was utilized. The fluorescence
decays were fitted according to Equations S3.4-3.6 using the in-house program globirks32bg. The
parameters retrieved from the fits are listed in Table S1, including the product kix[Py]. A rate constant
describing a diffusion-controlled reaction such as ki for excimer formation is expected to obey Equation
S3.8, where R is the encounter radii of the two reactants, D is the combined diffusion coefficients of

the two reactants, and p is the probability of having reaction occurring upon contact. The Stokes-
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Einstein equation for D is given in Equation S3.9, where kg is the Boltzmann constant, T is temperature,

n is viscosity, and r is the hydrodynamic radius.

k, = 4zN,RDp (S3.8)
k,T
D=—28 (S3.9)
6rznr

Combining Equations S3.8 and S3.9 suggests that k; should be proportional to pR/r, so that a
plot of kix[Py] vs. [Py] for PyAcNBu and PyMAAc in DMSO should be linear with a slope proportional

to pR/r. This is indeed the case as shown in Figure S3.3.
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Figure S3.3. Plot of kix[Py] as a function of concentration for (<>) PyMAAc and @)
PyAcNBu in DMSO. The dashed lines represent the linear fits with slopes of 0.91 + 0.01

and 0.74 + 0.01 ns™! for PyMAAC and PyAcNBu, respectively.
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In Figure S3.3, both model compounds exhibited a linear relationship between kix[Py] and [Py]
with slopes of 0.91 and 0.74 ns™ for PyMAAc and PyAcNBuU, respectively. The slope of 0.91 + 0.01
ns~t for PyMMAC was found to be similar with the previously determined value of 0.99 + 0.02 ns %8
Since both PyAcNBu and PyMAAc are similar in size, with PyAcNBu having an additional three
methylene groups in its structure, they are expected to have similar hydrodynamic volumes and
therefore similar R and r values. As a result, Figure S3.3 demonstrates that PyMAAc is about 20% more

efficient at forming excimer than PyAcNBu in DMSO.

Parameters retrieved from the Birks Scheme analysis of PyAcNBu and PyMAACc in
DMSO

Table S3.1. Parameters retrieved from the Birks scheme analysis of the monomer and excimer

decays of PyAcNbu and PyMAAc in DMSO.

Conc. T T2 ki[Py] K1 Te
mM) | 2 | () | aw | (ns) | awz | @ | ae | (usM) | (us) | (ns)
4.0 1.29 47 0.09 | 123 | 0.91 | -0.63 | 0.66 4.6 3.2 64
PyAcNBuU 5.2 1.30 46 0.10 | 112 | 0.90 | -0.69 | 0.73 3.6 4.1 59
™ = 163 7.9 1.27 45 0.11 93 0.89 | -0.85 | 0.88 2.3 5.9 54
ns 9.9 1.26 44 0.13 83 0.87 | -0.96 | 0.99 1.8 7.3 51
11.7 1.13 44 0.17 76 0.83 | -1.12 | 1.15 15 8.6 51
6.1 1.28 44 0.11 | 105 | 0.89 | -0.64 | 0.66 3.0 5.6 55

PYMAAC
o = 185 8.1 1.29 44 0.15 89 0.85 | -0.85 | 0.88 2.3 7.6 53
ns 9.0 1.10 42 0.13 83 0.87 | -0.82 | 0.84 1.9 8.1 49
11.9 1.29 42 0.19 70 0.81 | -1.30 | 1.32 1.3 10.7 49
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Example global-fit of the monomer and excimer decays of Py-PDLGNa according to the
FBM
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Figure S3.4. Monomer (left, Jem = 375 nm) and excimer (right, Zem = 510 nm) fluorescence
decays (0) of Py-PDLGNa (x = 10.4 mol%) in DMSO. The instrument response function (0)
and the fit of the global analysis of the FBM (—) are overlaid with the fluorescence decays.

dex = 344 nm, [Py] = 2.7 x 10 * M. y* = 1.03
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Parameters retrieved from the FBM analysis of Py-PLL-HCI in DMSO solutions under

acidic conditions

Table S3.2. Parameters retrieved using the FBM analysis of the pyrene monomer decays of

Py-PLL-HCI under acidic conditions.

N X k2 ke[blob] Kolob
Conditions fmke fmaiff <n> | fmfree | %2
(mol%) | (ns™) (us™) (us™)

5.5 0.09 | 0.17 4.0 0.57 7.7 |1.04 | 0.26 | 1.06

7.6 0.09 | 0.30 5.4 0.59 94 128|012 | 123
DMSO

7.4 0.09 0.22 4.3 0.62 8.7 1.27 | 0.15 | 1.22
™ =157 ns

10.3 0.09 | 0.36 3.1 0.60 7.7 170 | 0.04 | 1.10

12.1 0.09 | 0.36 4.5 0.57 81 |161|0.07|1.20

Table S3.3. Parameters retrieved using the FBM analysis of the pyrene excimer decays of

Py-PLL-HCI under acidic conditions.

.. X TEO [20) ,
Conditions feke fedifteo | feeo fegifo | fep X

(mol%) (ns) (ns)

5.5 022 | 398 | 035 | 0.08 | 529 | 036 | 0.05 | 1.06

7.6 030 | 444 | 035 | 005 | 454 | 0.24 | 0.07 1.23

DMSO 7.4 025 | 392 | 051 | 0.00 | 60.7 | 0.18 | 0.07 1.22

10.3 034 | 416 | 0.37 0.00 | 51.1 | 0.20 | 0.10 1.10

121 035 | 424 | 036 | 0.02 | 514 | 0.20 | 0.07 1.20
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Table S3.4. Molar fraction of pyrene species calculated using parameters retrieved from the
FBM analysis of the pyrene monomer and excimer decays of Py-PLL-HCI under acidic

conditions.

Conditions fio faifreo | faifio faiff faggEO faggD fagg ffree X
(mol%)

5.5 0.16 | 0.26 | 0.27 | 0.53 | 0.02 | 0.04 | 0.05 | 0.25 | 1.06
7.6 027 | 032 | 0.21 | 053 | 0.04 | 0.06 | 0.10 | 0.10 | 1.23
DMSO 7.4 021 | 043 | 0.15 | 058 | 0.00 | 0.06 | 0.06 | 0.14 | 1.22
103 | 032 | 035 | 0.19 | 055 | 0.00 | 0.10 | 0.10 | 0.03 | 1.10
121 {033 | 033 | 0.19 | 052 | 0.01 | 0.07 | 0.09 | 0.06 | 1.20
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Parameters retrieved from the FBM analysis of Py-PLGlu and Py-PDLGIu in DMSO

under alkaline conditions

Table S3.5. Parameters retrieved using the FBM analysis of the pyrene monomer decays of

pyrene-labeled poly(glutamic acid) in DMSO under alkaline conditions.

X ko ke[blob] Kbiob
Construct fmkz fmaife <n> | fwifree | %2
(mol%) | (ns™) (us™) (us™)

6.0 0.084 | 0.15 7.1 0.26 88 | 156 | 0.59 | 1.04
8.0 0.084 | 0.19 5.1 0.38 9.0 | 138|043 | 1.04

Py-PDLGNa
10.4 0.084 | 0.26 3.3 0.42 75 161|032 | 1.03

™ =170 ns
11.5 0.084 | 0.24 3.8 0.46 8.5 1.29 | 0.30 | 0.98
12.4 0.084 | 0.35 6.5 0.50 10.0 | 1.85| 0.15 | 1.10
4.4 0.076 | 0.15 4.4 0.46 8.8 1.18 | 0.38 | 1.06
4.9 0.076 | 0.22 3.6 0.52 7.7 1.23 | 0.27 | 1.05

Py-PLGNa
6.9 0.076 | 0.37 3.9 0.53 8.7 1.49 | 0.11 | 1.10

™ =170 ns

9.0 0.076 | 0.41 2.5 0.51 74 | 176 | 0.08 | 1.09
143 | 0.076 | 0.56 3.0 0.41 6.6 |281| 004 | 118
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Table S3.6. Parameters retrieved using the FBM analysis of the pyrene excimer decays of

pyrene-labeled poly(glutamic acid) in DMSO under alkaline conditions.

X TE0 ™
Construct fewe feagifieo | feeo fediffp fep v
(mol%) (ns) (ns)
6.0 0.30 50.6 0.50 0.17 133 0.03 0.00 1.04
5 8.0 0.28 449 0.48 0.15 84 0.09 0.00 1.04
y 104 0.33 47.1 0.50 0.12 107 0.03 0.01 1.03
PDLGNa
115 0.30 45.8 0.47 0.13 79 0.10 0.00 0.98
12.4 0.36 49.8 0.50 0.10 107 0.00 0.05 1.10
4.4 0.20 454 0.54 0.16 99 0.07 0.03 1.06
5 4.9 0.24 48.1 0.52 0.16 100 0.06 0.03 1.05
y 6.9 0.28 49.1 0.33 0.32 88 0.06 0.00 1.10
PLGNa
9.0 0.34 50.7 0.39 0.23 99 0.03 0.01 1.09
14.3 0.43 38.1 0.21 0.12 65 0.11 0.13 1.18
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Table S3.7: Fraction of pyrene species calculated using parameters retrieved from the FBM
analysis of the pyrene monomer and excimer decays of pyrene-labeled poly(glutamic acid) in

DMSO under alkaline conditions.

X
Construct fio faiffeo faif faiff faggEO faggD fagg ffree X
(mol%)

6.0 013 | 0.23 | 0.01 | 0.24 | 0.08 | 0.00 | 0.08 | 0.55 | 1.04

8.0 017 | 0.29 | 0.06 | 0.35 | 0.09 | 0.00 | 0.09 | 0.39 | 1.04

Py-

Y 104 | 024 | 0.36 | 0.02 | 0.38 | 0.09 | 0.01 | 0.10 | 0.29 | 1.03
PDLGNa

115 | 022 | 0.35 | 0.07 | 0.42 | 0.09 | 0.00 | 0.09 | 0.27 | 0.98

124 | 031 | 043 | 0.00 | 043 | 0.09 | 0.04 | 0.13 | 0.13 | 1.10

4.4 0.13 | 0.36 | 0.05 | 0.40 | 0.11 | 0.02 | 0.13 | 0.33 | 1.06

o 4.9 0.19 | 040 | 0.04 | 044 | 0.12 | 0.02 | 0.14 | 0.23 | 1.05

Y 6.9 026 | 0.31 | 0.06 | 0.37 | 0.30 | 0.00 | 0.30 | 0.08 | 1.10
PLGNa

9.0 032 | 036 | 0.03 | 0.39 | 0.21 | 0.01 | 0.23 | 0.06 | 1.09
143 | 042 | 0.20 | 0.10 | 031 | 0.12 | 0.12 | 0.25 | 0.03 | 1.18
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S4 - Sl for Chapter 4

Synthesis of small molecules

Naphthaleneacetic acid N-hydroxysuccinimide ester (2,5-dioxopyrrolidin-1-yl 2-(naphthalen-
1-yl)acetate, NpAcOSu): 1-Naphtheleneacetic acid (2.00 g, 10.7 mmol, 1.0 eq.) and N-
hydrosuccinimide (HOSu) (1.85 g, 16.1 mmol, 1.5 eq.) was dissolved in acetonitrile (ACN,
150 mL) in a 250 mL round-bottom flask with stirring. To the stirring solution, N,N’-
dicyclohexylcarbodiimide (DCC, 2.45 g, 11.9 mmol, 1.1 eq.) was added and left to stir
overnight. The solution was then suction filtered (Whatman #1) to remove the dicyclohelyurea
(DCU) precipitate that formed. The reaction solution was then condensed on a rotavap (ca. 20
mL) and refiltered to remove the additional DCU precipitate. The solution was then mixed
with ethanol (ca. 100 mL) and chilled to — 20 °C, which resulted in the appearance of a light-
yellow oily layer at the bottom of the flask. The ethanol layer was decanted and diethyl ether
(100 mL) was added with vigorous stirring and then cooled to — 20 °C which resulted in the
formation of an off-white waxy solid. The solvent was decanted and the solid was dried under
vacuum overnight to yield NpAcOSu (2.34 g, 8.3 mmol, 77% yield) as an off-white waxy
solid. H NMR (300 MHz, dg-DMSO): & = 7.99 — 7.42 (m, 7H), 4.58 (s, 2H), 2.78 (s, 4H).

N-Butyl-2-(naphthalen-1-yl)acetamide (NpACNBu): NpAcOSu (0.41 g, 1.4 mmol, 1.0 eq.) was
dissolved in dichloromethane (DCM, 20 mL) with stirring. n-Butylamine (0.44 mL, 4.4 mmol,
3.2 eq.) was added and the mixture was left to stir for 72 hours. The white precipitate that had
formed was removed via suction filtration (Whatman #1) and discarded. The clear organic
filtrate was then washed sequentially with 50 mL aliquots of 1 M HCI, 2 M NaOH, and brine

(water saturated with NaCl) before being dried with sodium sulfate. The dried organic layer
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was then decanted and rotary evaporated to dryness. This yielded NpAcNBu (0.30 g, 1.2 mmol,
86% yield) as a white solid. *H NMR (300 MHz, ds-DMSO): & = 8.18 — 7.40 (m, 8H), 3.87 (s,

2H), 3.03 (dt, Js = 6.0 Hz, J = 6.6 Hz, 2H), 1.35 (m, 2H), 1.27 (m, 2H), 0.85 (t, J = 7.2Hz, 3H).

NpAcNBu molar absorptivity coefficient (enp)

NpAcNBu was dissolved in known amounts of DMF to create a series of six solutions with
differing NpAcNBuU concentrations. The UV absorbance of the solutions was measured with a
1.00 cm pathlength cell, and the absorption maximum at 284 nm was recorded. A background
correction of pure DMF was applied to each sample measurement. An example of the obtained
absorption spectrum is given in Figure S4.1A. A plot of the corrected absorbance at the
naphthalene absorption peak maximum as a function of concentration is given in Figure S4.1B.
Using the Beer-Lambert law, enp Was found to equal 6350 + 20 Mt.cm™ from the slope of the

plot.
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Figure S4.1. Plot of A) the absorbance spectrum of NpAcNBu and B) the absorption at 284

nm as a function of concentration. The dashed line in B represents the linear fit of the data

with a slope equal to 6.35 + 0.02 mM*and a forced intercept of zero, R? = 1.00. Solvent =

DMF.
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Absorbance and steady-state fluorescence spectra of Py-PLL and Np-PLL
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Figure S4.2. Plots of the (~ ) absorbance and () emission spectra of A) Py-PLL and B)

Np-PLL in DMF. A) kex= 344 nm, [Py] = 2.7 uM, Xpy = 0.01. B) Aex= 295 nm, [Np] = 15.7

I,LM, XNp = 0.09.
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Steady-state fluorescence spectra of Np- and Py-PLL in a 90:10 ACN:water mixture
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Figure S4.3: Steady-state fluorescence spectra of (A,C) (- - -) Py-PLL alone, (—) Np-PLL

alone, and (--+) a Py-PLL and Np-PLL mixture in a 90:10 ACN:water solution. (B,D)

Comparison of (---) the experimental fluorescence spectrum of the mixture of Py-PLL and

Np-PLL and (— —) the theoretical fluorescence spectrum resulting from the addition of the

individual Py-PLL and Np-PLL spectra. The fluorescence spectra were acquired (A,B)

without and (C,D) with a 50-fold excess of unlabeled PLL. Aex=295 nm, [Np] = 15.7 uM,

Xnp = 0.09, [Py] = 2.7 uM, Xpy = 0.12.
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Steady-state fluorescence spectra of Py-PLLs in a 90:10 ACN:water mixture
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Figure S4.4. Steady-state fluorescence spectra of Py-PLL in a 90:10 ACN:water mixture.

[Py] = 2.7x10°8 M.

Equations used to analyze the fluorescence decays of Py-PLL

The monomer and excimer decays were globally analyzed using Equations S4.1 and S4.2 for the

monomer and excimer decays, respectively.

[Py*](t) Z[Py:iff ](t) +[Py:2](t) + [Py:’ee](t) =[Py 1o eXp[_ [Az +Tijt —A, (1—exp(—A4t))j

M
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~[Pygs o€ %z%% p(_(Az+iA4+Tijt]

+[Py free]o exp(_ LJ :| (841)
Tm
[E*], =[E0*], +[D*] = k{([Pykz(EO)]oJr[Pydiff(EO)]O Z : A2A+2|;:A4k J
exp (— tj—exp[— (kz +1jtJ
Teo Ty
k2+i—i
™  Teo
© A A A, exp[—(A2+iA4+1]tj—exp(—tj
A, +i Tw Teo
+[Pydiff(E0)]oe ; it A +iA, —k, A2+iA4+i_i
™™m  Tko
A A A exp[_t]_exp[ [k +1jt}
-A +1A, y Tp Ty
[Py, (D)], +[Pyg4 (D)] e ; it A i, _sz ) +i_i
™™ Tp
Ag' Az A exp(—(A2 +iA4+1jtJ—exp(—tj
A3 : +i Ty o
™ Tp
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Teo 25}

+ [EO], x exp(— L] + [D], x exp(— Lﬂ (S4.2)

In Equations S4.1 and S4.2, the parameters Az, As, and A4 are given in Equations S4.3.a—c.

Ky\osK, [DIOD]
A, =<n>x—Dob el 7] S4.3.
2 =ik, [olob] (54.32)
k 2
= _ bleb S4.3.b
Ay =<n> ><(|<b,ob+ke [blob]] (543.0)
A, =k, +k, [blob] (S4.3.0)

The Noion Value was calculated using Equation S4.4, where < n > is the average number of ground-state
pyrenes per blob retrieved from the FBM analysis, x is molar fraction of lysines bearing a pyrene label,
and furee is the fraction of pyrenyl labels that emit with its unquenched lifetime (zwv) in the monomer
decay.

<n>
Niiop = (

1-f S4.4
X Mfree ) ( )
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Parameters retrieved from the FBM analysis of Py-PLL in ACN:water mixtures

Table S4.1. Parameters retrieved using the FBM analysis of the pyrene monomer decays of

pyrene-labeled poly(L-lysine) in acidified ACN:water mixtures.

N X ka ke[blob] Kblob
Conditions fvike fmaife <n> | fvfree | %2
(mol%) | (ns™) (us™) (us™)
55 0.20 0.25 4.0 0.40 179 | 146 | 0.36 | 1.26
60:40
7.6 0.20 0.31 4.4 0.44 180 | 149 | 0.25 | 1.07
ACN:water
7.4 0.20 0.40 3.6 0.45 168 | 1.56 | 0.15 | 1.17
50-fold PLL
10.3 0.20 0.45 4.1 0.45 19.3 | 156 | 0.10 | 1.12
mw =215ns
12.1 0.20 0.51 3.6 0.41 175 | 171 | 0.08 | 1.25
9010 55 0.19 0.41 4.2 0.55 136 | 156 | 0.04 | 1.19
1
7.6 0.19 0.52 4.7 0.47 128 (190 | 001|121
ACN:water
7.4 0.19 0.55 4.1 0.44 138 [ 193 | 0.02 | 1.20
50-fold PLL
10.3 0.19 0.64 3.4 0.36 11.8 | 250 | 0.00 | 1.28
™ =203 ns
12.1 0.19 0.68 2.6 0.32 11.2 | 298 | 0.00 | 1.26
55 0.34 0.34 4.4 0.49 190 (199 | 001|111
90:10 7.6 0.34 0.34 6.9 0.46 21.2 | 291|001 | 1.11
ACN:water 7.4 0.34 0.34 51 0.44 225 | 277 | 0.01 | 1.07
™ = 203 ns 10.3 0.34 0.34 6.0 0.31 246 | 3.27 | 0.01 | 1.16
12.1 0.34 0.34 5.9 0.30 185 | 497 | 0.01 | 1.04
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Table S4.2. Parameters retrieved using the FBM analysis of the pyrene excimer decays of

pyrene-labeled poly(L-lysine) in acidified ACN:water mixtures.

X

TEO

D

Conditions feke feditreo | fEEO feditp fep e
(mol%) (ns) (ns)
6040 55 0.27 38.0 0.26 0.29 67.7 0.18 0.00 1.26
4
7.6 0.27 38.7 0.26 0.33 66.0 0.14 0.00 1.07
ACN:water
E0-fold 7.4 0.29 40.5 0.19 0.37 63.0 0.14 0.01 1.17
-fo
PLL 10.3 0.29 40.5 0.13 0.42 58.4 0.16 0.00 1.12
12.1 0.31 38.6 0.11 0.31 58.3 0.14 0.14 1.25
55 0.24 30.2 0.22 0.00 49.3 0.10 0.45 1.19
90:10
7.6 0.28 30.3 0.05 0.30 50.6 0.20 0.17 1.21
ACN:water
E0-fold 7.4 0.27 23.4 0.01 0.24 454 0.21 0.27 1.20
-fo
PLL 10.3 0.26 26.0 0.06 0.15 50.7 0.09 0.44 1.28
12.1 0.25 27.7 0.00 0.51 49.0 0.12 0.12 1.26
55 0.38 36.6 0.14 0.22 56.7 0.23 0.04 1.11
90:10 7.6 0.20 33.0 0.03 0.57 58.3 0.14 0.05 1.11
. 7.4 0.31 36.9 0.04 0.42 57.9 0.20 0.03 1.07
ACN:water
10.3 0.28 30.1 0.01 0.49 55.2 0.12 0.10 1.16
12.1 0.10 27.7 0.00 0.63 54.6 0.04 0.23 1.04
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Table S4.3. Fraction of pyrene species calculated using parameters retrieved from the FBM
analysis of the pyrene monomer and excimer decays of pyrene-labeled poly(L-lysine) in

acidified ACN:water mixtures.

