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Abstract

The conformation and internal backbone dynamics (IBD) of sevesaknelabeled
polysaccharides (PRSs), namely PAmylopectin, PyGlycogen, PyDextran and PyPullulan,
weresuccessfully examined with a combtioa of pyrene excimer formation (PEF), fluorescence
blob model (FBM)analysis of fluorescence decays)d molecudr mechanics optimizations
(MMOs). The four PyPSs were investigated by analysing their fluorescence response resulting
from the formation ofin excimer upon encounter between an excited and a gstatedpyrene.
The fluorescence parametergmelythe fluorescence intensity ratio of the excimer over the
monomer, thég/lm ratio, andthe numberNbion™*?) of anhydroglucose units (AGUs) foundthre
volume probed by an excited pyremeredetermined fronthe analysis othe fluorescence spectra
and decays of the F§S samplesrespectively. MMOsgonducted on RS constructs builin
silico with the program HyperChem yielded the theoretical nuriiaegs"®° of AGUs separating
two pyrenyl labels, while still allowing for successful PEF. A satisfying match betiNggfe°
andNbiob™P supported the selection of a given conformation of theramaolecule used to conduct
the MMOs. These concepts were applied as follows.

At first, the compressibility of PyAmylopectin and threepyrenelabeled Nanosized
Amylopectin Fragment@Py-NAFs) with a hydrodynamic diameteD(,) of 227, 56, 20, and 8 nm
wasinvestigated. PERas applied tgprobethe changes irdhn as the side chains of amylopectin
were compressed ladding unlabeled NAF(56) (NAF witbr = 56 nm) to the PP Ss dispersions
to increase the [NAF(56)fom the dilute to the serdilute regime.le/lm and Nbio™ began to
increase at [NAF(56)] of 12 wt% which was oneorder ofmagnitudelarger than the overlap
concentration. Thenagnitude ofie/lm and Noion”® as a function ofNAF(56)] increasedwith

particle size which suggestethatthe magnitude of the change REFwas related tohe size of



the clustes of helical side chains in thamylopectininterior. MMOs were conducted on a
hexagonal close packed array of oligosaccharide helices to heseNsi0»"*°would change as a
function d dnn and the size of a cluster of helices. By matching\ih@™® values, obtained as a
function of [NAF(56)], with theNuion"° values, obtained as a functiondafn and cluster size, a
relationship was obtained between [NAF(56)] ad, which albwed the assignment of the
number of helices per clustéty-Amylopectin Py-NAF(56), Py-NAF(20), and PyNAF(8) were
found to be made of clusters constitute@gf37, 6, and 3elices respectivelyConsidering that

all models aiming to describe amylogiacfocus on the clusters of side chains found in the
amylopectin interior, the methodology developed to determine the size of side chain clusters in
amylopectin is expected to become an important analytical itodhe characterization of
amylopectin.

Second, the combination of PEF, FBM, and MMOs was applied to investigaderkiy
profile of the side chains across the inteabglycogen Fluorescenc&esonance Energy Transfer
(FRET) experimentsdemonstrated that the pyrenyl pendants wastributed throughout the
glycogenmolecules PEF experiments otwo glycogen samples, that had been labeled with 1
pyrenebutyric acidRy-Glycogern), yielded an<Noion™> value of 34 (x2), which was higher than
the<Nboion”*® > value of 18 (x1) for PAAmylopectin. The increase #Nbion™**> reflected the higher
degree of branching of glycogen. MMOs yielded the relationship betigae® and thelocal
densityof a glycogenmolecule Two density distributionbased on thélelendezHevia model
and the Gilbert model were considereéd examine th interior of glycogenAccording to the
MelendezHevia model glycogen is constituted of oligosaccharide branches, that are arranged in
concentric tiers with thivcal densityof side chains increasing from the inte the outer tierOn

the other hand, SAX8&xperimentandicatel thatthe density is higisttowardthe @nterof a



glycogenparticle as predicted by th&ilbert model. Two density distributionsf the local
distribution of side chains iglycogenwere considered based on both models. The parameters
used to model these distributions were optimizethatch Npiop"®% with <Nbios™P>. Both density
distributions resuéidin a good agreement betweeNps, "% and Npiou™P> as long aghe sde
chains located in the interior of glycogen experienaenigher density. This studysuccessfully
establishd the PEFbased methodologyo examine the density distribution sfde chains
constituting the interior afjlycogen.