X
Conditions fio faifreo | faiffD faife faggEO faggD fagg ffree X2
(mol%)
5040 55 0.19 | 0.18 | 0.13 | 0.31 | 0.21 | 0.00 | 0.21 | 0.28 | 1.26
4
7.6 022 | 0.21 | 0.11 | 0.32 | 0.27 | 0.00 | 0.27 | 0.18 | 1.07
ACN:water
£0-fold 7.4 0.27 | 0.17 | 0.12 | 0.30 | 0.33 | 0.01 | 0.34 | 0.10 | 1.17
-fo
oLL 10.3 0.27 | 0.12 | 0.15 | 0.27 | 0.40 | 0.00 | 0.40 | 0.06 | 1.12
12.1 0.29 | 0.10 | 0.14 | 0.24 | 0.29 | 0.13 | 0.42 | 0.05 | 1.25
5.5 023 | 022 | 009 | 031|000 | 044 | 044 | 0.02 | 1.19
90:10
7.6 028 | 0.05 | 020 | 0.25 | 0.30 | 0.16 | 0.46 | 0.01 | 1.21
ACN:water
£0-fold 7.4 0.27 | 0.01 | 0.21 | 0.22 | 0.24 | 0.27 | 051 | 0.01 | 1.20
-fo
oLL 10.3 0.26 | 0.06 | 0.09 | 0.15 | 0.15 | 0.44 | 059 | 0.00 | 1.28
12.1 025 | 0.00 | 0.12 | 0.12 | 051 | 0.12 | 0.63 | 0.00 | 1.26
55 037 | 0.13 | 0.23 | 0.37 | 0.21 | 0.04 | 0.25 | 0.01 | 1.11
9010 7.6 0.20 | 0.03 | 0.14 | 0.18 | 0.56 | 0.05 | 0.62 | 0.00 | 1.11
' 7.4 031 | 0.04 | 020 | 0.25 | 0.41 | 0.03 | 0.44 | 0.00 | 1.07
ACN:water
10.3 028 | 0.01 | 0.12 | 0.13 | 0.49 | 0.10 | 0.59 | 0.00 | 1.16
12.1 0.10 | 0.00 | 0.04 | 0.04 | 0.63 | 0.23 | 0.86 | 0.00 | 1.04
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Width determination of PLL bundles

i L 2 L i .
Min c Min

Flgure S4.5. AFM phase images used to determine the width of PLL bundles
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Molecular Mechanic Optimizations of Intermolecular PEF

The procedure described herein was adapted from a previously published procedure.® A PLL
a-helix containing 55 lysines was constructed in HyperChem (phi =— 58 °, psi=—47 °, omega
= 180 °). The helix was then aligned with the z-axis. This helix, referred to as the primary
helix, was used as a reference for the remaining procedure. Figure S4.6 outlines the orientation
of the reference helix in a HCP lattice. Each neighboring helix was defined by two angles 6
and ¢ and the interhelical distance dn.n. The angle @ defines the position of the neighboring

helix around the reference helix and the angle ¢ defines the relative orientation of the helix in

GA
G Q.
O (

Figure S4.6. Schematic representation of the (grey) reference Py-PLL helix in a HCP lattice

a given position.

with an interhelical distance dn.n. The angle 6 defines the position of the (white) neighboring
helices in the HCP lattice. The lines in the circles represent the relative orientation of each

helix and the angle ¢ defines the deviation from this relative orientation.

Rather than constructing the entire lattice of PLL helices at once, the MMOs were
individually conducted between the reference helix and each of the neighboring helices. To

determine if the angle ¢ was an important factor in the MMOs, the ANpiop ™ Was determined
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for a neighboring helix located at dn-n = 3.0 nm and ¢ = 0 ° as a function of ¢. To this end, a
second helix was constructed and aligned with the z-axis in HyperChem, the helix was then
rotated by an angle ¢ about the z-axis and translated 3.0 nm in the y-direction. Pyrene was then
labeled onto the 27" residue from the N-terminus of the primary helix. The second helix was
then also labeled with a pyrene on the 27" residue. The two pyrenes were then brought together
such that their planes were parallel and 3.4 A apart from each other. If seven or more carbon
atoms of one pyrene overlapped with the frame of the other pyrene, the pyrenes were
considered to have sufficient overlap to form excimer. The position of the pyrene on the second
helix was moved sequentially along the backbone (both towards the N- and C-terminus) to
determine if excimer could be formed between the reference and the second helix. The total
number of pyrenes that could from excimer were then tallied, yielding ANpion™™° for the given
¢. Figure S4.7A displays the determined ANpiop™™° values for the second helix with dn-n = 3.0
nm and 6 = 0 ° as a function of ¢ in 60 ° increments. Due to the symmetry of the helix, ANpjop™®
was only calculated up to a ¢ angle of 180 °. The values of ¢ = 180 — 360 ° were taken as the
mirror of the ¢ = 0 — 180 ° values. Figure S4.7A shows that ANpiob™® varied by at most 1 as a
function of ¢. This small variation indicated that ¢ had a relatively minor contribution to
ANpion™™®, and therefore only ¢ = 0 ° was considered for the remaining MMOs. The validity of
this assumption was also supported by a previous publication,® which also demonstrated that

¢ had only minor effects on ANpiop™.
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Figure S4.7. A) Plot of ANpiet™ as a function of ¢ between the reference helix and a second
helix located at an interhelical distance of 3.0 nm and a 6 angle of 0 °. B) Plot of ANpjor™°

between the reference helix and a helix located at angles @ and ¢ = 0 ° with a dh- of () 2.8,

@) 2.9, (‘) 3.0, (A) 3.1 and (x) 3.2 nm. The lines were added to guide the eyes for the dp-

h trends.

The ANpion™™® between the remaining secondary helix locations, defined by the angle 6
and the distance dn.n, were determined as follows. The reference helix was constructed
following the instructions outlined above. A second helix was then constructed in a similar
manner. The second helix was rotated by # and translated by a distance dn-n in the y-direction.
The reference helix was then rotated by the angle @, to yield the two helices with ¢ =0 °. The
secondary helices located at 4 = 240 and 300 ° were symmetrical to the helices located at 6 =
60 and 120 °, respectively. Therefore, the ANpion™® values for # = 240 and 300 ° were set to
equal the ANpior™ values of 8 = 60 and 120 °, respectively. Figure S4.7B displays a plot of

ANbiob™® as a function of @ for dnn values ranging from 2.8 to 3.2 nm. The ANpior™ for Py-
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PLL in the helical bundle with interhelical distances of dn.n was calculated as the weighted
average of the ANpioo™ values between the individual secondary helices corresponding to a
given interhelical distance. The ANpiob™° values of the helices located at 6 = 60 and 120 ° were
counted twice to account for the helices at 6 = 240 and 300 °. For example, ANpion™"® of Py-
PLL in a bundle with an interhelical distance of 2.8 nm was calculated as (9 + 2x5 + 2x0 + 0)
= 19. Since the Py-PLL helix had an Npiox™° value of 27 from intramolecular PEF, the total

Nbion™®° expected for Py-PLL in a HCP bundle with a dn.n of 2.8 nm was 19 + 27 = 46.

Density of Py-PLL Bundles
The density of PLLs within the lattice is defined as the mass of PLL per unit volume. The

outline of a unit cell from helices packed in a HCP arrangement is given in Figure S4.8.

N

Figure S4.8. Schematic representation of the unit cells of a HCP arrangement. The red

parallelogram highlights a single unit cell.

The volume of a unit cell Vcen is equal to the product of the cell area in Figure S4.8 and

its depth I. The cell area is defined by the product of its length (equal to dn-n) and its height
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dn-n%sin(60 °). Figure S4.8 shows that each unit cell contains the cumulative cross-sectional
area equal to one PLL helix. Therefore, the mass in a unit cell (MpL) is equal to the mass of
lysine per unit length in an a-helix multiplied by the depth of a unit cell I. The mass of lysine
per unit length in a helix is equivalent to the mass of one lysine unit (M/Na) divided by the
raise per lysine in the helix (AhL = 0.14 nm). Combining MpLL and Vcen, the density p in

Equation S4.5 yields the density of PLL in the HCP lattice separated with an interhelical

(1 hellxjxl cellx M, x 1 x 1 x|
M, U cell N, Ah,

distance of dh-n.

p:

V.., (d, )" xsin(60°)xI
M L
_ N,Ah _ 2M : (545)
V3 6. J3N,Ahd,
2 h-h
Table S4.4. Intrinsic viscosity? and density of proteins
: Mn [7] o
Protein (g/mol) | (mLig) | (a/mL)
Aldolase 150000 4.0 0.63
aS2-casein 23000 11.3 0.22
a-globulin 300000 3.5 0.71
Angiotensin converting enzyme 200000 4.4 0.57
Arachin (11S groundnut globulin) 300000 4.5 0.56
Aspartate transcarbamylase 307000 4.5 0.56
Brassin M (oilseed rape 11S globulin) 300000 3.8 0.66
Brassin R (mustard seed 11S (globulin) 300000 3.8 0.66
Carmin (11S safflower seed globulin) 30000 3.9 0.64
Catalase 250000 3.9 0.64
Chymotrypsinogen A 25660 2.5 1.00
Clathrin 180000 10.0 0.25
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Conalbumin 75500 3.5 0.71
Conbrassin M (2S mustard seed globulin) 15000 5.4 0.46
Conbrassin R (2S rapeseed globulin) 15000 7.3 0.34
Concarmin (2S safflower seed globulin) 15000 6.5 0.38
Conhelianthin (2S sunflower seed globulin) 15000 7.3 0.34
Consesamin (2S sesame seed globulin) 15000 4.1 0.61
Cytochrome C 2.7 0.94
Fetuin 48000 7.0 0.36
Glycinin (11S soybean globulin) 300000 4.6 0.54
Gossypin (11S cottonseed globulin) 300000 4.0 0.63
Helianthin (11S sunflower seed globulin) 300000 3.8 0.67
Hemocyanin 3750000 5.6 0.45
Hemoglobin 68000 3.6 0.69
Lactate dehydeogenase 138000 3.9 0.64
Linin (11S linseed globulin) 300000 3.7 0.68
Lupin protein isolate 390000 6.8 0.37
Lysozyme 14320 2.7 0.93
Metamerythrin 107000 3.6 0.69
Mucin peptide 7.7 0.32
Myoglobin 17190 3.3 0.77
Myosin S1 head 110000 6.4 0.39
Neurophysin monomers 10000 5.5 0.45
Ovalbumin 45000 55 0.46
Plasminogen 143000 8.0 0.31
PRNG60 glycoprotein of the retrovirus feline leukemia 6300 7.5 0.33
Prothrombin 18500 4.1 0.61
Ribonuclease A 13700 3.3 0.76
Serum Albumin 65000 3.7 0.68
Thrombin 33400 3.8 0.66
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S5 - Sl for Chapter 5

Solvent drying

Ethyl acetate: Ethyl acetate (500 mL) was refluxed with calcium hydride (2.5 g) for 3 hours,
then distilled under a nitrogen atmosphere. The first ca. 15 mL of distilled ethyl acetate was
discarded. The distilled ethyl acetate was stored under nitrogen until used.

THF: THF was dried in a similar procedure as ethyl acetate.

Dioxane: Dioxane (100 mL) was pre-dried by mixing with CaH (0.2 g) for 2 hours. The
dioxane was then refluxed with sodium (ca. 0.1 g) for 3 hours. The dioxane was then distilled
under reduced pressure at 40 °C and was collected in a flame-dried Schlenk tube. The first 10
mL of distillate was collected in a separate ampule and discarded. The distilled dioxane was
stored under nitrogen in the dark until used.

DMF: DMF (200 mL) was stirred with CaH> (0.4 g, 5 wt%) overnight in the dark under a
nitrogen atmosphere. The calcium hydride was removed by filtration under a nitrogen
atmosphere. The DMF was then distilled under reduced pressure at a temperature no greater
than 35 °C to minimize degradation. The DMF was collected into a flame-dried Schlenk tube
covered with aluminum foil to minimize light exposure. The first 15 mL of distillate was
collected in a separate ampule and discarded. The distilled DMF was stored under nitrogen in
the dark until used.

n-Butylamine: n-Butylamine (20 mL) was refluxed with CaH> (0.1 g) for 2 hours before it was
distilled under vacuum at 40 °C into a Schlenk flask. The first 3 mL of distillate were discarded.

The distilled n-butylamine was stored under nitrogen.
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NMR: Amino acid NCAs
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Figure S5.1. *H NMR spectrum of GlyNCA. 300 MHz, ds-DMSO: & = 8.80 (s, 1H), 4.16 (s,

2H) ppm. Residual water (3.29 ppm) and solvent (2.47 ppm) peaks are also present.
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Figure S5.2. 'H NMR spectrum of D,L-AlaNCA. 300 MHz, de-DMSO: & = 8.98 (s, 1H), 4.45

(9, 1H), 1.30 (d, 3H) ppm. Residual water (3.31 ppm) and solvent (2.47 ppm) peaks are also
present.
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Figure S5.3. *H NMR spectrum of D,L-Glu(OtBu)NCA. 300 MHz, de-DMSO: § = 9.03 (s,
1H), 4.41 (t, 1H), 2.31 (t, 2H), 2.00 — 1.79 (m, 2H), 1.37 (s, 9H) ppm. Residual water (3.29

ppm) and solvent (2.47 ppm) peaks are also present.
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Figure S5.4. *H NMR spectrum of D-Lys(Z)NCA. 300 MHz, ds-DMSO: § =9.05 (s, 1H), 7.31
(m, 5H), 7.23 (t, 1H), 4.97 (s, 2H), 4.39 (t, 1H), 2.95 (br g, 2H), 1.65 (m, 2H), 1.43 — 1.21 (m,

4H) ppm. Residual water (3.30 ppm) and solvent (2.47 ppm) peaks are also present.
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Figure S5.5. *H NMR spectrum of L-Lys(Z)NCA. 300 MHz, ds-DMSO: & =9.05 (s, 1H), 7.31

(m, 5H), 7.23 (t, 1H), 4.97 (s, 2H), 4.39 (t, 1H), 2.95 (br g, 2H), 1.65 (m, 2H), 1.43 — 1.21 (m,

4H) ppm. Residual water (3.30 ppm) and solvent (2.47 ppm) peaks are also present.
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NMR: Polypeptides
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Figure S5.6. *H NMR spectrum of PGlyGlu(OtBu). 300 MHz, ds-DMSO: & = 8.09 (1H,
amide), 4.25 (2H, Gly-a), 3.72 (1H, Glu-a), 2.23 (2H, y-Glu), 1.88 — 1.73 (2H, B-Glu), 1.25 -
1.21 (m, 4H), 0.82 (t, 3H), and 1.36 (9H, tBu) ppm. Residual water (3.31 ppm) and solvent

(2.47 ppm) peaks are also present.
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Figure S5.7. *H NMR spectrum of PAlaGlu(OtBu). 300 MHz, de-DMSO: § = 8.00 (1H,
amide), 4.20 (1H, ), 2.19 (2H, vy-Glu), 1.83 — 1.71 (2H, B-Glu), 1.33 (9H, tBu), 1.18 (3H, p-
Ala). The peaks marked with an * are from residual diethyl ether (3.38 and 1.09 ppm) and

acetone (2.09 ppm). Residual water (3.36 ppm) and solvent (2.47 ppm) peaks are also present.
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Figure S5.8. 'H NMR spectrum of PLys(Z)Glu(OtBu). 300 MHz, de-DMSO: § = 8.00 (1H,
amide), 7.79 (5H, Bz), 7.14 (1H, -Lys amide), 4.95 (2H, Bz-CH), 4.23 (1H, a), 2.92 (2H, ¢-
Lys), 2.18 (2H, y-Glu), 1.87 — 1.72 (2H, B-Glu), 1.58 — 1.48 (2H, B-Lys), 1.33 — 1.21 (4H, &-
Lys and y-Lys), 1.31 (9H, tBu). The peaks marked with an * are from residual DMF (7.92,
2.86, and 2.70 ppm) and diethyl ether (3.38 and 1.09 ppm). Residual water (3.30 ppm) and

solvent (2.47 ppm) peaks are also present.
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Figure S5.9. 'H NMR spectrum of PGlyGlu. 300 MHz, ds-DMSO: § = 8.09 (1H, amide), 4.25
(2H, Gly-a), 3.72 (1H, Glu-0), 2.23 (2H, y-Glu), 1.88 — 1.73 (2H, B-Glu), 1.25 — 1.21 (m, 4H),
0.82 (t, 3H) ppm. Protons ‘a’ (expected 1.73 ppm) coincide with ‘d” while protons ‘f* (expected
3.05 ppm) were not resolved. The peak marked with an * is residual acetone (2.05 ppm).

Residual water (3.31 ppm) and solvent (2.47 ppm) peaks are also present.
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Figure S5.10. *H NMR spectrum of PAlaGlu. 300 MHz, de-DMSO: § = 8.00 (1H, amide),
4.20 (1H, o), 2.19 (2H, y-Glu), 1.83 — 1.71 (2H, B-Glu), 1.18 (3H, B-Ala). The peaks marked
with an * are from residual DMF (7.92, 2.86, and 2.70 ppm). Residual water (3.36 ppm) and

solvent (2.47 ppm) peaks are also present.
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Figure S5.11. *H NMR spectrum of PLys(Z)Glu. 300 MHz, ds-DMSO: & = 8.00 (1H, amide),
7.79 (5H, Bz), 7.14 (1H, e-Lys amide), 4.95 (2H, Bz-CH2), 4.23 (1H, a), 2.92 (2H, &-Lys), 2.18
(2H, v-Glu), 1.87 — 1.72 (2H, B-Glu), 1.58 — 1.48 (2H, B-Lys), 1.33 (2H, &-Lys), 1.21 (2H, y-
Lys), 0.8 (t, 3H). The peaks marked with an * are from residual DMF (7.92, 2.86, and 2.70

ppm). Residual water (3.30 ppm) and solvent (2.47 ppm) peaks are also present.
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GPC traces and their analysis
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Figure S5.12. The GPC traces of A) PAlaGlu(OtBu) an B) PLys(Z)Glu(OtBu) in DMSO at

70 °C with a 0.5 mL-min~! flow rate. The peak at ca. 43 min. is the solvent elution peak.

The raw GPC traces in Figures S5.12A and B showed small shoulders for elution volumes
between 35 and 40 mL. To quantify the small shoulders in the GPC traces, the traces were fit
with a sum of Gaussians according to Equation S5.1. In Equation S5.1 the elution time is
denoted by x, a; is the weight of the i'" Gaussian defined by its mean bi and standard deviation
ci. The parameters retrieved from the fits are given below in Table S5.1. The GPC trace of
PAlaGlu(OtBu) was fit with the sum of 5 gaussians, while that of PLys(Z)Glu(OtBu) required
only 4. Figures S5.13A and B demonstrate that the parameters given in Table S5.1 accurately

represented the experimental GPC traces.
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Figure S5.13. Comparison between the (---) experimental GPC traces and the (— —) sum-of-
Gaussians fit for A) PAlaGlu(OtBu) and B) PLys(Z)GIlu(OtBu). The solvent elution peak at

ca. 43 min. was not included in the analysis.

Based on the b;j values given in Table S5.1, the Gaussians were assigned either to the
main peak or peak shoulder. The bi values representing Gaussians close to the peak maximum
were considered to be part of the main peak, while those at higher elution volumes were
considered to be part of the peak shoulder. Figures S5.14 shows that the main peak could be
successfully isolated from the experimental GPC trace using this procedure. The weight
fraction of the shoulder was then calculated as the normalized sum of the ai values assigned to
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the peak shoulder (see Table S5.1). This analysis showed that the shoulders contributed to
rather small fractions of the GPC traces, taking values of 0.13 and 0.05 for PAlaGlu(OtBu) and
PLys(Z)Glu(OtBu), respectively. To highlight the relative weights of each of these fractions,

the inlays in Figures 5.14A and B compare main peak and shoulder contributions.
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Figure S5.14. Plot of the (—) main peak compared to the (---) experimental GPC trace for A)
PAlaGlu(OtBu) and B) PLys(Z)Glu(OtBu). The inlays compare the (—) main peak and (---)

peak shoulder obtained from the fit of the GPC traces.
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Table S5.1. Parameters retrieved from the sum-of-Gaussians fit of the GPC traces.