Finally, two linear polysatharides adopting a random coil conformation in solution were
examined. Dextran and pullulan were randomly labeled d#lyrenebutyric acid to yield Py
Dextran and PyPullulan,whoseNpion™P were found to equdl.1 (£0.4)and11 (x1) respectively
MMOs were carried out to determinBlpion™° for dextran and pullulan. The good agreement
betweenNuion™° and Nuior?*? indicated that PyDextran and PyPullulanwere randomly coiled in
solution and that Rpextran was morextendedhan PyPullulanin DMSO. ThelBD of these
two polysaccharides were examined with the pro#isg# Noiob™ xIsu, wherekoion represents the
rate constantor diffusive encounters between pyrene labels &ads the length of a structural
unit (SU). Thekoiob® Noiob™PXIsu values obtained for PRextran and PyPullulan werecompared
to those obtained fom series of pyrenmbeled poly(oligo(ethylene glycol) methyl ether
methacrylate)s (RPEGMAS), where n varied from 0 to 19. koios® Noiot™*Pxlsu of the two
polysaccharides as smaller than thekoion® Noiob™*PxIsy value of a hypothetical PYPEGMA
samplehavinga SU with asamemolar mass per backbone atomths PyPSs. The smaller
Kolob® Nbiob™PXIsy productsuggestethatthese polysaccharidésd a more rigi backbone than the
PEGMA samples,which was attributed to the cyclic nature of thedU. Comparison of the

products Noiob™Pxlsy and koiot® Nbiob™PxIsy indicated that PyDextranwas more extended and

Vi



dynamic than Pyullulan in DMSOThe moredynamic backbonef dextran was attributed the

more mobilea-(1,6) glycosidic bondsonstituting thébackbone of dextran.

In summary, this thesis represents the first example in the literature where PEFrhas bee
applied to characterize the conformation and IBD of such a wide variety of polysacclarides
solution It has extended the realm of PEF applications to a new family of macromolecules and

demonstrated the value of PiBRsed methods to probe polysacchesidt the molecular level.
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Chapter 1

Literature Review



1.1 Introduction

Polysaccharide arethe most abundant natural biopolymen earthandare used in two main
types of applicationsiamely forenergy storagandstructural supportFor instance, eixtran and
pullulan arelinear polysaccharides used in structural applicationbereas amylpectin and
glycogen ardranchedolysaccharidesised for energy storagéhe structure of polysaccharides
has been characterized at the molecular level by determining the tyglgcosidic bond
connecting theirstructuralunits and their chain lengthin an effortto betterunderstand their
propertiesThe term gucan refers tpolysaccharides whose structusait is a glucose molecufe.
Dextran, pullulanamylose,amylopectin and glycogen are examples of polyglusamd their
chemicalstructureis shown in Figure 1.1Although they shar@ same monomeric unit, other
structural featuredistinguishthem from each otheFor example, mylose is a linear polyglucan
that iscompaed ofanhydroglucose units (AGUS) joinday a-(1,4) glycosidic bond, while
dextran ismadeof AGUs joinedby a-(1,6) glycosidic bonds. Theature of the glycosidic bonds
has important implications on the properties of a given polysaccharide. In thef daséran and
amylose, thalifference in glycosidic bonds is the reason why amylose is poorly soluble in water
while dextran is watesoluble. In turn, the watesolubility of dextran enables its use as a blood
plasma expandérln contrast, théAGUs of pullulan are linked to each other by a mixture of
(1,4) anda-(1,6) glycosidic bonds in a 2:1 ratio. Consequently, a variety of techniqudaagcthde
Atomic Force Microscopy (AFMj,computational simulaticsP® andnuclearmagneticresonance
(NMR)’ have been applied texamine the effest that the different types and contents of

glycosidic bond$iave on the propertied amylose, dextran, and pullulan



The structure of théoranched polyglucanis also quite varied as they exhiklifferent
degres of branching and side chain lengfrwhich lead to different propertiehe side chains
of amylopectincan be20-25 AGUslong? long enough to form double helices in the crystalline
domains generated by amylopectin in the solid sTdte.averagsidechain length of glycogen is
about halfthat of amylopectirf which preventsside chain crystallization artthe formation of
double heltes® Beside the ability of the side chains of branched polysaccharides to crystallize or
not, their architectural variations also lead to surprisingly important differences in thartgep
For instance, the longer side chains of amylopectin, which induce the formation of double helices,
result in the poor solubility ofraylopectin in watecompared t@lycogen whichis watersoluble
thanks to its shorter side chains, that cannot crystallizern, the inability to produce glycogen
with short side chains can leadgdlycogen storage disea¥esince abnormally long side chains

form insoluble double hales,which cannot be degrad into glucosé®

Dextran Pullulan AmylopectinGlycogen
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Figure 1.1 Chemical structure of polysaccharides. A) Dextran, B) pullulan, and C)

amylopectin/glycogen



The various properties of polysaccharides resulting from their different structures mean that
the techniqueto characterize the parameters defining the diffeplysical properties of a given
polysaccharide need to be tailored for that specific polysaccharide. For instance, the ability of some
polysaccharides like amylopectin to crystallize enables their study in the solid stitealy
diffraction.!* Of course X-ray diffraction is of little use for polysaccharides like glycodethat
do not crystallize. Similarly, gel permeation chromatography (GPC) is a powerful technique to
characterize the molecular weight distribution (MWD) of polymers. In a GPC expat;i a
polymer solution is injected into a column packed with porous beads, that separate the different
polymer molecules according to their hydrodynamic volumg. (GPC is thus very useful to
determine the MWD of all polysaccharides, except amylopestiose hydrodynamic diameter
(Dv) is typically in the hundreds of nm, larger than the size limit of the pores in GPC column beads
reported to exclude macromoleculeDafgreater than 100 nAd.