Polymer GPC i a b N Relative
Trace ! ! ! Area”
1 0.36 33.7 0.49 0.08
2 2.13 34.7 0.73 0.48
PAlaGIu(OtBu) 3 1.33 35.7 0.89 0.30
4" 0.26 37.5 0.58 0.06
5" 0.32 38.9 0.76 0.07
1 10.21 33.3 0.92 0.57
2 1.82 33.6 0.50 0.10
PLys(2)Glu(OtBu) 3 5.02 34.9 1.72 0.28
4" 0.81 38.6 0.57 0.05

“ Used to represent the peak shoulder.

“ Equal to A

2.8

Determination of the molar absorptivity coefficient of PyMAAc in DMSO

The molar absorbance coefficient (epy) of the model compound 1-pyrenemethyl acetamide
(PyMAAC) was calculated by applying Beer-Lambert’s law to the absorbance at 346.5 nm of
a PyMAAc solution in DMSO using a 1 cm pathlength UV cell. epy was determined to equal

39,300 + 300 Mt.cm™ from the slope of the plot of absorbance vs. PyMAAC concentration

shown in Figure S5.15.
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Figure S5.15. Absorbance of PyMAACc at 346.5 nm as a function of concentration. The straight

line represents the linear fit of the data with a slope equal to 39,300 + 300 M%. R? = 1.00.

Equations used to globally analyze the pyrene-labeled polypeptides

The monomer and excimer fluorescence decays of the pyrene-labeled polypeptides were
globally analysed using Equations S5.2 and Equations S5.3 or S5.4 for the monomer and
excimer decays, respectively. More precisely, all monomer fluorescence decays were fit with
Equation S5.2. Equations S5.3 or S5.4 were used to fit the excimer decays depending on
whether the longer-lived and poorly stacked pyrene dimers (D*) were assumed to be produced
through direct excitation of pyrene aggregates only, or a combination of direct excitation of
pyrene aggregates and diffusive encounters between pyrenyl labels, respectively. Equation
S5.3 was applied when too little excimer was generated and the contribution from D* to the

excimer fluorescence decays was small, typically less than 4% (see fep in Table S5.3). This
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was the case for the more flexible Py-PGlyGlu and Py-PAlaGlu series. Application of the more
general Equation S5.4 required a stronger contribution from the species D* such as that
obtained for the Py-PGlu and Py-PLys(Z)Glu series whose more rigid backbone favored the

formation of more D* species.

[Py*](t) [Pydlf‘f ](t) +[Pyk2](t) + [nyree](t) [Pydlff Io eXp( [Az +th - A (1_6Xp(_A4t)) J

Tm

T S

[PYpLe ’*Z .~ Aﬁ;j‘\“k p(—(AﬁiAﬁ})tJ

* t
+ [nyree]o EXp (__j

Tm

(S5.2)

[E*](t)[EO*](t)+[Py*](t)kz[[[Pykz(EO)] +[Pyq (EO)] € A Z . A2+iA4 ]

EO M

A
Tm  Teo

X

_ exp[— [A2 +1A, +1jt]—exp[— tj
+PYar (EOL e z AL il i

A, +IA -k, A2+iA4+i—i
™m Teo
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+ [EO], xexp[—ij+ [D*], xexp(-t/zy)

Teo

(S5.3)
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. 1 t
A3‘ A i, exp(—(A2 +|A4+TjtJ—exp(—Tj
+[Py i (D)],& Z . =
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TEg b

In Equations S5.2 and S5.3, the parameters Az, As, and A4 are given in Equations S5.5.a-c.
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Example global-fit of the monomer and excimer decays of PyLys(Z)Glu according to the

FBM
§10000 - §10000 -
> >
8 8
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£ £
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Figure S5.16. Monomer (left, Aem = 375 nm) and excimer (right, Zem = 510 nm) fluorescence
decays (0) of Py-PLys(Z)Glu (x = 10.0 mol%) in DMSO. The instrument response function
(o) and the fit of the global analysis of the FBM (—) are overlaid with the fluorescence decays.

dex = 344 nm, [Py] = 2.7 x 10°® M. »? = 1.09.
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Parameters retrieved from the FBM of the pyrene-labeled polypeptides

Table S5.2. Parameters retrieved using the FBM analysis of the pyrene monomer decays of

pyrene-labeled polypeptides in acetified DMSO.

_ X ko ke[blob] Kblob
Polypeptide ] fvke B fmditr | <n> | fmfree | X
(mol%) | (ns™) (us™) (us™)
2.8 0.14 | 0.07 13.8 0.39 124 | 1.28 | 0.54 | 1.26
Py-PGlyGlu 3.5 0.14 | 0.09 9.3 0.48 10.1 | 1.39 | 0.43 | 1.08
™ =170 ns 4.3 0.14 | 0.14 7.0 0.62 127 | 1.39 | 0.24 | 1.15
5.3 0.14 | 0.16 7.3 0.60 115 | 152 | 0.24 | 1.27
6.6 0.14 | 0.13 6.3 0.75 104 | 1.16 | 0.12 | 1.14
Py-PAlaGlu 9.6 0.14 | 0.17 5.0 0.77 89 | 153 005|114
™ =172 ns 135 0.14 | 0.25 4.6 0.74 82 |236 | 001|127
15.2 0.14 | 0.25 4.6 0.73 8.7 | 240 | 0.02 | 1.15
6.0 0.15 | 0.14 8.6 0.39 147 | 131 | 047 | 1.12
8.0 0.15 | 0.19 4.2 0.50 132 | 148 | 0.31 | 1.10
104 0.15 | 0.20 5.7 0.46 119 | 160 | 0.34 | 1.12
11.5 0.15 | 0.19 4.3 0.55 13.1 | 1.30 | 0.26 | 1.09
12.3 0.15 | 0.24 3.0 0.57 122 | 146 | 0.19 | 1.13
4.5 0.15 | 0.09 8.3 0.49 123 | 096 | 042 | 1.01
Py- 55 0.15 | 0.12 6.4 0.60 13.1 | 093 | 0.28 | 1.12
PLys(Z)Glu | 66 | 015 | 0.16| 5.3 065 | 13.0 | 093 | 0.19 | 1.24
™ = 160 ns 10.0 0.15 | 0.19 5.3 0.68 123 | 1.21 | 0.14 | 1.09
13.2 0.15 | 0.25 3.6 0.69 106 | 1.58 | 0.06 | 1.12

Py-PGlu

™ =170 ns
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Table S5.3. Parameters retrieved using the FBM analysis of the pyrene excimer decays of

pyrene-labeled polypeptides in acidified DMSO.

i X TEO 4s) 9
Polypeptide fexe feditreo | feEO fedito | fep X
(mol%) (ns) (ns)
2.8 0.13 49 0.79 | 0.04 | 141* - 0.07 | 1.26
35 0.15 48 0.81 | 0.03 | 145* - 0.04 | 1.08
Py-PGlyGlu
4.3 0.17 52 0.75 | 0.00 | 156* - 0.01 | 1.15
5.3 0.20 51 0.75 | 0.05 | 153* - 0.01 | 1.27
6.6 0.14 52 0.80 | 0.04 | 119* - 002 | 1.14
9.6 0.18 52 0.78 | 0.03 | 141* - 001 | 1.14
Py-PAlaGlu
135 0.24 | 47 0.71 | 0.00 | 88* - 0.04 | 1.27
15.2 0.24 | 49 0.70 | 0.05 | 94* - 0.02 | 1.15
6.0 0.22 49 0.64 | 0.10 | 134 | 0.02 | 0.02 | 1.12
8.0 0.26 35 0.24 | 0.08 58 041 | 0.01 | 1.10
Py-PGlu

104 | 0.28 | 47 059 | 010 | 104 | 0.04 | 0.00 | 122
115 | 0.23 | 46 0.57 | 0.11 82 0.08 | 0.01 | 1.09
123 | 0.26 | 40 0.41 | 0.08 68 0.21 | 0.03 | 1.13
4.5 0.14 | 48 0.66 | 0.07 99 0.12 | 0.00 | 1.01
5.5 0.16 50 0.63 | 0.05 87 0.16 | 0.00 | 1.12
6.6 019 | 45 0.39 | 0.02 68 037 | 0.02 | 1.24
10.0 | 0.21 | 42 0.48 | 0.05 66 0.26 | 0.00 | 1.09
13.2 025 | 40 048 | 0.00 | 65 0.21 | 0.05 | 1.12

Py-PLys(Z)Glu

* Excimer decays were fit with Equation S5.3.
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Table S5.4. Fraction of pyrene species calculated using parameters retrieved from the FBM
analysis of the pyrene monomer and excimer decays of pyrene-labeled polypeptides in

acidified DMSO.

Polypeptide fio | fairreo | fairo | fairr | feo | fo | fagg | free | %
(mol%)
2.8 0.06 | 0.38 - 0.38 | 0.00 | 0.03 | 0.03 | 0.52 | 1.26
3.5 0.09 | 0.46 - 0.46 | 0.00 | 0.02 | 0.02 | 0.42 | 1.08
Py-PGlyGlu
4.3 0.13 | 0.58 - 0.58 | 0.06 | 0.01 | 0.07 | 0.22 | 1.15
5.3 0.15 | 0.58 - 0.58 | 0.03 | 0.01 | 0.04 | 0.23 | 1.27
6.6 0.12 | 0.71 - 0.71 | 0.03 | 0.02 | 0.05 | 0.11 | 114
9.6 0.17 | 0.74 - 0.74 |1 0.03 | 0.01 | 0.04 | 0.05 | 1.14
Py-PAlaGlu
135 [0.24 | 0.70 - 0.70 | 0.00 | 0.04 | 0.04 | 0.01 | 1.27
152 | 0.24 | 0.69 - 0.69 | 0.05 | 0.02 | 0.07 | 0.01 | 1.15

6.0 0.13 | 0.36 | 0.01 | 0.37 | 0.06 | 0.01 | 0.07 | 0.44 | 1.12
8.0 0.18 | 0.17 | 0.29 | 0.46 | 0.06 | 0.00 | 0.06 | 0.29 | 1.10
104 | 0.19 | 040 | 0.03 | 0.43 | 0.07 | 0.00 | 0.07 | 0.31 | 1.12
115 | 0.18 | 0.44 | 0.06 | 0.50 | 0.08 | 0.01 | 0.09 | 0.23 | 1.09
123 | 021|034 |0.18| 052|007 | 003|010 |0.17 | 113
4.5 0.09 | 0.39 | 0.07 | 0.47 | 0.04 | 0.00 | 0.04 | 0.40 | 1.01
5.5 0.12 | 0.46 | 0.12 | 0.58 | 0.04 | 0.00 | 0.04 | 0.26 | 1.12
6.6 0.16 | 0.32 | 0.30 | 0.62 | 0.02 | 0.01 | 0.03 | 0.19 | 1.24
100 |0.18 | 0.42 | 0.23 | 0.65 | 0.05 | 0.00 | 0.05 | 0.13 | 1.09
132 | 0.24 | 046 | 0.20 | 0.66 | 0.00 | 0.05 | 0.05 | 0.05 | 1.12

Py-PGlu

Py-PLys(Z)Glu
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Table S5.5. Parameters retrieved using the FBM analysis of the pyrene monomer decays of

pyrene-labeled polypeptides in acidified DMF.

_ X ko ke[blob] Kblob
Polypeptide ] fvke B fmditr | <n> | fmfree | X
(mol%) | (ns™) (us™) (us™)
2.8 0.13 | 0.12 10.4 0.43 124 | 142 | 044 | 1.21
Py-PGlyGlu 3.5 0.13 | 0.16 8.1 0.50 116 | 1.50 | 0.34 | 1.15
™ =215ns 4.3 0.13 | 0.23 6.7 0.58 144 | 158 | 0.18 | 1.18
5.3 0.13 | 0.27 6.3 0.56 13.1 | 173|018 | 1.21
6.6 0.13 | 0.30 4.2 0.62 11.0 | 1.39 | 0.09 | 1.08
Py-PAlaGlu 9.6 0.13 | 0.35 3.6 0.61 9.7 | 1.76 | 0.04 | 1.08
™ = 215ns 135 0.13 | 0.47 3.1 0.53 10.7 | 2.60 | 0.01 | 1.24
15.2 0.13 | 0.50 24 0.49 9.8 | 278 | 0.01 | 115
6.0 0.15 | 0.18 5.3 0.36 146 | 1.28 | 0.46 | 1.00
8.0 0.15 | 0.23 2.9 0.46 13.3 | 1.34 | 0.32 | 1.05
104 0.15 | 0.29 3.6 0.46 139 | 146 | 0.25 | 1.06
11.5 0.15 | 0.22 3.1 0.54 175 | 1.25 | 0.24 | 1.07
12.3 0.15 | 0.29 3.1 0.53 13.0 | 1.39 | 0.18 | 1.10
4.5 0.15 | 0.12 10.3 0.42 17.3 | 1.10 | 0.46 | 1.06
Py- 5.5 0.15 | 0.16 7.4 0.48 148 | 1.15 | 0.35 | 1.08
PLys(Z)Glu | 66 | 015 | 0.19| 5.2 057 | 143 | 1.17 | 0.25 | 1.20
™ =200 ns 10.0 0.15 | 0.29 4.5 0.60 146 | 1.35| 0.11 | 1.20
13.2 0.15 | 0.33 4.1 0.61 13.0 | 1.72 | 0.06 | 1.06

Py-PGlu

™ = 215 ns
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Table S5.6. Parameters retrieved using the FBM analysis of the pyrene excimer decays of

pyrene-labeled polypeptides in acidified DMF.

. X TEO D 5
Polypeptide fexe feditreo | feEo fedito | fep X
(mol%) (ns) (ns)
2.8 0.21 53 0.73 | 0.04 | 179* - 003 | 1.21
3.5 0.23 52 0.72 | 0.04 | 181* - 0.01 | 1.15
Py-PGlyGlu
4.3 0.25 55 0.64 | 0.10 | 179* - 0.01 | 1.18
5.3 0.30 54 0.63 | 0.06 | 173* - 001 | 1.21
6.6 0.30 53 0.62 | 0.04 | 125* - 0.04 | 1.08
9.6 0.34 | 48 0.59 | 0.00 | 94* - 0.07 | 1.08
Py-PAlaGlu
135 0.39 | 47 043 | 0.00 | 75* - 0.18 | 1.24
15.2 0.42 46 041 | 0.00 | 75* - 0.17 | 1.15
6.0 0.29 50 0.53 | 0.13 | 108 | 0.05 | 0.00 | 1.00
8.0 0.30 36 0.36 | 0.03 68 0.24 | 0.09 | 1.05
Py-PGlu

104 | 034 | 41 0.38 | 0.00 70 | 0.16 | 0.12 | 1.06
11.5 024 | 41 0.34 | 0.16 72 0.25 | 0.01 | 1.07
12.3 0.28 | 46 0.34 | 0.20 75 0.17 | 0.01 | 1.10
4.5 0.19 | 53 0.64 | 012 | 178 | 0.02 | 0.03 | 1.06
5.5 0.23 | 52 0.63 | 0.08 | 128 | 0.05 | 0.00 | 1.08
6.6 024 | 37 0.33 | 0.05 68 0.38 | 0.00 | 1.20
10.0 029 | 39 0.13 | 0.10 61 0.48 | 0.00 | 1.20
13.2 031 | 36 0.24 | 0.09 60 | 0.35 | 0.01 | 1.06

Py-PLys(Z)Glu

* Excimer decays were fit with Equation S5.3.
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Table S5.7. Fraction of pyrene species calculated using parameters retrieved from the FBM

analysis of the pyrene monomer and excimer decays of pyrene-labeled polypeptides in

acidified DMF.
- X 2
Polypeptide fka | faitreo | faifio | faite | feo fo | fagg | frree | X

(mol%)

2.8 0.12 | 0.42 - 1042002002004 ]043|121
35 0.15 | 0.49 - 1049 |003]001]|0.04 032|115

Py-PGlyGlu
4.3 0.21 | 0.53 - 1053(0.08|0.01]|0.09]0.17 | 1.18
53 0.25 | 0.53 - 1053 [005|0.01]|006]|017 | 121
6.6 0.12 | 0.71 - 1071003 ]002]| 005|011 1.08
9.6 0.17 | 0.74 - 1074|003 |0.01]|0.04]0.05] 108

Py-PAlaGlu
135 | 0.24 | 0.70 - 1070 |0.00|0.04]|0.04]|001] 0124
152 | 0.24 | 0.69 - 1069 |0.05]|002]|0.07 001|115
6.0 0.17 | 0.30 | 0.03 | 0.33 | 0.07 | 0.00 | 0.07 | 0.43 | 1.00
8.0 0.21 | 0.25 | 0.17 | 0.42 | 0.02 | 0.06 | 0.08 | 0.29 | 1.05

Py-PGlu
104 |0.26 | 0.29 | 0.12 | 0.42 | 0.00 | 0.09 | 0.09 | 0.23 | 1.06
115 | 0.19 | 0.27 | 0.20 | 0.47 | 0.13 | 0.00 | 0.13 | 0.21 | 1.07
123 [ 0241029 | 0.14 | 043 | 0.17 | 0.01 | 0.18 | 0.14 | 1.10
4.5 0.11 | 0.37 | 0.01 | 0.38 | 0.07 | 0.02 | 0.09 | 0.42 | 1.06
55 0.16 | 0.42 | 0.04 | 0.46 | 0.05 | 0.00 | 0.05 | 0.33 | 1.08
Py-PLys(Z)Glu

6.6 0.18 | 0.25 | 0.29 | 0.54 | 0.04 | 0.00 | 0.04 | 0.24 | 1.20
100 |0.26 | 0.12 | 043|055 | 0.09 | 0.00 | 0.09 | 0.10 | 1.20
132 (030|022 | 034|056 |0.08|0.01]|0.09]0.05]|1.06
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Steady-state fluorescence spectra of pyrene-labeled polypeptides
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Figure S5.17. The steady-state fluorescence spectra of Py-PGlyGlu in A) DMSO and B)
DMF.
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Figure S5.18. Steady-state fluorescence spectra of Py-PAlaGlu in A) DMSO and B) DMF.
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Figure S5.19. Steady-state fluorescence spectra Py-PGlu in A) DMSO and B) DMF.
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Figure S5.20. The steady-state fluorescence spectra of Py-PLys(Z)Glu in A) DMSO and
B) DMF.
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Molecular mechanics optimizations (MMOs) of PGlyGlu

The program HyperChem was used to construct an oligopeptide with 31 aa’s where 14 aa’s
(i.e. 45%) were Glu and 17 aa’s (i.e. 55%) were Gly, resulting in a Glu content similar to that
of Py-PGlyGlu. Using the random number generator provided by MS Excel, the Glu were
distributed randomly throughout the backbone. After stretching and relaxing the backbone to
produce a random-coil conformation of the polypeptide, the backbone atoms were locked in
place to prevent them from moving during the optimizations. A pyrenyl label was then attached
onto a reference Glu residue. Sequentially, a second pyrenyl label was placed onto
neighbouring Glu residues. The pyrenes were then brought together and the overlap between
the two pyrenyl planes was quantified by counting the number of carbons of one pyrene
overlapping the frame of the other pyrene. Pyrene cannot be labeled onto Gly, so if a Gly was
present in the residue position of interest the Gly side chain was replaced with that of the
pyrene-labeled Glu. Since the backbone was locked in place, changing identity of the structural
unit (by replacing the side chain) had no effect on the backbone conformation, but allowed the
MMOs to be conducted for all the reference positions along the backbone. A plot of the number
of overlapping carbons as a function of the number of aa’s separating the two pyrene-labeled
aa’s is given in Figure S5.21. This plot indicated that two pyrenyls attached onto two Glu’s
separated by up to 5 or 6 residues could overlap satisfactorily and form an excimer. After
averaging for three different reference positions, Npion™™ was found to equal 10.3 + 1.2 for

PGlyGlu.

415



14

€
g 1240 O
» A A
S 10 - AoQO
Qo ., a a
58 81 o
2s 6 - (]
= O A
c_% 4 A OI:I
o 2 1 OA
@] o
0 T 8-8-8-88
0 5 10

Residue position from ref. residue

Figure S5.21. The number of overlapping carbons between two pyrenes attached onto
poly(GlyGlu) (55% Gly) as a function of the number of residues separating the two structural
units bearing a pyrenyl label. The dashed line equals a carbon overlap of 7 which was

considered to provide sufficient overlap for the pyrenes to form excimer efficiently.

Intrinsic viscosity of PGlyGlu in DMSO

The intrinsic viscosity of PGlyGlu was determined using a universal-size 75 Cannon
Ubbelohde viscometer in a temperature bath maintained at 25.0 °C. The average of thrice
measured flow times of pure DMSO and PGlyGlu solutions in DMSO with concentration

ranging from 2.6 to 7.1 mg/mL are given in Table S5.8.
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Table S5.8. Flow times of PGlyGlu in DMSO.

Concentration (mg/mL) | Flow Time (s)
0 (pure DMSO) 229.26 + 0.09

7.1 247.48 £ 0.08

5.3 243.26 £ 0.03

4.2 240.68 + 0.14

35 238.80 £ 0.21

2.6 236.45 +0.08

The flow times t were then used to calculate the reduced (#red = (t-to)/(txc)) and inherent
(ninh = In(t/to)/c) viscosities as a function of copolypeptide concentration c, where to is the flow
time of the pure solvent. Figure S5.22 shows that both the reduced and inherent viscosity
increased linearly with decreasing copolypeptide concentration. Using the Huggins ([#] =
limc—o 77red) and Kraemer ([#] = limc—o #inn) relationships, the intrinsic viscosity was found to

equal 12.81 (+0.04) mL/g for PGlyGlu in DMSO.
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Figure S5.22. Plot of the @) reduced and (©) inherent viscosities of PGlyGlu in DMSO as a
function of concentration. The dashed lines represent the lines of best fit: 7rq = —0.238¢c +

12.81, R? =0.99. 5inh = —0.288c + 12.78, R? = 1.00.

Ie/Im ratios of PGlyGlu as a function of polymer concentration

The Ie/lm ratios of PGlyGlu were measured as a function of copolypeptide concentration to
check for the presence of intermolecular interactions. Since the fluorescence of the Py-
PGIlyGlu samples are typically prepared such that the molar concentration of pyrene equals
2.7x10°% M, the mass concentration of copolypeptide depends on the pyrene content of the
sample, where a lower pyrene content is associated with a larger mass concentration of
copolypeptide. For example, the pyrene content of Py-PGlyGlu ranged from 2.8 to 5.3 mol%,

which corresponds to copolypeptide concentration of 8.9 and 4.9 mg/L, respectively. To ensure
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that no polymer aggregation took place in this concentration range, the Ig/lv ratios of the Py-
PGIlyGlu samples having the highest and lowest pyrene content were measured across the 4.9
— 8.9 mg/L concentration range. Figure S5.23 shows that the Ie/lm ratios were independent of

concentration demonstrating that excimer was only formed intramolecularly.
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Figure S5.23. Plot of the Ig/lm ratio of Py-PGlyGlu with pyrene contents equal to (squares)

2.8 and (circles) 5.3 mol% in (hollow) DMSO and (solid) DMF.
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S6 — Sl for Chapter 6

Solvent drying

Ethyl acetate: Ethyl acetate (500 mL) was refluxed with calcium hydride (2.5 g) for 3 hours,
then distilled under a nitrogen atmosphere. The first ca. 15 mL of ethyl acetate distilled was
discarded. The distilled ethyl acetate was stored under nitrogen until used.

THF: THF was dried in a similar procedure as ethyl acetate.

Dioxane: Dioxane (100 mL) was pre-dried by mixing with CaH> (0.2 g) for 2 hours. The
dioxane was then refluxed with sodium (ca. 0.1 g) for 3 hours. The dioxane was then distilled
under reduced pressure at 40 °C and was collected into a flame-dried Schlenk tube. The first
10 mL of distillate was collected in a separate ampule and discarded. The distilled dioxane was
stored under nitrogen in the dark until used.

DMF: DMF (200 mL) was stirred with CaH> (0.4 g, 5 wt%) overnight in the dark under a
nitrogen atmosphere. The calcium hydride was removed by filtration under a nitrogen
atmosphere. The DMF was then distilled under reduced pressure at a temperature no greater
than 35 °C to minimize degradation. The DMF was collected into a flame-dried Schlenk tube
covered with aluminum foil to minimize light exposure. The first 15 mL of distillate was
collected in a separate ampule and discarded. The distilled DMF was stored under nitrogen in
the dark until used.

n-Butylamine: n-Butylamine (20 mL) was refluxed with CaH> (0.1 g) for 2 hours before it was
distilled under vacuum at 40 °C into a Schlenk flask. The first 3 mL of distillate were discarded.

The distilled n-butylamine was stored under nitrogen.
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NMR spectra of the PAlaGlu(OtBu) samples
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Figure S6.1. H NMR spectrum of PAlaGlu24(OtBu)7s. 300 MHz, de-DMSO: & = 8.00 (1H,
amide), 4.20 (1H, o), 2.19 (2H, y-Glu), 1.83 — 1.71 (2H, B-Glu), 1.34 (9H, tBu), 1.18 (3H, p-

Ala). Residual water (3.36 ppm) and solvent (2.47 ppm) peaks are also present.
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Figure S6.2. H NMR spectrum of PAlas1Glu(OtBu)se. 300 MHz, de-DMSO: & = 8.00 (1H,
amide), 4.20 (1H, o), 2.19 (2H, y-Glu), 1.83 — 1.71 (2H, B-Glu), 1.34 (9H, tBu), 1.18 (3H, -

Ala). Residual DMF (7.92, 2.86, and 2.70 ppm) and acetone (2.05). Residual water (3.36 ppm)

and solvent (2.47 ppm) peaks are also present.
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NMR Spectra of the PAlaGlu samples
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Figure S6.3. H NMR spectrum of PAlaz24Gluzs. 300 MHz, de-DMSO: § = 8.00 (1H, amide),
4.20 (1H, o), 2.19 (2H, y-Glu), 1.83 — 1.71 (2H, B-Glu), 1.34 (9H, tBu), 1.18 (3H, B-Ala).
The peaks marked with a * are from DMF. The residual solvent (2.47 ppm) peak is also

present.
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Figure S6.4. H NMR spectrum of PAlas1Gluse. 300 MHz, de-DMSO: 6 = 8.00 (1H, amide),
4.20 (1H, o), 2.19 (2H, y-Glu), 1.83 — 1.71 (2H, p-Glu), 1.34 (9H, tBu), 1.18 (3H, p-Ala).
The peaks marked with a * are from residual DMF and acetone. The residual solvent (2.47

ppm) peak is also present.
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GPC traces of the PAlaGlu(OtBu) samples
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Figure S6.5. The DRI GPC traces of A) PAlaGlu24(OtBu)7 and B) PAlaGlusi(OtBu)sg in
DMSO at 70 °C with a 0.6 mL-min* flow rate. The peak at ca. 36 min. is the solvent elution

peak.
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Steady-state fluorescence spectra of the Py-PAlaGlu samples in DMSO
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Figure S6.6. Steady-state spectra of Py-PAlaGlu’s in DMSO; faia = A) 0.24, B) 0.41, and C)

0.58.
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Equations used to globally analyze the pyrene-labeled polypeptides

The monomer and excimer decays of the Py-PAlaGlus were fit with Equations S6.1 and S6.2.

Pyl =[Py;ﬁ lo +[Py:c2](t) + [nyree](t) =[PYar 1o EXp[_ [Az +ijt — A (1—exp(—A4t))J

M

Pt SR e (nom 2

+ [Py free]o exp[_ Lj j|
" (S6.1)

[E*], =[E0*], +[D*]y = ([[Pykz] +[PYa I.€ A z A _ATIA, ]

it A +iA -k
exp (— tJ—exp(— (kz +1jtJ
Teo Ty

X

k2+i—i
Tm Teo
A3 AR exp(—(Az+iA4+1jt]—exp(_tj
+[PYair 1o e Z * T Teo
it A +iA -k, . 1 1
A2+|A4+TM -
ot froned L)
+ [EO], xexp| —— |+ [D], xexp| ——
- o (S6.2)
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In Equations S6.1 and S6.2, the parameters Az, As, and A4 are given in Equations S6.3.a-c.

A2 =<N>X kblobke [bIOb]
K05k, [Dlob] (56.3.2)
2
k
A, =<n> x[$j
K oo+ [D10D] (56.3.0)
A, :kblob+ke [bIOb] (S6.3.c)

The parameters koion, Ke[blOb], and <n> represent the rate constant for the diffusive
encounters between two structural units bearing a pyrenyl label, the product of the rate constant
for exchange (ke) of ground-state pyrene between blobs and the local blob concentration, and
the average number of pyrenyl labels inside a blob, respectively. The pre-exponential factors
corresponding to the pyrene species [Pydit*]m, [Pyk2*]m, and [Pysree*]m in Equation S6.1 and
[Pyait*]e, [Pyk2*]e, [E0*]e, and [D*]e in Equation S6.2, where the indices M or E indicate that
the pre-exponential factors were obtained from the monomer or the excimer fluorescence
decays, were used to determine the molar fractions fqis, fio, free, fo, and fo Whose expressions

are given in Equations S6.4 — S6.8.

1
foun =
o 1+ [Pykz*]M _I_[nyree*]M+ [EO*]E n [D*]E
[PYar *Iv  [PYar *Iv  [PYar *le  [PYair *]e

(S6.4)
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[Py, v [Py, *]
—f, etz du g IV le (S6.5)
T PY " [PYar *e

P *
 iree = o X[ yfree_*]M (S6.6)
[PYair *Im
[EC*]
=f x—— (S6.7)
o [P e
[D*]e
fo=fog x———— (S6.8)
oo [PYair *1e

The molar fraction for one of the pyrene species obtained from a given fluorescence
decay, such as the molar fraction fufree used in Equation 6.2 in the main text for the Pyfree*
species in the monomer decays that represent the pyrene species Pydit*, Pyk2*, and Pyfree*

would be obtained as shown in Equation S6.9.

[ Py free *] f free
foree = * * * = (869)
[PYsire *1+[PY . 1+ [PY e ] fois + fio + f

free
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Example global-fit of the monomer and excimer decays of Py-PAlaGlu according to the

FBM
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Figure S6.7. Monomer (left, Zem = 375 nm) and excimer (right, Aem = 510 nm) fluorescence
decays (o) of Py-PAlaGlu (faia = 0.24, x = 10.0 mol%) in DMSO. The instrument response
function (0) and the fit of the global analysis of the FBM (—) are overlaid with the fluorescence

decays. hex = 344 nm, [Py] = 2.7 x 107° M. 2 = 1.16.
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Parameters retrieved from the FBM analysis of the Py-PAlaGlu samples

Table S6.1. Parameters retrieved using the FBM analysis of the pyrene monomer decays of

Py-PAlaGlu in acidified DMSO.

X k2 ke[blob] Kblob
fala - fmkz - fmaits | <n> | fmfree |
(mol%) | (ns™) (us™) (us™)

3.3 0.14 | 0.08 8.8 0.55 119 | 0.77 | 0.36 | 1.16
3.8 0.14 | 0.09 8.9 0.58 126 | 0.76 | 0.32 | 1.16

0.24
35 0.14 | 0.10 8.3 063 | 115 | 081 | 0.28 | 1.04
mwm=172ns
45 0.14 | 0.12 8.0 067 | 116 | 086 | 022 | 1.24
5.0 0.14 | 0.13 6.8 071 | 11.3 | 098|016 | 1.17
6.6 0.13 | 0.18 5.4 072 | 97 [116 010|115
01 6.9 0.13 | 0.16 0.7 071 | 11.0 | 120 013 | 1.22
' 7.9 0.13 | 0.16 6.4 075 | 95 |1.30] 0.09 | 1.19
mwm=172ns

7.0 0.13 | 0.19 7.1 0.73 10.7 | 1.31 | 0.08 | 1.10
10.4 0.13 | 0.26 6.4 0.70 10.7 | 1.76 | 0.04 | 1.06
6.6 0.14 | 0.13 6.3 0.75 104 | 116 | 0.11 | 1.14

0.58 9.6 0.14 | 0.17 5.0 0.77 89 | 153|005 | 114
w=172ns 135 0.14 | 0.25 4.6 0.74 82 | 236 | 0.01 | 127
15.2 0.14 | 0.25 4.6 0.73 8.7 | 240 | 0.01 ] 115
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Table S6.2. Parameters retrieved using the FBM analysis of the pyrene excimer decays of Py-

PAlaGlu in acidified DMSO.

X

TEO

D

fala feko fediffeo feeo feo Y
(mol%) (ns) (ns)
3.3 0.13 52 0.83 0.01 153 0.02 1.16
3.8 0.13 54 0.83 0.04 103 0.00 1.16
0.24 3.5 0.13 50 0.83 0.01 134 0.03 1.04
4.5 0.14 52 0.82 0.04 80 0.00 1.24
5.0 0.15 49 0.80 0.01 110 0.05 1.17
6.6 0.19 50 0.77 0.04 - 0.00 1.15
6.9 0.17 47 0.78 0.04 - 0.00 1.22
0.41 7.9 0.17 48 0.79 0.04 - 0.00 1.19
7.0 0.20 49 0.77 0.03 - 0.00 1.10
104 0.25 48 0.70 0.05 - 0.00 1.06
6.6 0.14 52 0.80 0.04 119 0.02 1.14
9.6 0.18 52 0.78 0.03 141 0.01 1.14
098 13.5 0.24 47 0.71 0.00 88 0.04 1.27
15.2 0.24 49 0.70 0.05 94 0.02 1.15
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Table S6.3. Fraction of pyrene species calculated using parameters retrieved from the FBM

analysis of the pyrene monomer and excimer decays of Py-PAlaGlu in acidified DMSO.

fala " fio faifreo faife feo fo fagg ffree Y
(mol%)

3.3 0.08 0.54 0.54 0.01 0.02 0.02 0.36 1.16

3.8 0.09 0.57 0.57 0.03 0.00 0.03 0.31 1.16
0.24 3.5 0.09 0.61 0.61 0.01 0.02 0.03 0.27 1.04
4.5 0.11 0.64 0.64 0.03 0.00 0.03 0.21 1.24
5.0 0.12 0.68 0.68 0.01 0.04 0.05 0.15 1.17
6.6 0.17 0.69 0.69 0.04 0.00 0.04 0.10 1.15
6.9 0.15 0.68 0.68 0.03 0.00 0.03 0.13 1.22
0.41 7.9 0.16 0.72 0.72 0.03 0.00 0.03 0.08 1.19
7.0 0.18 0.70 0.70 0.03 0.00 0.03 0.08 1.10
104 0.24 0.67 0.67 0.05 0.00 0.05 0.04 1.06
6.6 0.12 0.71 0.71 0.03 0.02 0.05 0.11 1.14
9.6 0.17 0.74 0.74 0.03 0.01 0.04 0.05 1.14
13.5 0.24 0.70 0.70 0.00 0.04 0.04 0.01 1.27

15.2 0.24 0.69 0.69 0.05 0.02 0.07 0.01 1.15

0.58

Polymer Conformations and Degree of Polymerization

To ensure that the equation derived from renormalization group (RG) theory, which was
developed for polymers with large chain lengths, would still hold true for a relatively small
number of segments, Table S6.4 compares the number of conformations that a polymer can

adopt for chain lengths of up to 20 structural units. The previously determined direct counting
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method provides the exact number of conformations a chain of N segments can adopt in a 3D
simple cubic lattice,* while the column labeled RG provides the result of Equation S6.4. In

Equation S6.4, C=1.17, y =7/6, and u = 4.68.

Q(N)=CN7" " (S6.4)

Unfortunately, the direct counting method which provides the exact number of
conformations for shorter chains was only applied for isothermal solvents where x = 4.68.
Although = 3.19 for a poor solvent was used in the calculations described in the main text,
the good agreement found in Table S4 between the exact number of conformations determined
directly and with Equation S4 suggests that Equation S6.4 would also apply fairly well to

shorter chains in poor solvents as it does in isothermal solvents.
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Table S6.4. The number of conformations a polymer can adopt in a good solvent on a cubic

lattice as a function of chain length calculated from renormalization group (RG) theory

compared to a direct counting method.

Chain Length N Direct Counting® RG % Difference
2 1 6 55 8.7
3 2 30 29 4.0
4 3 150 144 3.7
5 4 726 709 2.3
6 5 3534 3449 2.4
7 6 16926 16652 1.6
8 7 81390 80025 1.7
9 8 387966 383255 1.2
10 9 1853886 1830675 1.3
11 10 8809878 8726417 0.9
12 11 41934150 41527241 1.0
13 12 1.9884 x10° 1.9735 x108 0.8
14 13 9.4397 x108 9.3675 x108 0.8
15 14 4.4689 x10° 4.4421 x10° 0.6
16 15 2.1175 x10% 2.1046 x10% 0.6
17 16 1.0012 x10** 9.9643 x10'° 0.5
18 17 4.7373 x10" 4.7145 x10% 0.5
19 18 2.2377 x10* 2.2293 x10*2 0.4
20 19 1.0576 x10*3 1.0536 x10*3 0.4
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List of proteins and their folding times

Table S6.5. List of peptides and proteins with their size, experimental?2 and calculated folding

times, expected average blob size <Npob>, and expected number of blobs. <Npiep> was

calculated using Equation 4 in the main text. The identity of each protein is provided as the

code issued by the protein data bank (PDB) and if only part of the protein sequence was used

in a folding experiment, it is indicated in the parentheses.

. Experimental | Calculated # blobs
Identity DP F:og () log(zs) <Nbplob> (=DP/<Noov>)
1PGB (41 - 56) 16 -5.43 -6.46 13.40 1.19
1L2Y 20 -5.40 -5.75 14.53 1.38
a-Helix 21 -6.73 -5.61 14.74 1.42
1T8J 25 -5.12 -5.13 15.43 1.62
1PIN (6-39) 34 -4.08 -4.37 16.39 2.07
1VI1I (42-76) 35 -5.34 -4.31 16.46 2.13
1EOL 37 -4.39 -4.18 16.60 2.23
1EOM 37 -3.87 -4.18 16.60 2.23
1K9Q 40 -3.65 -4.00 16.79 2.38
1WA4E 45 -4.43 -3.73 17.04 2.64
1PRB (7-53) 47 -5.99 -3.63 17.12 2.74
2WXC 47 -5.08 -3.63 17.12 2.74
1E0G 48 -3.04 -3.58 17.17 2.80
10KS 49 -2.69 -3.53 17.20 2.85
1wW4) 51 -5.34 -3.44 17.28 2.95
2WQG 51 -3.69 -3.44 17.28 2.95
2LLH (19-70) 52 -3.04 -3.39 17.31 3.00
1BA5 53 -2.56 -3.35 17.34 3.06
1IDY 54 -3.78 -3.30 17.37 3.11
1ENH 54 -4.60 -3.30 17.37 3.11
1DIV (1-56) 56 -2.84 -3.22 17.43 3.21
1SRL (9-64) 56 -1.91 -3.22 17.43 3.21
1PGB 56 -2.78 -3.22 17.43 3.21
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1AVZ (Chain C:

85.141) 57 -2.13 -3.17 17.46 3.26
1SHG (6-62) 57 -0.48 -3.17 17.46 3.26
1J08 58 -1.09 -3.13 17.49 3.32
1AU7 (103-160) 58 -4.21 -3.13 17.49 3.32
1FEX 59 -3.56 -3.09 17.52 3.37
1SS1 (2-60) 59 -4.99 -3.09 17.52 3.37
2PTL (18-77) 62 -1.78 -2.97 17.59 3.52
2L6R 62 -4.47 -2.97 17.59 3.52
3CI2 64 -2.52 -2.89 17.64 3.63
1C8C 64 -3.04 -2.89 17.64 3.63
2CRO (1-65) 65 -161 -2.85 17.66 3.68
1C90 66 -3.13 -2.81 17.68 3.73
1G6P 66 -2.74 -2.81 17.68 3.73
2VKN (1-66) 66 -0.91 -2.81 17.68 3.73
1CSP 67 -2.82 -2.78 17.70 3.79
1IRYK 69 -3.95 -2.70 17.74 3.89
1MJC 69 -2.30 -2.70 17.74 3.89
1UZC (3-71) 69 -3.47 -2.70 17.74 3.89
1DKT (5-76) 72 -1.95 -2.59 17.79 4.05
2A3D 73 -5.30 -2.55 17.81 4.10
1RFA (56-130) 75 -3.34 -2.48 17.84 4.20
2IMC 75 -1.43 -2.48 17.84 4.20
1MOS (391-466) 76 -1.74 -2.45 17.86 4.26
1UBQ 76 -2.30 -2.45 17.86 4.26
1LMB (6-85) 80 -4.52 -2.31 17.92 4.46
1KDX (586-666) 80 -3.39 231 17.92 4.46
106X 81 -2.95 -2.27 17.93 452
1EHB (3-84) 82 -1.30 -2.24 17.95 457
1PNJ (3-84) 82 0.30 -2.24 17.95 457
1PRS (91-173) 83 0.87 -2.20 17.96 4.62
1HDN 85 -1.17 -2.14 17.99 4.73
2BKF (1-85) 85 -2.69 -2.14 17.99 4.73
1IMQ 86 -3.18 -2.10 18.00 4.78
1ST7 86 -3.69 -2.10 18.00 478
1AYI (1-86) 86 -2.48 -2.10 18.00 478
INTI 86 -2.82 -2.10 18.00 4.78
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1K8M (1-87) 87 0.41 -2.07 18.01 4.83
1PRS (1-88) 88 -1.30 -2.04 18.02 4.88
1K85 88 -0.61 -2.04 18.02 4.88
1GXT (4-91) 88 -1.91 -2.04 18.02 4.88
1TEN (803-891) 89 -0.78 -2.00 18.03 4.94
1BTA 89 -1.52 -2.00 18.03 4.94
1TIT 89 -1.56 -2.00 18.03 4.94
2BJD (12-101) 90 -0.74 -1.97 18.04 4,99
1FNF (1325-
14§5) 91 0.39 -1.94 18.06 5.04
3ZRT (3-93) 91 -0.56 -1.94 18.06 5.04
1DIV (58-149) 92 -1.43 -1.90 18.07 5.09
1TP3 (309-401) 93 -1.30 -1.87 18.08 5.14
IWIT 93 -0.18 -1.87 18.08 5.14
3ZRT (97-189) 93 -0.13 -1.87 18.08 5.14
2VH7 (5-98) 94 -0.36 -1.84 18.09 5.20
1GM1 (9-102) 94 -0.43 -1.84 18.09 5.20
1AUE (Chain B:
2022(_2115) 94 -2.35 -1.84 18.09 5.20
1ITTG 94 -2.39 -1.84 18.09 5.20
1FHT (2-97) 96 -2.00 -1.77 18.11 5.30
1N88 96 -0.87 -1.77 18.11 5.30
1FA3 96 -1.78 -1.77 18.11 5.30
1RIS (1-97) 97 -2.65 -1.74 18.12 5.35
2X7Z (311-407) 97 -0.32 -1.74 18.12 5.35
1HNG (2-98) 97 -0.78 -1.74 18.12 5.35
1APS 98 0.69 -1.71 18.13 5.41
2QJL 99 -1.13 -1.68 18.14 5.46
1E41 (93-192) 100 -3.00 -1.65 18.15 551
1PUC (2-102) 101 -1.82 -1.61 18.15 5.56
1SPR (2-104) 103 -3.78 -1.55 18.17 5.67
1ARR (1-106) 106 -4.00 -1.46 18.20 5.83
1CUN (7-112) 106 -2.08 -1.46 18.20 5.83
1YYJ 106 -3.65 -1.46 18.20 5.83
2J5A (3-108) 106 -3.17 -1.46 18.20 5.83
1CUN (113-219) 107 -1.48 -1.43 18.20 5.88
1D60 107 -0.69 -1.43 18.20 5.88
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1BNI (3-110) 108 117 1139 18.21 5.93
104Q (1662
%1) 110 478 1133 18.23 6.03
10AU (14-125) | 112 0.78 127 18.24 6.14
2KDI 114 71,00 121 18.26 6.2
10TU (1_115) | 115 0.16 118 18.26 6.30
2MYO 118 22,08 1109 18.28 6.45
1HCD 118 2056 1109 18.28 6.45
2GA5 119 235 1106 18.29 6.51
1EKG 119 152 71,06 18.29 6.51
1ADW 123 20.30 20.94 18.31 6.72
135U 124 23.00 2001 18.32 6.77
1FGA (20-143) | 124 0.61 2091 18.32 6.77
5L81 (3-127) 125 2028 20.88 18.33 6.82
304D 126 213 20.85 18.33 6.87
VIL 126 182 20.85 18.33 6.87
3049 127 0.74 20.82 18.34 6.93
3CHY 128 2043 20.79 18.34 6.98
1HRH (427-556) | 130 2038 0.73 18.35 7.08
1IFC 131 187 20.70 18.36 714
10PA (1-133) 133 2061 20.64 18.37 7.24
1CBI 136 1.39 2055 18.38 7.40
1RGS 137 2056 2052 18.39 7.45
304B (11-147) | 137 187 2052 18.39 7.45
2FS6 137 71,00 2052 18.39 7.45
INFI (67-206) | 140 2078 2043 18.40 761
3H08 146 20.69 20.26 18.43 7.02
3F6R (2-148) 147 152 2023 18.43 7.97
2ASE (9-156) 148 152 20.20 18.44 8.03
2PQE 149 20.96 017 18.44 8.08
1K0S 151 321 011 18.45 8.18
1A6N 151 20.48 011 18.45 8.18
111B (3-153) 151 174 011 18.45 8.18
1DWR (1-152) | 152 1126 20.08 18.45 8.2
2RN2 155 0.13 0.00 18.47 8.39
1RA9 159 0.16 0.12 18.48 8.60
2KLL 160 0.61 0.15 18.48 8.66
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1L63 (1-162) 162 -1.61 0.21 18.49 8.76
1LOP 164 -2.87 0.26 18.50 8.87
1FTG (2-169) 168 -1.00 0.38 18.51 9.08
1PHP (1-175) 175 -1.00 0.58 18.53 9.44
1PHP (186-394) 209 1.74 1.53 18.62 11.23
1102 213 0.11 1.64 18.63 11.44
1IGS (27-248) 222 1.95 1.89 18.64 11.91
1UCH (5-230) 226 1.13 2.00 18.65 12.12
1B9C (4-230) 227 1.13 2.03 18.65 12.17
1THF 253 1.39 2.75 18.69 13.53
3BLM 257 2.87 2.86 18.70 13.74
1V9E 259 1.91 291 18.70 13.85
4BLM (31-291) 261 2.04 2.97 18.70 13.95
1WQ5 268 0.91 3.16 18.71 14.32
1L8W (Chain B:
29£335) 307 -0.87 4,22 18.76 16.37
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S7 - Sl for Chapter 7

NMR of PyBuOSu
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Figure S7.1. *H-NMR spectrum of PyBuOSu. 300 MHz,

| L L L L I L L
3.2 28 24 20 1.6 1.2 08 0.4

de-DMSO: 8 = 8.4 — 7.9 (9H, m),

3.41 (2H,t), 2.9 - 2.8 (6H, m) and 2.10 (2H, p). The peak marked with an asterisk (*) is from

residual isopropanol (1.04 ppm). Residual water (3.31 ppm) and solvent (2.47 ppm) peaks are

also present.
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Steady-state fluorescence spectra and their Ie/lm ratios of PyBu-PLL in DMSO
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Figure S7.2. A) Steady state fluorescence spectra of PyBu-PLL in DMSO and B) Ie/lwm ratios

of PyBu-PLL in DMSO as a function of pyrene content. Aex = 344 nm, [Py] = 2.4x10°® M

Equations used to analyze the fluorescence decays of PyBu-PLL

The monomer and excimer decays of the PyBu-PLLs were fit with Equations S7.1 and S7.2.

[Py*](t) =[Py;ﬁ ](t) +[PY:2](t) + [Py:ee](t) = [Py:iff Io eXp{_(Az +Ti]t_ A (1_9Xp(_A4t)) ]

+([Py:2]o +[Py:|ff ]0 e_AS I;%%jexp(_{kZ +%}t]

_[Py:ﬁ ]oe_'Ag _%%%QXDE—(AZ +iA, +Ti]tj
= : 2 M
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IPY e exp{—ij } (S7.1)

! 1A,
[E*](t):[EO*](t)+[D*](t)+[ES*](t) {[[PYkz] +[Pyd|ff] € A Z 'IA?AZ?I—;‘I k ]
exp(— tJ_exp(—(kz +1jtj
Teo Tm
RS
™™m Teo
. 1 t
exp —(A2+IA4+th—eXp[—j
+[Py:ﬁ] . —A Z A3 A +iA, [ T Teo
it A, +iA -k, A, +iAy+ -1
™™  Teo
* * o ' Az-HA
+ kz[[[Pyk2]0+[Pydiﬁ]o § it A +iA, -k ]
et
s Tm
k2+i—i
™ 7o
o : exp(—(AﬁiAﬁljtJ—eXp(—tj
+[PYir ]oe_A3 Z i afi . =
~ il A,+IA K, Avia+ oL
™ Tp
+ [E0%], x exp(—LJ+ [D*], x exp(—ij +[ES*], xexp(—ij (57.2)
Teo o fs
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In Equations S7.1 and S7.2, the parameters Az, As, and A4 are given in Equations S7.3.a-c.

A2 =< N>X kblobke [bIOb]
K05+, [blob] (57.3.0)
2
k
A, =<n> x£$]
K piop-+Ke [DI0D] (57.3)
A4 =kblob+ke [bIOb] (8730)

In Equations S7.1 — S7.3, the parameters Kkpion, Ke[blOb], and <n> represent the rate
constant for the diffusive encounters between two structural units bearing a pyrenyl label, the
product of the rate constant for exchange (ke) of ground-state pyrene between blobs and the
local blob concentration, and the average number of pyrenyl labels inside a blob, respectively.
Analysis of the fluorescence decays assumes that five pyrene species are present in solution,
namely those pyrenes that are isolated and cannot form excimer (Pysee™), are subject to the
diffusive motion of the structural units they are attached to (Pyaifieo™ or Pyuitro™ depending on
whether they form a well (EO*) or poorly (D*) stacked dimer, respectively), or re-arrange
quickly to form an excimer EO* or D* with a rate constant ko (Pykeeo* and Pykoeo*,
respectively). Finally, a short-lived decay is often observed in the excimer fluorescence decays
and is attributed to a residual contribution from short-lived excimer (ES*) or light scattering.

It is typically not taken into account in the calculation of the molar fractions of the different
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pyrene species. Analysis of the monomer fluorescence decays with Equation S7.1 yields the
molar fractions fmdifr, fmke, and fiuree OF the pyrene species Pyaife*, Pyk2*, and Pysee*, where the
M-subscript indicates that these pyrene species were detected in the monomer fluorescence
decays. Analysis of the excimer fluorescence decays with Equation S7.2 yields the molar
fractions feaitreo, feditto, fexeeo, fexep, feeo, fep, and fes of the pyrene species Pyaiteo™, Pyditio™,
Pykeeo*, Pyken™, EO*, D*, and ES*, where the E-subscript indicates that these pyrene species
were detected in the excimer fluorescence decays. The molar fractions fwmaifr, fmk2, fmfree, fEditteo,
fediffo, fexeeo, fexep, feeo, fep, and fes obtained from the monomer or the excimer fluorescence
decays were used to determine the molar fractions fqifr, fkz, firee, feo, and fo whose expressions
are given in Equations S7.4 — S7.8. The additional lifetime zs = 3.5 ns and its corresponding
contribution to the excimer decay [ES*]o was added to account for the presence of a short

lifetime present in the excimer decay which was attributed to light scattering.

1
f= (S7.4)
o 1+ kaZ + foree + fEEO + fED
fMdiff 1:EdiffEO + fEdiffD
f f + f
sz — fdiff % Mk2 __ fdiff % fEkZEO fEkZD (575)
Mdiff EdiffEO+ EdiffD
f _ f foree S? 6
free — ' diff f ( . )
Mmdiff
f
feo= fo x ————— (S7.7)
= o fEdiffEO + fEdiffD
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fo = fain X—fED (57.8)

fEdiffEO + fEdiffD

Nbiob Was calculated using Equation S7.9, where x is molar fraction of lysines bearing

a pyrene label.

<n>
Niiob = (

1-f ree
e (S7.9)
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Example of a global-fit of the monomer and excimer decays of PyBu-PLL according to

the FBM
£10000 - £ 10000 -
=) >
8 8
. 1000 - 5 1000 A
= £
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LL LL
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B o
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Figure S7.3. Monomer (left, Zem = 378 nm) and excimer (right, Zem = 510 nm) fluorescence
decays (0) of PyBu-PLL (X = 9.4 mol%) in DMSO. The instrument response function (o) and
the fit of the global analysis of the FBM (—) are overlaid with the fluorescence decays. Aex =

344 nm, [Py] = 2.4x1078 M. y? = 1.15.
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Parameters retrieved from the FBM of PyBu-PLL

Table S7.1. Parameters retrieved using the FBM analysis of the pyrene monomer decays of

PyBu-PLL in acidified DMSO.

_ X ko ke[blob] Kbiob )
Polypeptide | P . fmditr | <Sn> | fvifree |
(mol%) | (ns™) (us™) (us™)
4.4 0.24 | 0.32 3.9 0.49 20.7 103 | 0.19 | 1.14
55 0.24 | 0.33 7.9 0.61 24.3 | 118 | 0.05 | 1.15
6.8 0.24 | 0.31 5.0 0.60 19.0 | 1.28 | 0.09 | 1.15
8.2 0.24 | 0.31 6.9 0.66 199 | 132 | 0.03 | 1.16

9.4 024 | 0.34 5.4 0.63 | 209 | 166 | 0.03 | 1.15

PyBu-PLL
™ =135 ns

Table S7.2. Parameters retrieved using the FBM analysis of the pyrene excimer decays of

PyBu-PLL in acidified DMSO.

. X TEO D 7S ?
Polypeptide fexe fedifreo | feeo feagifio | fep fs X
(mol%) (ns) (ns) (ns)

44 1027|334 016 |0.03|452| 0.25 |0.00| 35 |0.29|1.14
55 1022|370 0.19 |0.10|38.4 | 0.21 |0.05| 3.5 |0.24|1.15
6.8 |0.26|378| 0.15 |0.03|54.4| 0.30 |0.00| 3.5 |0.26 |1.15
82 (023|406 0.18 |0.00|41.7| 0.30 |0.10| 3.5 |0.20 | 1.16
94 1024|369 | 010 |0.00|47.1| 034 |0.13| 35 |0.19|1.15

PyBu-PLL
™ =135 ns
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Table S7.3. Fraction of pyrene species calculated using parameters retrieved from the FBM

analysis of PyBu-PLL in acidified DMSO.

X
Polypeptide fio | fairreo | fairo | fairr | feo | fo | fagg | free | %
(mol%)

4.4 031|018 | 0.29 | 047 | 0.04 | 0.00 | 0.04 | 0.19 | 1.14

55 0.27 | 0.23 | 0.27 | 0.50 | 0.12 | 0.06 | 0.18 | 0.04 | 1.15
PyBu-PLL

6.8 0.30 {019 | 0.39 | 0.58 | 0.03 | 0.00 | 0.04 | 0.08 | 1.15
™ = 135 ns

8.2 0.28 | 0.21 | 0.36 | 0.57 | 0.00 | 0.12 | 0.12 | 0.03 | 1.16

94 0.28 | 0.12 | 041 | 053 | 0.00 | 0.16 | 0.16 | 0.03 | 1.15

Amino acid side chain lengths and sizes

Table S7.4. List of the common 20 amino acids, their side chain reach and size, N(SCR), and

fo(SCS) values. N(SCR) and f,(SCS) were calculated using Figures 7A and B, respectively, in

the main text.

. . Side Chain Side Chain
Amino Acid Structure Reach (SCR) N(SCR) Size (SCS) fo(SCS)
OH
Glyci 0 : :
ycine iwz 1 0.45 0 2.16
OH
Alanine 0’& 2 0.89 1 1.46
NH,
OH
(0]
Cysteine NH, 3 1.34 2 1.26
SH
OH
(0]
Serine NH, 3 1.34 2 1.26
OH
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(@)
M@
Z
jan}

Proline 3 1.34 1.14
OH
(6]
Threonine NH, 3 1.34 1.14
OH
OH
O
Valine NH, 3 1.34 1.14
OH
(0]
Isoleucine N 3 1.78 1.06
OH
(6]
Aspartic acid Nk 3 1.34 1.06
O
90
OH
O
Leucine NH; 4 1.78 1.06
OH
(]
Asparagine M 4 1.78 1.06
(0]
H,N
OH
O
NH,
Methionine 5 2.23 1.06

o
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OH
o
NH,
4
o
o

Glutamic acid 1.78 1.00
[6)
OH
(0]
NH,
Glutamine 5 2.23 1.00
(6]
NH,
OH
O
NH,
Histidine 5 2.23 1.00
@ —
HN\/NH
OH
(6]
NH,
Lysine 6 2.68 1.00
H,N®
OH
(0]
NH,
Phenylalanine 6 2.68 1.00
OH
Arginine 3.12 1.00
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Tyrosine

OH

NH,

3.12

1.00

Tryptophan

3.12

10

1.00
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Example procedure for the calculation of <Nbiob> and <np>

The No', No', and Npiop Values for each aa in the sequence of the C-terminal g-hairpin of protein

G (residues 41 — 56; protein data bank (PDB) code: 1PGB) is provided in Table S7.5. A

depiction of No', No', and Nbiop is given as Figure 8 in the main text. The values in Table S7.5

were then used to determine <Npiob> and <np> for the protein.

Table S7.5. Example procedure for determining a proteins Nyiop and np values. The No', No',

and Npiob Values calculated for each aa in the sequence of the C-terminal g-hairpin of protein

G (residues 41 — 56, PDB code 1PGB).! The protein is divided into blobs based on the aa Npiob

values. In this example, the protein is divided into two blobs, one generated by tyrosine (Y) at

position 5 and the other by valine (V) at position 14. The protein contains np = 2 blobs with an

average Nbiop Of 9.5 (=(12+7)/2).

Sequence |G |E|W | T|Y D|D| A|T| K| T|F|T|V|T]|E
aapositon | 1 | 2 | 3 | 4 | 5|6 |7 |8 |9 (10|11 |12|13 |14 15|16
No' o(1,2|3|4|3|4|5|6|7|6/|7|3|4|3]4
No' 4 |3 7|3 |74 543|434 ]3|2|1|0
aa Noiop 5(5(10| 7 |12| 8 |10 |10 (10|12 |10 |12 | 7 |7 |5 |5
blob 1 12
Remainder 7|17 |55
blob 2 7

The first step used to calculate <Npiop> and <ny,>was to determine the largest Noio» Value

in the protein. The largest Nuion Value for the 1PGB fragment in Table S7.5 is 12, which was

found for the aa’s at position 5, 10, and 12. Since there is more than one aa with the same Npjob
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value, one was picked at random, and all aa’s within No' and No" aa’s from the chosen aa were
removed from the sequence. Assuming that tyrosine () at position 5 was chosen, the 4 aa’s
to the left of tyrosine were removed from the sequence since No' = 4. Similarly, since the No'
value of tyrosine was 7, the 7 aa’s to the right were also removed. The 12 (= 7+3+1) aa’s
removed from the sequence marked the first blob (blob 1 in Table S7.5, highlighted in green).
This left behind the aa’s at positions 13 to 16. Of the remaining sequence, 7 was the largest
Nbiob Value, which was found for the aa’s at position 13 and 14. Again, since more than one aa
shared the same Npiob Value, one was chosen at random. Assuming that valine (V) at position
14 was selected, the aa’s located No' and No' aa’s to, respectively, the left and right of valine
were removed to yield blob 2 in Table S7.5, highlighted in blue, which consumed the remainder
of the sequence. As a side note, the No' value of valine extended past the remaining sequence
by 3 aa’s (positions 10 — 12 in Table S7.5). Consequently, these 3 aa’s are expected to be
contained inside both blobs and therefore contribute to the Noiob Values of both blobs. Now that
the entire sequence had been segmented into blobs, the number of blobs n, was determined by
tallying the blobs and Npiob Was calculated by averaging the Noion Values of the blobs. In this
case, since the entire sequence was contained within two blobs np = 2, and Npiob = (12+7)/2 =
9.5.

The above procedure was repeated 1000 times, each time choosing a random aa among
those sharing the largest remaining Noiob Value. The 1000 iterations of Noiob and np calculations
were than averaged to obtain <Npiob> and <ny> for the protein. For the 1PGB fragment in Table

S7.5, the 1000 iterations led to <Npiob> and <ny> values of 9.19 and 2.36, respectively.
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Additional discussion on the blob size calculations

As discussed in the main text, No was defined as the number of aa’s separating a reference aa
from another aa while still allowing the two aa’s to interact with each other. As a result, a blob
can contain an aa which might not directly interact with the reference aa. An example of this
effect would be a sequence containing a glutamic acid, alanine, and lysine in positions i, i+5,
and i+6, respectively. If alanine has the smallest SCS in the sequence, f,(SCS) equals 1.46
(Table S7.4). Since [N(glutamic acid) + N(alanine)]xf,(SCS) = (1.78 + 0.89)x1.46 = 3.90 is
less than 5 (the number of aa’s separating alanine from glutamic acid), alanine at position i+5
is predicted to not be able to interact with the glutamic acid at position i. However, [N(glutamic
acid) + N(lysine)]xfy(SCS) = (1.78 + 2.68)x1.46 = 6.51 is greater than 6, implying that lysine
at position i+6 can interact with glutamic acid. This means that the No value of glutamic acid
will include alanine, although these two aa’s are not predicted to directly interact with one
another. Although some smaller aa’s might not be able to touch the reference aa inside a blob,
these small aa’s would still contribute to increasing the number of conformations taken by the
oligopeptide segment constituting the blob and must be included in the calculations.

To determine the average blob size representative of a protein, the aa’s included in No'
and No" of the aa with the largest Nbiob Value were considered to be contained within its blob.
This had two implications. The first was that the aa’s near a blob’s periphery were expected to
interact with other aa’s outside the volume of the blob. Second, the blobs in a protein will often

overlap with one another, meaning that some aa’s will be contained in more than one blob.
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This interpretation of the blobs suggests that a protein should not contain discrete segments of
interacting aa’s but rather that the aa’s interact with one another in a continuum and that
<Nbpiob> simply represents the ensemble average number of aa’s capable of interacting with one
another. Although the ‘double counting’ of some aa’s shared by neighboring blobs towards
<Npiob> might first appear to artificially increase the total number of conformation Q of the
protein, the aa’s contained in more than one blob do contribute to the ©Q value of each blob,
since these aa’s must adopt their preferred conformation in all blobs involved, and as such
must be counted toward the final 2.

Lastly, since the predicted folding times depended on experimental results, there are
bound to be errors in the predicted values. To ensure that the predicted z’s would not change
too much if the constraints defining the contacts between two aa’s were relaxed, the calculation
of folding times were repeated assuming that the aa’s could interact with one another if the
reach between them was extended by 4/ bond lengths as depicted in Figure S4. The number of
aa’s contained within 47 bond lengths is equal to N(4/)xf,(SCS), thereby extending the No
values by N(4)xfy(SCS). The new relationships defining the No’s are provided in Figure S4.
A negative 4/ would illustrate a scenario where the N(SCR) values overestimated the number
of aa’s, while a positive 4/ would represent either an underestimation of N(SCR) or a situation
where the side chains could interact with one another without directly touching each other,

such as through hydrogen bonding with one another or with a nearby molecule (ex. water).
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[N(SCR(i)) + N(SCR(i+K)) + N(4)]xf(SCS(1))
[N(SCR(i—)) + N(SCR(i)) + N(41)]xf(SCS(1))
Figure S7.4. Schematic diagram of the Npiop calculation assuming that aa’s could interact with

one another by a distance defined by their SCRs plus an additional 4/ bond lengths.

To assess how changes in 4!/ affected the results, the correlation coefficient between
the logarithms of calculated and experimental folding times and their average difference was
plotted as a function of 4/ in Figures S5A and B, respectively. Figure S5A shows that r was
similar (~0.74) for all the 4/ values ranging from —1 to 3, indicating that the correlation was
little affected by this range of 4/ values. The average difference between the calculated and
experimental folding times in Figure S5B shows that the lowest difference was obtained when
Al =0, and the further the deviation from 0, the larger the difference. However, there is almost
no change in the predicted folding times for small deviations in A/. Overall, small 4/ values
had a minimal effect on the parameters in Figures S5A and B, demonstrating that the method
used to determine the #’s is stable to perturbations in blob sizes due to potential effects not

included in the current program.
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Figure S7.5. Plots of A) the correlation coefficient (r) and B) the average difference between

the logarithms of the #’s calculated using Equation 6 in the main text (z#%¥¢) and the
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experimentally measured ones (#**") as the constraints of the No values defining the Noiob

values changed by the length of a single atom (47). No' and No" were defined by the largest

integer satisfying the conditions j < [N(SCR(i—/))+N(SCR(j))+N(4/)]xfo(SCS(i-j—1)) and k <

[N(SCR(i))+N(SCR(i+k))+ N(41)]xfo(SCS(i—i+k)), respectively.
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Proteins and their folding times

Table S7.6. List of peptides and proteins with their size, experimental®3 and calculated folding
times, the average blob size <Npiob>, and average number of blobs <ny,>. The identity lists the
code from the protein data bank (PDB) and if only part of the sequence was used for the folding

experiment, it is indicated in the parentheses.

. Experimental | Calculated
Identity DP F;og (r0) log(ze) <Nblob> <np>
1PGB (41 - 56) 16 -5.43 -8.2 9.19 2.36
1L2Y 20 -5.40 -7.3 12.00 2.00
a-Helix 21 -6.73 -7.1 4.75 6.06
1T8J 25 -5.12 -5.6 10.83 3.00
1PIN (6-39) 34 -4.08 -3.2 17.50 2.00
1VII (42-76) 35 -5.34 -5.3 19.50 2.00
1EOL 37 -4.39 -5.8 17.33 3.00
1EOM 37 -3.87 -3.3 13.00 4,00
1K9Q 40 -3.65 -4.6 16.33 3.00
1WA4E 45 -4.43 -4.5 14.96 451
1PRB (7-53) 47 -5.99 -5.3 10.83 6.00
2WXC a7 -5.08 -5.1 13.25 4.00
1EO0G 48 -3.04 -3.9 18.88 3.34
10KS 49 -2.69 -5.0 11.47 6.26
1wW4) 51 -5.34 -4.0 12.33 6.00
2WQG 51 -3.69 -4.5 13.75 4.00
2LLH (19-70) 52 -3.04 -4.2 14.47 4.47
1BA5 53 -2.56 -4.2 15.00 5.00
1IDY 54 -3.78 -3.6 13.31 5.00
1ENH 54 -4.60 -4.4 12.73 6.01
1DIV (1-56) 56 -2.84 -3.8 14.00 6.00
1SRL (9-64) 56 -1.91 -2.9 15.39 4.35
1PGB 56 -2.78 -4.1 14.02 577
1AVZ (Chain C:
855141) 57 -2.13 -2.3 15.71 4.83
1SHG (6-62) 57 -0.48 -4.3 15.18 5.48
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1JO8 58 -1.09 -3.6 12.15 7.00
1AU7 (103-160) 58 -4.21 -3.9 12.83 6.00
1FEX 59 -3.56 -3.9 12.42 6.00
1551 (2-60) 59 -4.99 4.2 11.54 7.32
2PTL (18-77) 62 -1.78 -3.3 13.33 6.00
2L6R 62 -4.47 2.7 15.80 5.00
3CI2 64 -2.52 -4.3 12.86 7.00
1C8C 64 -3.04 2.5 17.39 5.00
2CRO (1-65) 65 -161 -3.7 13.85 7.00
1C90 66 -3.13 -2.8 20.00 4.00
1G6P 66 -2.74 2.4 17.76 5.32
2VKN (1-66) 66 -0.91 -2.9 15.70 5.48
1CSP 67 -2.82 2.4 17.00 5.00
1IRYK 69 -3.95 -2.8 16.55 5.77
1MJC 69 -2.30 -1.3 16.91 5.00
1UZC (3-71) 69 -3.47 -3.5 13.43 7.00
1DKT (5-76) 72 -1.95 -2.6 11.97 8.51
2A3D 73 -5.30 -2.9 15.00 6.00
1RFA (56-130) 75 -3.34 -2.9 17.00 6.00
2IMC 75 -1.43 -3.0 16.47 5.37
1MOS (391-466) 76 -1.74 -2.0 19.80 5.00
1UBQ 76 -2.30 -2.6 13.29 7.66
1LMB (6-85) 80 -4.52 -2.8 14.01 7.00
1KDX (586-666) 80 -3.39 -3.1 13.30 7.88
106X 81 -2.95 -2.6 12.89 8.33
1EHB (3-84) 82 -1.30 2.4 1557 7.00
1PNJ (3-84) 82 0.30 -1.9 17.83 6.00
1PRS (91-173) 83 0.87 -2.9 15.00 7.00
1HDN 85 -1.17 2.4 1453 751
2BKF (1-85) 85 -2.69 -2.6 12.22 9.22
1IMQ 86 -3.18 -3.1 12.71 9.48
1ST7 86 -3.69 2.4 13.87 8.25
1AYI (1-86) 86 -2.48 -3.0 12.37 9.24
INTI 86 -2.82 -2.0 13.47 8.27
1K8M (1-87) 87 0.41 -2.3 15.43 7.00
1PRS (1-88) 88 -1.30 -2.0 14.62 8.50
1K85 88 -0.61 -2.6 11.23 10.39
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1GXT (4-91) 88 -1.91 -1.9 14.71 7.00
1TEN (803-891) 89 -0.78 -2.6 14.75 8.53
1BTA 89 -1.52 -2.4 15.71 7.00
1TIT 89 -1.56 -2.2 13.34 9.09
2BJD (12-101) 90 -0.74 -1.7 18.01 7.00
1FNF (1325-
1455) 91 0.39 -1.5 15.50 8.00
3ZRT (3-93) 91 -0.56 -2.2 12.98 9.46
1DIV (58-149) 92 -1.43 -2.6 13.22 9.00
1TP3 (309-401) 93 -1.30 -0.6 16.13 8.00
IWIT 93 -0.18 -2.3 15.38 8.00
3ZRT (97-189) 93 -0.13 2.1 15.06 8.67
2VH7 (5-98) 94 -0.36 -2.0 16.38 8.00
1GM1 (9-102) 94 -0.43 -1.6 17.86 7.00
1AUE (Chain B:
2022(_2115) 94 -2.35 -1.3 17.86 7.00
ITTG 94 -2.39 -1.9 14.50 8.00
1FHT (2-97) 96 -2.00 -2.0 14.43 9.24
1N88 96 -0.87 -1.8 15.35 8.73
1FA3 96 -1.78 -0.4 17.27 7.48
1RIS (1-97) 97 -2.65 -1.3 14.11 9.00
2XT7Z (311-407) 97 -0.32 -2.0 15.21 8.49
1HNG (2-98) 97 -0.78 -1.5 14.99 8.54
1APS 98 0.69 -1.6 18.13 8.00
2QJL 99 -1.13 -1.9 13.67 9.00
1E41 (93-192) 100 -3.00 2.1 12.99 10.00
1PUC (2-102) 101 -1.82 -1.7 14.29 9.25
1SPR (2-104) 103 -3.78 -2.2 16.51 8.84
1ARR (1-106) 106 -4.00 -1.7 16.25 9.00
1CUN (7-112) 106 -2.08 -1.2 14.43 9.51
1YYJ 106 -3.65 -1.8 12.48 11.52
2J5A (3-108) 106 -3.17 -1.8 13.00 12.00
1CUN (113-219) 107 -1.48 -1.3 12.71 11.78
1D60 107 -0.69 -0.3 16.98 8.50
1BNI (3-110) 108 -1.17 -1.3 18.12 7.35
1U4Q (1662—
1Q7§1) 110 -4.78 -1.6 13.53 11.29
1QAU (14-125) 112 -0.78 -1.8 15.58 9.25

461




2KDI 114 -1.00 -0.8 14.92 11.06
1QTU (1-115) 115 0.16 -0.6 14.60 10.00
2MYO 118 -2.08 -0.7 16.22 9.66
1HCD 118 -0.56 -0.8 15.90 10.00
2GA5 119 -2.35 -0.8 12.68 11.83
1EKG 119 -152 -0.8 14.14 11.00
1ADW 123 -0.30 -0.7 13.90 11.00
135U 124 -3.00 -0.9 15.20 11.36
1FGA (20-143) 124 0.61 0.4 16.50 10.00
5L81 (3-127) 125 -0.28 -0.8 19.22 9.00
304D 126 -2.13 0.1 16.90 10.00
2VIL 126 -1.82 -0.2 17.44 9.00
3049 127 -0.74 -0.2 17.60 10.00
3CHY 128 -0.43 -0.6 14.38 12.00
1HRH (427-556) | 130 -0.38 -0.6 13.67 13.67
1IFC 131 -1.87 0.2 18.89 9.00
10PA (1-133) 133 -0.61 0.3 17.80 9.93
1CBI 136 1.39 0.2 13.80 13.00
1RG8 137 -0.56 0.9 17.25 10.00
304B (11-147) 137 -1.87 0.7 17.45 11.00
2FS6 137 -1.00 0.7 14.32 13.15
INFI (67-206) 140 -0.78 0.3 14.07 14.00
3H08 146 -0.69 0.9 14.46 13.00
3F6R (2-148) 147 -152 0.5 13.61 13.68
2AS5E (9-156) 148 -152 15 18.12 10.95
2PQE 149 -0.96 0.5 18.09 11.00
1K0S 151 -3.21 0.2 13.59 14.35
1A6N 151 -0.48 0.7 15.13 13.34
111B (3-153) 151 174 0.5 13.80 15.00
1DWR (1-152) 152 -1.26 0.6 15.34 13.00
2RN2 155 0.13 1.2 15.56 1451
1RA9 159 0.16 1.2 14.67 15.00
2KLL 160 0.61 0.4 12.18 17.22
1L63 (1-162) 162 -161 14 15.70 13.00
1LOP 164 -2.87 0.5 15.56 14.76
1FTG (2-169) 168 -1.00 16 17.07 14.00
1PHP (1-175) 175 -1.00 16 17.25 12.76
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1PHP (186-394) 209 1.74 3.1 15.43 18.17
1102 213 0.11 3.4 15.32 17.50
1IGS (27-248) 222 1.95 3.7 14.27 19.64
1UCH (5-230) 226 1.13 4.8 13.91 22.52
1B9C (4-230) 227 1.13 4.2 16.62 18.22
1THF 253 1.39 4.8 15.14 22.39
3BLM 257 2.87 4.9 16.26 21.79
1V9E 259 1.91 5.2 16.44 21.00
4BLM (31-291) 261 2.04 5.7 15.57 21.46
1WQ5 268 0.91 5.3 14.98 22.69
1L8W (Chain B:
29£335) 307 -0.87 7.6 15.40 26.54

Python program used to determine <Nbiob> and <np>

@author: Remi Casier

Note: lines beginning with ‘#’ indicate comments, and were added to aid in
understanding the code

#imported libraries

import numpy as np

import random

#the main program
def mainprogram() :

# number of atoms of additional separation - converted to length in terms
of number of aa's using SCL relationship

additional separation = 0
# number of times the program will calculate <nb>

numberrepeats = 1000

# beginning of printout
print ('protein#, Tf, DP, avgNblob, Avgi#blobs')
# repeat program for each protein listed below
for pp in range (0, sequences.shape[0]) :
# array of <nb> values for one protein
numberofblobs = []
# array of <Nblob> values for one protein
nblobvalue = []
#define the aa reaches
ireach = aareachpoly (sequences[pp][1])
#left reaches, accounts for left end
leftreach= aaleftreachpoly (ireach)
#right reaches, accounts for right end
rightreach= aarightreachpoly (ireach)
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#calculate NO to the right
NOright = []
for Al in range(0,len(rightreach)):
SCS = AAsize[sequences[pp] [1][Al]]
# counts aa's in a blob iff the aa's can touch

count = 0
# furthest distance two aa’s can touch
count2 = 0

for A2 in range (Al+1l, len(rightreach)):
SCS2 = AAsizel[sequences|[pp]l [1][A2]]
if SCS2 < SCS:
SCS = SCS2
bendingfactor = enhancement (SCS)
distance = A2-Al
delta = (rightreach[Al]+leftreach[A2])
deltaen = delta*bendingfactor
if deltaen + atomtodistance (additional separation)>=
distance:
count += 1
if distance > count2:
count2 = distance
NOright.append (count?2)

#calculate NO to the left
NOleft = []
for Al in range(0,len(leftreach)):
SCS = AAsize[sequences[pp] [1][Al]]
count = 0
count2 = 0
for A2 in range (0, Al):
SCS2 = AAsize[sequences[pp] [1][A1-A2-1]]
if SCS2 < SCS:
SCS = SCS2
bendingfactor = enhancement (SCS)
distance = A2+1

delta = (leftreach[Al]+rightreach[Al-A2-1])
deltaen = delta*bendingfactor
if deltaen + atomtodistance(additional separation) >=

distance
count += 1
if distance > count2:
count?2 = distance
NOleft.append (count?2)

# Nblob values of each aa in the protein
nbl []
for L in range(0,len(NOright)):
nblobsize=NOright [L]+NOleft [L]+1
nbl.append(nblobsize)

# splitting program
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# maximum blob size in protein/fragment
maxnblob = np.round (max(nbl), 3)
for R in range (0,numberrepeats):
remainder = 1
firstsplit = split(nbl,NOleft,NOright)
# array of fragments from the initial split
isplits = [firstsplit]
# define an array for each blob: [Nblob, location]
blobs = []
blobs.append([firstsplit[0], firstsplit[2][0]11])
iteration = 0
# splits the arrays until the blob size of all new arrays is 0
while remainder !=0:
iteration += 1
remainder = len(isplits)
remaindersplits = []
for r in range (0, remainder) :
for leftright in range (0,2): # 0 = left, 1 = right
[

bv = isplits[r][2+1leftright] [1]
if len (bv)==0:

continue
rl = (isplits([r]([2+leftright][2])
rr = (isplits([r]([2+leftright][3])

splitresult = split(bv,rl,rr)
remaindersplits.append(splitresult)
blobs.append([splitresult[0],splitresult([2][0]11])
isplits = remaindersplits
remainder = len(remaindersplits)
# appends the list of nb values
numberofblobs.append(len (blobs))

blobvalue2 = []
for b in range (0, len(blobs)):
blobvalue2.append(blobs[b] [0])
#appends the list of <Nblob> values
nblobvalue.append (navg (blobvalue?2))

#prints results

print (pp+l,',"',sequences|[pp] [0],',',sequences|[ppl [3],"',"',len(sequences|pp] I
11),"',",navg(nblobvalue), ', ', navg (numberofblobs))

# tables of definitions and functions

#
# the number of atoms in the length of the side chain, with hydrogen
AAlen = {'A' : 2,

'R' - 7,

N 4,

'D' 3,

'cC’ 3,

Q! S,
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IEI
IGI
lHl
III
ILI
IKI
IMI
IFI
IPI
IOI
ISI
IUI
ITI
IWI
IYI
'v' o
#number of atoms in side chain, hydrogens are excluded
AAsize = {'A'
IRI
INI
IDI
ICI
IQI
IEI
IGI
IHI
III
lLl
IKI
IMI
IFI
IPI
IOI
ISI
IUI
ITI
IWI
IYI
IVI
##Functions
fcalcualtes the number average
def navg(x):
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n =20

d=20

for i in x:
n += i
d += 1

return n/d

#splits the protein at the largest Nblob wvalue and subtracts the aa's
inside the blob from the remain sequences
def split (nblobs,leftreaches,rightreaches):
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#returns the locations of the maximum nblobs

maxnblobloc = np.where(nblobs == np.amax (nblobs)) [0]
lsplit = []

rsplit = []

nmaxes = len (maxnblobloc)

#location of nblob used for split - if there are two or more locations for
the max (nblob) value, one is picked at random

loc = random.choice (maxnblobloc)
sizel = loc-round(leftreaches[loc]) #checks for bounds
if sizel < 0:

sizel = 0
lsplit.append(loc)
lsplit.append (nblobs[:sizel])
lsplit.append(leftreaches|[:sizel])
lsplit.append(rightreaches[:sizell])
size2 = loc+round(rightreaches[loc])+1 #checks for bounds
if size2 > len(nblobs):

size2 = len(nblobs)
rsplit.append(loc)
rsplit.append (nblobs[size2:])
rsplit.append(leftreaches[size2:1])
rsplit.append(rightreaches([size2:])
return max (nblobs),nmaxes,lsplit,rsplit

# returns the reach of an amino acid based on the side chain length
def aareach (aa):
return 0.892074* (AAlenfaal) /2

def atomtodistance (number) :
return 0.892074* (number) /2

# returns an array containing the reaches of each amino acid in the
polypeptide given the sequence
def aareachpoly (sequence) :
reacharray = []
for i in sequence:
reacharray.append (aareach (i))
return reacharray

# imposes the left bounds on the aa reaches in a polypeptide given reach
array
def aaleftreachpoly(aareach):
leftreacharray = []
for i in range (0, len (aareach)):
if aareach[i]>i:
leftreacharray.append (i)
else:
leftreacharray.append (aareach[i])
return leftreacharray

# imposes the right bounds on the aa reaches in a polypeptide given reach
array
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def aarightreachpoly(aareach) :
rightreacharray = []
for i in range(0,len(aareach)):
if aareach[i]>len(aareach)-1-1i:
rightreacharray.append(len (aareach)-1-1i)
else:
rightreacharray.append(aareach[i])
return rightreacharray #imposes the right bounds on the aa reachs in
a polypeptide given reach array

#returns the factor by which the reach should be enhanced
def enhancement (size) :
if size >= 5.0:
return 1.0
elif size < 5:
return 1.567121893* (size+0.3)**-0.265852605

#protein information [PDB ID, sequence, null (not used), log(tf)]
sequences = np.array ([
["1PGB (41 - 56)', 'GEWTYDDATKTFTIVTE',0,-5.431798276],
['1L2Y', '"NLYIQWLKDGGPSSGRPPPS',0,-5.397940009],
['Alpha Helix', "'AAAAAAAAAAAAAAAAAAAAA',0,-6.73156447],
['1T8J"', "AYRVPSYDFSRSDELAKLLRQHAGA',0,-5.124674886],
["1PIN (6-39)', '"KLPPGWEKRMSRSSGRVYYFNHITNASQWERPSG', 0, -
4.08236813],
["1VII (42—
76) "', 'LSDEDFKAVFGMTRSAFANLPLWKQONLKKEKGLF',4195.90,-5.341822127],
["1IEOL', 'GATAVSEWTEYKTADGKTYYYNNRTLESTWEKPQELK', 0, —
4.3863742677,
['"1IEOM', ' SMGLPPGWDEYKTHNGKTYYYNHNTKTSTWTDPRMSS', 0, —
3.865220889]7,
["1K9Q', 'FEIPDDVPLPAGWEMAKTSSGQRYFLNHIDQTTTWQDPRK', 0, —
3.6480736487,
["1IW4E', '"NRRVIAMPSVRKYAREKGVDIRLVQGTGKNGRVLKEDIDAWLAGG', 0, -
4.4298037157,
["1PRB (7-
53) "', 'LKNAKEDAIAELKKAGITSDEFYEFNAINKAKTVEEVNALKNEILKAHA',0,-5.99326385],
['"2WXC', 'GSONNDALSPAIRRLLAEWNLDASAIKGTGVGGRLTREDVEKHLAKA', 0, -
5.0812454387,

['1EOG', 'DSITYRVRKGDSLSSIAKRHGVNIKDVMRWNSDTANLOQPGDKLTLEFVK',0,-3.040061373],

['1O0KS', '"ASRSVIRSIIKSSRLEEDRKRYLMTLLDDIKGANDLAKFHQOMLMKIIMK', O, -
2.69262578780016]1,

['1W4J', ' GSREVAAMPAARRLAKELGIDASKVKGTGPGGVITVEDVKRWAEETAKATA', 0, -
5.341822127],

['2WQG', 'GSADYSSLTVVQLKDLLTKRNLSVGGLKNEWVQRLIKDDEESKGESEVSPQ', 0, -
3.69150308¢67,
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['"2LLH (19-
70) ', '"KGPSSVEDIKAKMQASIEKGGSLPKVEAKFINYVKNCFRMTDQEAIQDLWQW', 0, -
3.0400613731,

["1BAS', '"RKROAWLWEEDKNLRSGVRKYGEGNWSKILLHYKFNNRTSVMLKDRWRTMKKL', 0, -
2.56233744371,

['"1IDY', "MEVKKTSWTEEEDRILYQAHKRLGNRWAEIAKLLPGRTDNAIKNHWNSTMRRKV', 0, -
3.7783619931,

['"1IENH', '"RPRTAFSSEQLARLKREFNENRYLTERRRQQLSSELGLNEAQIKIWFONKRAKI', 0, -
4.6035215087,

['"1IDIV (1-
56) ', "MKVIFLKDVKGKGKKGEIKNVADGYANNFLFKQGLAIEATPANLKALEAQKQKEQR', 0, -
2.84462885¢6],

["ISRL (9-
64) "', 'TEFVALYDYESRTETDLSFKKGERLQIVNNTEGDWWLAHSLTTGQTGYIPSNYVAPS', 0, -

1.910895727,

["1PGB', 'MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTE', 0, -
2.779484684]7,

['"1AVZ (Chain C: 85—
141) ', '"TLFVALYDYEARTEDDLSFHKGEKFQILNSSEGDWWEARSLTTGETGYIPSNYVAPV', 0, -
2.1280429617,

["1SHG (6-
62) ', '"KELVLALYDYQEKSPREVTMKKGDILTLLNSTNKDWWKVEVNDRQGFVPAAYVKKLD', 0, -
0.477723937,

['1J08', '"PWATAEYDYDAAEDNELTEFVENDKIINIEFVDDDWWLGELEKDGSKGLFPSNYVSLGN', 0, -
1.08573620517,

["1IAUT7 (103-
160) ', "KRRTTISIAAKDALERHFGEHSKPSSQEIMRMAEELNLEKEVVRVWECNRRQREKRVK' , 0, -
4.2126564747,

['1IFEX', '"GRIAFTDADDVAILTYVKENARSPSSVTGNALWKAMEKSSLTQHSWQOSLKDRYLKHLRG', 0, -
3.5612147527,

['1SS1 (2-
60) ', 'ADNKENKEQONAFWEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPKA', 0, -
4.9943865427,

['"2PTL (18-
77) "', '"VIIKANLIFANGSTQTAEFKGTFEKATSEAYAYADTLKKDNGEYTVDVADKGYTLNIKFA', 0, -

1.7806073767,

['2L6R", "MVRQEELAAARAALHDLMTGKRVATVQKDGRRVEFTATSVSDLKKYIAELEVQTGMTQRRRG', O,
-4.473233164],

['3CI2'", 'LKTEWPELVGKSVEEAKKVILQODKPEAQIIVLPVGTIVTMEYRIDRVRLFVDKLDNIAQVPRVG',
0,-2.5189079951,

['1C8C'", "MATVKFKYKGEEKQVDISKIKKVWRVGKMISFTYDEGGGKTGRGAVSEKDAPKELLOMLAKQKK',
0,-3.0400613731,
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['2CRO (1-
65) ', '"MOQTLSERLKKRRIALKMTQTELATKAGVKQQSIQLIEAGVTKRPRFLFEIAMALNCDPVWLQYGT', O,
-1.6068895837,

['1CO90", "MORGKVKWEFNNEKGYGFIEVEGGSDVFVHFTAIQGEGFKTLEEGQEVSFEIVQGNRGPQAANVVKL
',0,-3.126920271,

['1G6P', '"MRGKVKWEFDSKKGYGFITKDEGGDVFVHWSAIEMEGFKTLKEGQVVEFEIQEGKKGPQAAHVKVVE
',0,-2.736055236],

['2VKN (1-
66) ', 'DNFIYKAKALYPYDADDDDAYEISFEQNEILQVSDIEGRWWKARRANGETGIIPSNYVQLIDGPEE', O
,—-0.912018412],

['1ICSP', "MLEGKVKWENSEKGFGFIEVEGQDDVEFVHFSAIQGEGFKTLEEGQAVSFEIVEGNRGPQAANVTKE
A',0,-2.822914132],

['IRYK', "MNKDEAGGNWKQFKGKVKEQWGKLTDDDMTIIEGKRDOLVGKIQERYGYQKDQAEKEVVDWETRNE
YRW',0,-3.952079785],

['IMJC', ' SGKMTGIVKWEFNADKGFGFITPDDGSKDVFVHFSAIQNDGYKSLDEGOKVSFTIESGAKGPAAGNV
TSL',0,-2.3017607547,

['1U0ZC (3-
71) ', "QPAKKTYTWNTKEEAKQAFKELLKEKRVPSNASWEQAMKMI INDPRYSALAKLSEKKQAFNAYKVQTEK
',0,-3.474355855],

["1DKT (5-
76) "', '"QIYYSDKYDDEEFEYRHVMLPKDIAKLVPKTHLMSESEWRNLGVQQOSQGWVHYMIHEPEPHILLFRRPL

PKK',0,-1.954325169],

['2A3D', '"MGSWAEFKQRLAAIKTRLOQALGGSEAELAAFEKEIAAFESELQAYKGKGNPEVEALRKEAAAIRDE
LOAYRHN', 0,-5.298392679],

['"1IRFA (56-
130) ', '"NTIRVFLPNKQRTVVNVRNGMSLHDCLMKALKVRGLOQPECCAVFRLLHEHKGKKARLDWNTDAASLIG
EELQVDF',0,-3.344067511],

['2JMC (2-
77", "MGPREVTMKKGDILTLLNSTNKDWWKVEVNDRQGFVPAAYVKKLDSGTGKELVLALYDYQESGDNAPSYS
pPPPP',0,-1.43317179],

['1IM9S (391-
466) ', '"OQGTLASHRCKALTVDREARNGGKLWYRLKNIGWTKAENLSLDRYDKMEYDKGVTAYARVRNASGNSVW
TKPYNTAG',0,-1.737177928],

['1UBQ', '"MOIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDOORLIFAGKQLEDGRTLSDYNIQKEST
LHLVLRLRGG',0,-2.3017607547,

['1LMB (6-
85) ', 'PLTQEQLEDARRLKAIYEKKKNELGLSQESVADKMGMGQSGVGALFNGINALNAYNAALLAKILKVSVE
EFSPSIAREIY',0,-4.516662612],

["1KDX (586—
666) ', 'GVRKGWHEHVTQDLRSHLVHKLVQAIFPTPDPAALKDRRMENLVAYAKKVEGDMYESANSRDEYYHLL

AEKIYKIQKELE',0,-3.387496959],

['106X', '"MRSLETFVGDQVLEIVPSNEEQIKNLLQLEAQEHLQLDFWKSPTTPGETAHVRVPEVNVQAVKVEL
ESQGIAYSIMIEDVQ',0,-2.95320247694211],
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["1IEHB', '"AVKYYTLEEIQKHNNSKSTWLILHYKVYDLTKFLEEHPGGEEVLREQAGGDATENFEDVGHSTDAR
ELSKTFIIGELHPDDR',0,-1.30288344¢6],

['1PNJ (3-
84) ', '"MSAEGYQYRALYDYKKEREEDIDLHLGDILTVNKGSLVALGFSDGQEAKPEEIGWLNGYNETTGERGDF
PGTYVEYIGRKKI',0,0.299663193],

['1PRS (91-
173) ', ' PRARFFYKEQFDGKEVDLPPGQYTQAELERYGIDNNTISSVKPQGLAVVLFKNDNFSGDTLPVNSDAP

TLGAMNNNTSSIRIS',0,0.868588964],

["1IHDN', "MFQQOEVTITAPNGLHTRPAAQFVKEAKGFTSEITVTSNGKSASAKSLFKLOTLGLTQGTVVTISAE
GEDEQKAVEHLVKLMAELE', 0,-1.17259510113878]7,

['"2BKF (1-
85) ', "MEPQVTLNVTFKNEIQSFLVSDPENTTWADIEAMVKVSFDLNTIQIKYLDEENEEVSINSQGEYEEALK
MAVKQGNQLOMQVHEG',0,-2.692625788],

['"1IMQ', '"MELKHSISDYTEAEFLOLVTTICNADTSSEEELVKLVTHFEEMTEHPSGSDLIYYPKEGDDDSPSG
IVNTVKQWRAANGKSGFKQG',0,-3.18337855235084]7,

['1ST7', 'VSQLFEEKAKAVNELPTKPSTDELLELYALYKQATVGDNDKEKPGI FNMKDRYKWEAWENLKGKSQ
EDAEKEYIALVDQLIAKYSS',0,-3.6915030967,

['1AYI (1-
86) ', '"MELKNSISDYTEAEFVQLLKEIEKENVAATDDVLDVLLEHFVKITEHPDGTDLIYYPSDNRDDSPEGIV
KEIKEWRAANGKPGFKQ',0,-2.475478547],

['INTI', 'SQAEFDKAAEEVKHLKTKPADEEMLFIYSHYKQATVGDINTERPGMLDFKGKAKWDAWNELKGTSK
EDAMKAYIDKVEELKKKYGI',0,-2.8229141327,

['1K8M (1-
87) ', '"MGQVVQFKLSDIGEGIREVTVKEWYVKEGDTVSQFDSICEVQSDKASVTITSRYDGVIKKLYYNLDDIA
YVGKPLVDIETEALKDLE',0,0.408236813],

['1PRS (1-
88) ', '"MANITVFYNEDFQGKQVDLPPGNYTRAQLAALGIENNTISSVKVPPGVKAILYQONDGFAGDQIEVVANA

EELGPLNNNVSSIRVISVP',0,-1.3028834457097¢6],

['1K85', "HMAPTAPTNLASTAQTTSSITLSWTASTDNVGVTGYDVYNGTALATTVTIGTTATISGLAADTSYTFE
TVKAKDAAGNVSAASNAVSVKT', 0,-0.60801227466455317,

["1GXT (4-
91) ', 'NTSCGVQLRIRGKVQGVGFRPFVWQLAQQLNLHGDVCNDGDGVEVRLREDPEVEFLVQLYQHCPPLARID
SVEREPFIWSQLPTEFTIR',0,-1.91089572037431],

["ITEN (803-
891) ', 'LDAPSQIEVKDVTDTTALITWFKPLAEIDGIELTYGIKDVPGDRTTIDLTEDENQYSIGNLKPDTEYE

VSLISRRGDMSSNPAKETFTT',0,-0.7817300674258537,

["IBTA', '"KKAVINGEQIRSISDLHQTLKKELALPEYYGENLDALWDCLTGWVEYPLVLEWRQFEQSKQLTENG
AESVLQVFREAKAEGCDITIILS',0,-1.52003068666138],

['"1TIT', 'MHHHHHHSSLIEVEKPLYGVEVFVGETAHFEIELSEPDVHGOWKLKGQPLTASPDCEI IEDGKKH I
LILHNCQLGMTGEVSFQAANAKSAANLKVKEL', 0,-1.56346013485171]7,

['2BJD (12-
101) ', '"MLKRMYARVYGLVQGVGFRKFVQIHATIRLGIKGYAKNLPDGSVEVVAEGYEEALSKLLERIKQGPPAA
EVEKVDYSFSEYKGEFEDFETY', 0,-0.738300619235528],
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['1FNF (1325-
1415) "', '"TGLDSPTGIDEFSDITANSFTVHWIAPRATITGYRIRHHPEHFSGRPREDRVPHSRNSITLTNLTPGT
EYVVSIVALNGREESPLLIGQQST',0,0.390865033712927],

['3ZRT (3-
93) ', '"MEYEEITLERGNSGLGFSIAGGTDNPHIGDDPSIFITKIIPGGAAAQDGRLRVNDSILFVNEVDVREVT
HSAAVEALKEAGSIVRLYVMRR',0,-0.56458282647422717,

['"1DIV (58-

149) ', 'AAEELANAKKLKEQLEKLTVTIPAKAGEGGRLFGSITSKQIAESLQAQHGLKLDKRKIELADAIRALG
YTNVPVKLHPEVTATLKVHVTEQK', 0,-1.433171790280731,

['1TP3 (309-
401) ', '"REPRRIVIHRGSTGLGFNIVGGEDGEGIFISFILAGGPADLSGELRKGDQILSVNGVDLRNASHEQAA
IALKNAGQTVTIIAQYKPEEYSRFE',0,-1.30288344570976],

["IWIT', 'LKPKILTASRKIKIKAGFTHNLEVDFIGAPDPTATWTVGDSGAALAPELLVDAKSSTTSIFFPSAK
RADSGNYKLKVKNELGEDEAIFEVIVQ',0,-0.178060737580333],

["3ZRT (97-
189) ', 'AEKVMEIKLIKGPKGLGFSIAGGVGNQHIPGDNSIYVTKIIEGGAAHKDGRLOIGDKILAVNSVGLED
VMHEDAVAALKNTYDVVYLKVAKPS',0,-0.1302883445709767,

["2VH7 (5-
98) ', 'TLISVDYEIFGKVQGVFFRKHTOAEGKKLGLVGWVONTDRGTVOGOLOGPI SKVRHMOEWLETRGSPKS
HIDKANFNNEKVILKLDYSDFQIVK',0,-0.3648073647987311,

["1GM1 (9-
102) ', '"KPGDTFEVELAKTDGSLGISVTGGVNTSVRHGGIYVKAI I PKGAAESDGRIHKGDRVLAVNGVSLEGA

THKQAVETLRNTGQVVHLLLEKGQVP',0,-0.434294481903252],

['1AUE (Chain B: 2022-
2115) ', ' ILWHEMWHEGLEEASRLYFGERNVKGMFEVLEPLHAMMERGPQTLKETSFNQAYGRDLMEAQEWCRK
YMKSGNVKDLTQAWDLYYHVFRRISKQ', 0,-2.345190202277561,

['"1ITTG', '"VSDVPRDLEVVAATPTSLLISWDAPAVTIVRYYRITYGETGGNSPVQEFTVPGSKSTATISGLKPGV
DYTITVYAVTGRGDSPASSKPISINYRT',0,-2.38861965046789],

["1FHT (2-
97) ', '"VPETRPNHTIYINNLNEKIKKDELKKSLYAIFSQFGQILDILVSRSLKMRGQAFVIFKEVSSATNALRS
MQOGFPFYDKPMRIQYAKTDSDIIAKMK',0,-1.997754616754967,

['IN88', '"MKTAYDVILAPVLSEKAYAGFAEGKYTFWVHPKATKTEIKNAVETAFKVKVVKVNTLHVRGKKKRL
GRYLGKRPDRKKAIVQVAPGQKIEALEGLI',0,-0.868588963806504],

['"1FA3', 'GEWEIIDIGPFTONLGKFAVDEENKIGQYGRLTEFNKVIRPCMKKTIYENEGFREIKGYEYQLYVYA
SDKLFRADISEDYKTRGRKLLRENGPVPPP',0,-1.7806073758033317,

['"1IRIS (1-
97) ', '"MRRYEVNIVLNPNLDQSQLALEKEI IQRALENYGARVEKVEELGLRRLAYPIAKDPQGYFLWYQVEMPE
DRVNDLARELRIRDNVRRVMVVKSQEPF', 0, -2.649196339609847,

['2X7Z (311-
407) ', '"KPVSEKIMEIKLIKGPKGLGFSIAGGVGNQHWPGDNSIYVTKI IEGGAAHKDGKLQIGDKLLAVNNVA
LEEVTHEEAVTALKNTSDFVYLKVAKPTS',0,-0.321377916608406],

["1HNG (2-
98) ', 'DSGTVWGALGHGINLNIPNFQMTDDIDEVRWERGSTLVAEFKRKMKPFLKSGAFEILANGDLKIKNLTR

DDSGTYNVTVYSTNGTRILNKALDLRIL',0,-0.781730067425853],

['1APS', 'STARPLKSVDYEVFGRVQGVCFRMYAEDEARKIGVVGWVKNTSKGTVTGOVQOGPEEKVNSMKSWLS
KVGSPSSRIDRTNFSNEKTISKLEYSNFSVRY',0,0.6948711710452031,
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['2QJL', "MVNVKVEFLGGLDAIFGKQRVHKIKMDKEDPVTVGDLIDHIVSTMINNPNDVSIFIEDDSIRPGII
TLINDTDWELEGEKDYILEDGDIISFTSTLHGG',0,-1.12916565294845],

["1E41 (93—
192) ', 'GEEDLCAAFNVICDNVGKDWRRLARQLKVSDTKIDSIEDRYPRNLTERVRESLRIWKNTEKENATVAH
LVGALRSCQMNLVADLVQEVQQARDLONRSGA',0,-2.99663192513244]7],

['1IPUC (2-
102) ', 'SKSGVPRLLTASERERLEPFIDQIHYSPRYADDEYEYRHVMLPKAMLKAIPTDYFNPETGTLRILQEE
EWRGLGITQSLGWEMYEVHVPEPHILLFKREKD', 0,-1.824036823993661,

["1SPR (2-
104) ', '"AEEWYFGKITRRESERLLLNPENPRGTFLVRESETTKGAYCLSVSDFDNAKGLNVKHYKIRKLDSGGF

YITSRTQFSSLQQLVAYYSKHADGLCHRLTNVCPT',0,-3.778361992558297,

['1IARR*dimer (1-
106", "MKGMSKMPQFNLRWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAMKGMSKMPQFNLRWPR
EVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGA',0,-3.995509233509927,

["1CUN (7-
112) ', "MVHQFFRDMDDEESWIKEKKLLVSSEDYGRDLTGVONLRKKHKRLEAELAAHEPAIQSVLDTGKKLSD
DNTIGKEEIQQRLAQFVDHWKELKQLAAARGQRLEESL',0,-2.0846135137,

['1YYJ', '"ADLEDNWETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSPEMKDEFRHGED
ILVGQIDDALKLANEGKVKEAQAAAEQLKTTIRAYNQKYG',0,-3.648073648],

['2J5A (3-
108) ', "HYKTLRYYETVFAVKPTLSEEEMKKKFEQVKEFIKQKGGEILYEEDWGMRQLAYPIQKENNARYFLVQ
FKTENPQLPNELDFQLKIDEDVIRWLNIQIKESEVKKN',0,-3.170349718],

["ICUN (113-
219) ', '"EYQQFVANVEEEEAWINEKMTLVASEDYGDTLAAIQGLLKKHEAFETDFTVHKDRVNDVCANGEDLIK

KNNHHVENITAKMKGLKGKVSDLEKAAAQRKAKLDENSA',0,-1.4766012387,

['1D6O'", '"GVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKFDSSRDRNKPFKFMLGKQEVIRGWEEGVAQM
SVGOQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLE',0,-0.694871171],

["1BNI (3-
110) ', '"VINTFDGVADYLQTYHKLPDNY I TKSEAQALGWVASKGNLADVAPGKS IGGDIFSNREGKLPGKSGRT
WREADINYTSGFRNSDRILYSSDWLIYKTTDHYQTFTKIR',0,-1.172595101],

['1U4Q (1662-
1771) ', ' ANKQONFNTGIKDFDFWLSEVEALLASEDYGKDLASVNNLLKKHQLLEADI SAHEDRLKDLNSQADS
LMTSSAFDTSQVKDKRETINGRFQRIKSMAAARRAKLNESHRL', 0, -4.7772393011,

["1QAU (14—
125) ', "NVISVRLFKRKVGGLGFLVKERVSKPPVIISDLIRGGAAEQSGLIQAGDI ILAVNDRPLVDLSYDSAL

EVLRGIASETHVVLILRGPEGFTTHLETTFTGDGTPKTIRVTQP',0,-0.781730067],

['2KDI', 'MHHHHHHGEFQIFAKTLTGKTITLEVESSDTIDNVKSKIQDKEGIPPDOORLIWAGKQLEDGRTLS
DYNIQRESTLHLVLRLRGGSMGGAADEEELIRKAIELSLKESRNSGGY',0,-0.9988773087,

["1QTU (1-
115) ', 'GSMAGEDVGAPPDHLWVHQEGIYRDEYQRTWVAVVEEETSFLRARVOQIQVPLGDAARPSHLLTSQLP
LMWQLYPEERYMDNNSRLWQIQHHLMVRGVQELLLKLLPDDRSPGIH',0,0.156346013],

['2MYO', "MCDKEFMWALKNGDLDEVKDYVAKGEDVNRTLEGGRKPLHYAADCGQLEILEFLLLKGADINAPDK
HHITPLLSAVYEGHVSCVKLLLSKGADKTVKGPDGLTALEATDNQAIKALLQ',0,-2.084613513],

['"1HCD', "MGNRAFKSHHGHFLSAEGEAVKTHHGHHDHHTHFHVENHGGKVALKTHCGKYLSIGDHKQVYLSHH
LHGDHSLFHLEHHGGKVSIKGHHHHYISADHHGHVSTKEHHDHDTTFEEIII',0,-0.564582826],
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['2GA5"', 'TDGQVVPQEVLNLPLEKYHEEADDYLDHLLDSLEELSEAHPDCIPDVELSHGVMTLEIPAFGTYVI

NKQPPNKQIWLASPLSGPNRFDLLNGEWVSLRNGTKLTDILTEEVEKAISKSQ',0,-2.3451902027,
['1EKG (90-

208) ', '"LDETTYERLAEETLDSLAEFFEDLADKPYTFEDYDVSFGSGVLTVKLGGDLGTYVINKQTPNKQIWLS

SPSSGPKRYDWTGKNWVYSHDGVSLHELLAAELTKALKTKLDLSSLAYSGK',0,-1.52003068717,

['"1ADW', "ATHEVHMLNKGESGAMVFEPAFVRAEPGDVINEFVPTDKSHNVEAIKEILPEGVESFKSKINESYTL
TVTEPGLYGVKCTPHFGMGMVGLVQVGDAPENLDAAKTAKMPKKARERMDAELAQVN', 0,-0.299663193]7,

['1J5U0 (7-
103) ', '"MRKPIEHTADIAYEISGNSYEELLEEARNILLEEEGIVLDTEEKEKMYPLEETEDAFFDTVNDWILEI
SKGWAPWRIKREGNELKVTFRKIRKKEGTEIKALTYHLLKFERDGDVLKTKVVEDT',0,-2.996631925],
['"1IFGA (20-

143) ', 'PKRLYCKNGGFFLRIHPDGRVDGVREKSDPHIKLQLOAEERGVVSIKGVCANRY LAMKEDGRLLASKC
VIDECFFFERLESNNYNTYRSRKYTSWYVALKRTGQYKLGSKTGPGQKAILFLPMS',0,0.608012275],

['5L8I (3-
127) ', ' FTGKFEMESEKNYDEFMKLLGISSDVIEKARNFKIVTEVQQODGODFTWSQHY SGGHTMTNKFTVGKES
NIQTMGGKTFKATVQOMEGGKLVVNEFPNYHQTSEIVGDKLVEVSTIGGVTYERVSKRL',0,-0.277948468],
['304D (11-
140) ', 'PVLLKSTETGQYLRINPDGTVDGTRDRSDPHIQFQISPEGNGEVLLKSTETGQYLRINPDGTVDGTRD

RSDPHIQFQISPEGNGEVLLKSTETGQYLRINPDGTVDGTRDRSDPHIQFQISPEGNG', 0, -
2.1280429617,

['2VIL', 'VELSKKVTGKLDKTTPGIQIWRIENMEMVPVPTKSYGNFYEGDCYVLLSTRKTGSGEFSYNIHYWLG
KNSSQDEQGAAAIYTTQMDEYLGSVAVQHREVQGHESETFRAYFKOGLIYKQGGVASGMK', 0, -
1.824036824],

['3049', '"KPVLLKSTETGQYLRINPDGTVDGTRDRSDQHIQFQVSPEGGGEVLLKSTETGQYLRINPDGTVDG
TRDRSDQHIQFQVSPEGGGEVLLKSTETGQYLRINPDGTVDGTRDRSDQHIQFQVSPEGGG', 0, —
0.7383006197,

["3CHY', 'ADKELKFLVVDDFSTMRRIVRNLLKELGFNNVEEAEDGVDALNKLOAGGYGFVISDWNMPNMDGLE
LLKTIRADGAMSALPVLMVTAEAKKENT IAAAQAGASGYVVKPFTAATLEEKLNKIFEKLGM', 0, -
0.4342944827,

["1HRH (427-
556) ', ' YOQLEKEPIVGAETFYVDGAANRETKLGKAGYVTNKGRQKVVPLTNTTNQKTELQAIYLALQDSGLEVN
IVTDSQYALGIIQAQPDKSESELVNQIIEQLIKKEKVYLAWVPAHKGIGGNEQVDKLVSAGI', 0, -
0.3821791447,

["1IFC (1-
131) ', ' AFDGTWKVDRNENYEKFMEKMGINVVKRKLGAHDNLKLT I TQEGNKFTVKESSNFRNIDVVFELGVDF
AYSLADGTELTGTWTMEGNKLVGKFKRVDNGKELIAVREISGNELIQTYTYEGVEAKRIFKKE', 0, -
1.8674662721,

["10PA (1-
133) ', ' TKDONGTWEME SNENFEGYMKALDIDFATRKIAVRLTQTKI IVODGDNFKTKTNSTFRNYDLDETVGY
EFDEHTKGLDGRNVKTLVTWEGNTLVCVQKGEKENRGWKQWVEGDKLYLELTCGDOVCRQVFKKK', 0, -
0.608012275],

['"ICBI', 'PNFAGTWKMRSSENFDELLKALGVNAMLRKVAVAAASKPHVEIRQDGDQFYIKTSTTVRTTEINFK
VGEGFEEETVDGRKCRSLPTWENENKIHCTQTLLEGDGPKTYWTRELANDELILTFGADDVVCTRIYVRE', 0,1
.3897423427,

["1IRGS8 (1-
137) ', '"EFNLPPGNYKKPKLLYCSNGGHFLRILPDGTVDGTRDRSDQHIQLQOLSAESVGEVYIKSTETGQYLAMD
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TDGLLYGSQTPNEECLFLERLEENHYNTYISKKHAEKNWEVGLKKNGSCKRGPRTHYGQKAILFLPLPV', 0, -
0.5645828261,

['304B', "HFNLPPGNYKKPVLLKSTETGQYLRINPDGTVDGTRDRSDTHIQFQISPEGNGEVLLKSTETGQYL
RINPDGTVDGTRDRSDTHIQFQISPEGNGEVLLKSTETGQYLRINPDGTVDGTRDRSDTHIQFQISPEGNG', O,
-1.8674662727,

['2FS6', 'PNFSGNWKIIRSENFEELLKVLGVNVMLRKIAVAAASKPAVEIKQEGDTFYIKTSTTVRTTEINFK
VGEEFEEQTVDGRPCKSLVKWESENKMVCEQKLLKGEGPKTSWTRELTNDGELILTMTADDVVCTRVYVRE', O,
-0.9988773087,

["INFI (67—
206) ', '"LTEDGDSFLHLAITHEEKALTMEVIRQVKGDLAFLNFONNLQQTPLHLAVITNQPETIAEALLGAGCDP
ELRDFRGNTPLHLACEQGCLASVGVLTQSCTTPHLHSILKATNYNGHTCLHLASIHGYLGIVELLVSLGADV', 0
,—0.781730067],

['3HO08', '"MEKTITIYTDGAASGNPGKGGWGALLMYGSSRKEISGYDPATTNNRMELMAAIKGLEALKEPARVQ
LYSDSAYLVNAMNEGWLKRWVKNGWKTAAKKPVENIDLWQE I LKLTTLHRVTFHKVKGHSDNPYNSRADELARLA
IKENS',0,-0.694871171],

['3F6R (2-
148) ', 'SKVLIVFGSSTGNTESIAQKLEELIAAGGHEVTLLNAADASAENLADGYDAVLFGCSAWGMEDLEMOD
DFLSLFEEFDRIGLAGRKVAAFASGDQEYEHFCGAVPAIEERAKELGATI IAEGLKMEGDASNDPEAVASFAEDV
LKQL',0,-1.5200306871,

['2A5E (9-
156) ', '"MEPSADWLATAAARGRVEEVRALLEAGALPNAPNSYGRRPIQVMMMGSARVAELLLLHGAEPNCADPA
TLTRPVHDAAREGFLDTLVVLHRAGARLDVRDAWGRLPVDLAEELGHRDVARYLRAAAGGTRGSNHARIDAAEGP
SDIPD',0,-1.520030687],

['"2PQE"', "ATSTKKLHKEAATLIKAIDGDTVKLMYKGQAMTFRLLLVDTAETKHTKKGVEKYGAEASAFTKKMV
ENAKKIEVEFDKGQRTDKYGRGLAYIYADGKMVNEALVRQGLAKVAYVYKGNNTHEQLLRKSEAQAKKEKLNIWS
EDNADSGQ',0,-0.9554478¢],

["1KOS', '"MKTLADALKEFEVLSFEIDEQALAFDVDNIEMVIEKSDITPVPKSRHFVEGVINLRGRIIPVVNLA
KILGISFDEQKMKSIIVARTKDVEVGFLVDRVLGVLRITENQLDLTNVSDKFGKKSKGLVKTDGRLIIYLDIDKI
IEEITVKEGV',0,-3.213779166],

["1A6N', 'VLSEGEWQLVLHVWAKVEADVAGHGQODILIRLFKSHPETLEKFDRFKHLKTEAEMKASEDLKKHGV
TVLTALGAILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISEAT ITHVLHSRHPGDFGADAQGAMNKALELFRKD
IAAKYKELGY',0,-0.47772393],

["1I1B (3-
153) ', '"VRSLNCTLRDSQQKSLVMSGPYELKALHLOGODMEQQVVFSMSFVQGEESNDKI PVALGLKEKNLYLS
CVLKDDKPTLQLESVDPKNYPKKKMEKRFVENKIEINNKLEFESAQFPNWY I STSQAENMPVFLGGTKGGQDITD
FTMQFVSS',0,1.737177928],

["1DWR (1-
152) ', 'GLSDGEWQQOVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVV
LTALGGILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISDAI IHVLHSKHPGDFGADAQGAMTKALELFRNDIA
AKYKELGFQ',0,-1.259453998],

['"2RN2', "MLKQVEIFTDGSCLGNPGPGGYGAILRYRGREKTFSAGYTRTTNNRMELMAAIVALEALKEHCEVI
LSTDSQYVROGITOQWIHNWKKRGWKTADKKPVKNVDLWQRLDAALGOQHQIKWEWVKGHAGHPENERCDELARAAA
MNPTLEDTGYQVEV',0,0.130288345],

["IRA9', "MISLIAALAVDRVIGMENAMPWNLPADLAWFKRNTLDKPVIMGRHTWESIGRPLPGRKNIILSSQP
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GTDDRVTWVKSVDEAIAACGDVPEIMVIGGGRVYEQFLPKAQKLYLTHIDAEVEGDTHFPDYEPDDWESVESEFH
DADAQNSHSYCFEILERR',0,0.160688958],

['2KLL', 'SSITGISPITEYLASLSTYNDQSITFALEDESYEIYVEDLKKDEKKDKVLLSYYESQHPSNESGDG
VDGKMLMVTLSPTKDFWLHANNKEHSVELHKCEKPLPDQAFFVLHNMHSNCVSFECKTDPGVFIGVKDNHLALIK
VDSSENLCTENILFKLSET',0,0.608012275],

['1L63 (1-
162) ', '"MNIFEMLRIDEGLRLKIYKDTEGYYTIGIGHLLTKSPSLNAAKSELDKAIGRNTNGVITKDEAEKLEN
ODVDAAVRGILRNAKLKPVYDSLDAVRRAALINMVFOMGETGVAGFTNS LRMLOQOKRWDEAAVNLAKSRWYNQTP
NRAKRVITTFRTGTWDAYK', 0,-1.606889583],

["1LOP', '"MVTFHTNHGDIVIKTFDDKAPETVKNFLDYCREGFYNNTIFHRVINGFMIQGGGFEPGMKOKATKE
PIKNEANNGLKNTRGTLAMARTQAPHSATAQFFINVVDNDFLNFSGESLQGWGYCVFAEVVDGMDEVDKIKGVAT
GRSGMHQDVPKEDVIIESVTVSE',0,-2.866343581]7,

["1FTG (2-
169) ', '"KKIGLFYGTQTGKTESVAEI IRDEFGNDVVTLHDVSQAEVTDLNDYQYLI IGCPTWNIGELQSDWEGL
YSELDDVDFNGKLVAYFGTGDQIGYADNFQDAIGILEEKISQRGGKTVGYWSTDGYDFNDSKALRNGKFVGLALD
EDNQSDLTDDRIKSWVAQLKSEFGL',0,-0.998877308],

["1PHP (1-
175) ', 'MNKKTIRDVDVRGKRVFCRVDFNVPMEQGAITDDTRIRAALPTIRYLIEHGAKVILASHLGRPKGKVV
EELRLDAVAKRLGELLERPVAKTNEAVGDEVKAAVDRLNEGDVLLLENVRFYPGEEKNDPELAKAFAELADLYVN
DAFGAAHRAHASTEGIAHYLPAVAGFLMEKEL',0,-0.9988773087,

["1PHP (186-
394) ', 'DRPFTAIIGGAKVKDKIGVIDNLLEKVDNLIIGGGLAYTFVKALGHDVGKSLLEEDKIELAKSFMEKA
KEKGVRFYMPVDVVVADRFANDANTKVVPIDAIPADWSALDIGPKTRELYRDVIRESKLVVWNGPMGVFEMDAFA
HGTKAIAEALAEALDTYSVIGGGDSAAAVEKFGLADKMDHISTGGGASLEFMEGKQLPGVVALEDK', 0,1.737
1779287,

['1102', '"MKIAGIDEAGRGPVIGPMVIAAVVVDENSLPKLEELKVRDSKKLTPKRREKLFNEILGVLDDYVIL
ELPPDVIGSREGTLNEFEVENFAKALNSLKVKPDVIYADAADVDEERFARELGERLNFEAEVVAKHKADDIFPVV
SAASILAKVTRDRAVEKLKEEYGEIGSGYPSDPRTRAFLENYYREHGEFPPIVRKGWKTLKKIAEKVESEKK', 0
,0.108573621,

["1IGS (27-
248) ', "QRPIISLNERILEFNKRNITAIIAEYKRKSPSGLDVERDPIEYSKFMERYAVGLSILTEEKYFNGSYE
TLRKIASSVSIPILMKDFIVKESQIDDAYNLGADTVLLIVKILTERELESLLEYARSYGMEPLIEINDENDLDIA
LRIGARFIGINSRDLETLEINKENQRKLISMIPSNVVKVAESGISERNEIEELRKLGVNAFLIGSSLMRNPEKIK
EFIL',0,1.954325169],

["1UCH (5-
230) ', 'RWLPLEANPEVTNQFLKQLGLHPNWQFVDVYGMDPELLSMVPRPVCAVLLLFPITEKYEVFRTEEEEK
IKSQGQDVTSSVYFMKQTISNACGTIGLIHAIANNKDKMHFESGSTLKKFLEESVSMSPEERARYLENYDAIRVT
HETSAHEGQTEAPSIDEKVDLHFIALVHVDGHLYELDGRKPFPINHGETSDETLLEDAIEVCKKFMERDPDELRF
NAIALSAA',0,1.129165653],

["1B9C (4-
230) ', 'GEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTFTYGVQCF
SRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYN
SHNVYITADKQKNGIKANFKIRHNIEDGSVQLADHYQQONTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLL
EFVTAAGIT',0,1.1291656537,

['"1THF', "MLAKRIIACLDVKDGRVVKGSNFENLRDSGDPVELGKFYSEIGIDELVFLDITASVEKRKTMLELV
EKVAEQIDIPFTVGGGIHDFETASELILRGADKVSINTAAVENPSLITQIAQTFGSQAVVVAIDAKRVDGEEFMVE
TYSGKKNTGILLRDWVVEVEKRGAGEILLTSIDRDGTKSGYDTEMIREFVRPLTTLPITASGGAGKMEHFLEAFLA
GADAALAASVFHFREIDVRELKEYLKKHGVNVRLEGL',0,1.389742342],
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['"3BLM', '"KELNDLEKKYNAHIGVYALDTKSGKEVKENSDKRFAYASTSKAINSAILLEQVPYNKLNKKVHINK
DDIVAYSPILEKYVGKDITLKALIEASMTYSDNTANNKIIKEIGGIKKVKQRLKELGDKVTNPVRYEIELNYYSP
KSKKDTSTPAAFGKTLNKLIANGKLSKENKKFLLDLMLNNKSGDTLIKDGVPKDYKVADKSGQAITYASRNDVAF
VYPKGQSEPIVLVIFTNKDNKSDKPNDKLISETAKSVMKEF',0,2.8663435817,

["1IVOE', ' SHHWGYGKHNGPEHWHKDFPIANGERQSPVDIDTKAVVQDPALKPLALVYGEATSRRMVNNGHSEN
VEYDDSQDKAVLKDGPLTGTYRLVQFHFHWGSSDDQGSEHTVDRKKYAAELHLVHWNTKYGDEFGTAAQQPDGLAV
VGVFLKVGDANPALQKVLDALDSIKTKGKSTDEPNFDPGSLLPNVLDYWTYPGSLTTPPLLESVIWIVLKEPISV
SSQOMLKFRTLNFNAEGEPELLMLANWRPAQPLKNRQVRGFPK',0,1.910895727,
["4BLM (31-

291) ', '"KTEMKDDFAKLEEQFDAKLGIFALDTGTNRTVAYRPDERFAFASTIKALTVGVLLOOKSIEDLNQRIT
YTRDDLVNYNPITEKHVDTGMTLKELADASLRY SDNAAQNLILKQIGGPESLKKELRKIGDEVTNPERFEPELNE
VNPGETQDTSTARALVTSLRAFALEDKLPSEKRELLIDWMKRNTTGDALIRAGVPDGWEVADKTGAASYGTRNDI
AIIWPPKGDPVVLAVLSSRDKKDAKYDDKLIAEATKVVMKALN', 0,2.041184065],

["1IWQ5', "MERYESLFAQLKERKEGAFVPEFVTLGDPGIEQSLKIIDTLIEAGADALELGIPFSDPLADGPTIQON
ATLRAFAAGVTPAQCFEMLALIRQKHPTIPIGLLMYANLVENKGIDEFYAQCEKVGVDSVLVADVPVEESAPEFRQ
AALRHNVAPIFICPPNADDDLLRQIASYGRGYTYLLSRAGVTGAENRAALPLNHLVAKLKEYNAAPPLQOGEFGISA
PDQVKAAIDAGAAGAISGSAIVKIIEQHINEPEKMLAALKVEVQPMKAATRS',0,0.912018412],

['"1L8W', 'NKFYQSVIQLGNGFLDVFTSFGGLVAEAFGFKSDPKKSDVKTYFTTVAAKLEKTKTDLNSLPKEKS
DISSTTGKPDSTGSVGTAVEGAIKEVSELLDKLVKAVKTAEGASSGTAAIGEVVADADAAKVADKASVKGIAKGI
KEIVEAAGGSEKLKAVAAAKGENNKGAGKLFGKAGAAAHGDSEAASKAAGAVSAVSGEQILSAIVTAADAAEQDG
KKPEEAKNPIAAAIGDKDGGAEFGQDEMKKDDQIAAAIALRGMAKDGKFAVKDGEKEKAEGAIKGAAESAVRKVL
GAITGLIGDAVSSGLRKVGDSV',0,-0.868588964],

1)
#runs the program: ‘mainprogram’

if name == "' main ':
mainprogram ()
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