These considerations explain why tteracterization of polysaccharides relies heavily on a
wide range of analytical techniques capable of probing macromolecules at different length scales.
In this context, preneexcimerfluorescencéormation (PEF)would be a nice addition to this
battery of techniques due to its is wddhown ability to probe the conformation and internal
backbone dynamics (IBD)f macromoleculeat the molecular levaiver a length scale of a few
nanometers. In particular, it has been used to characterize the IBD edsacdgryrendabeled
poly(alkyl methacrylate}§ and polypeptides andtherandom coft®and helical®!’ conformation
of severabpolypeptides. While PEF has been recently applied to cotifierhelcal conformation
of amylose in DMS® and determinethe interhelical distanceof clusters of helices for

amylopectin in solutiof®its gpplicationto the study opolyglucars remans fairly limited The



goal of this thesis is thus to generalize the applicability of PEF to the study of polyglucans by
expanding its realm of applications beyond amylose and amylopectin to glycogen, dextran, and
pullulan. Consequently, this chapter wiliovide a general overview of polyglucans focusing
mainly on dextran, pullulan, glycogen, and amylopectin, which will be followed by an introduction

on PEF and how it can be applied to probe polyglucans.

1.2 sic Structural Elementsf a-Polyglucans.

Polyglucais or glucars are polysaccharidg thatare most widespread innature and whose
structural unit is Bglucose? Polygucans areurtherdivided intoa- or 4- glucars dependingon
whether the C:hydroxyl of D-glucose in a chair conformation is in the axial or equatorial position,

respectively (se€igure 12).

OH OH
HO ° HO °
HO HO OH

HO o HG
A) B)

Figure 1.2. Structure of Aja-D-glucose and Bp-D-glucose

Examples ofz- glucarsincludestarch(amylose and amylopectirpullulan, dextrajand glycogen.

In comparison, ellulose is an example @ glucan. This section will mainly focus @ glucars.
Althoughall a- glucars are constituted ad sameD-glucosestructuralunit (SU), the large number

of functional groups afforded by this SU leads to a wide range of spatial placements for AGUs
with respetto each other, which is associated with a wide range of structures and thus categories

of polyglucans, that have been identified based on their tyglyadsidic bond, chain lengtloy



degree of branchind@.he glucose unit, glycosidic bontype,and chan lengthof a-glucanswill

be briefly discussenh this section

1.1.1 Structural Unit

Acid hydrolysis is commonly used to depolymerize polyglucans into glucose. The reaction
conditions,including the strength and amount of acitlist account for the type of polyglucan

being considered anthe purpose of the experiméefitFor instance, dilute acid conditions or
insufficient reaction times result in the partial acid hydrolysis of a polyglucan into oligosaccharides
instead of glucee monomers+??> Complete acid hydrolysis of polyglucans involves the treatment

of the polysaccharides with either 2~3 % sulfuric acid fér Hour$*?*or 1 M HCI for 40120

minutes at temperatures higher than 1MD2?>?® Completion of the acid hydrolysis of
polysaccharides can be assessed by monitoring the anomeric glucose carbon, whose signal can be
identified by Nuclear Magnetic Resonance (NMRJourierTransform Infrared spectroscopy
(FT-IR),?8 and optical rotatiog* depending on whether glucose is characterizeith@SU of a

polysaccharide or an individual molecule.

1.1.2 GlycosidicBonds

Glucose has five hydroxyl groups available ¢onducting acondensation reactioMethylation
can be applied to identifjné hydroxylsn a given polysaccharidé)at areinvolvedin glycosidic
linkages®® The general reaction scheme of methylation is shown in Figure 1.3. Since any hydroxyl
group not involved in glycosidic linkages can be methylated, this procedure allows the
identification of the types of hydroxyls involved in glycosidic linkages. The yletibn can be

monitored by FTIR over time to determine its completibit.is then followed by acid hydrolysis



to depolymerize the polysaccharidato methylated monosaccharides, whose chemical

composition can be identified by gas chromatography and mass spectrometry.

OH (o]
MeO v oqe
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OMe
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MeO
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Figure 1.3. Reaction scheme for the methylation of a brancheglucan followed by acid

hydrolysis.

As one example of this methodology, the major product for the methylation of sedtbie
dextranwas identified as 2,3,4ri-O-methytD-glucose, which indicated that the -Cdnd C6
hydroxyls are involved in the formation o&- (1,6) glycosidic bonds. Consequently, this result
suggested that the AGUs in dextramejoined bya- (1,6) glycosidic bonds to generate a linear
polysacharide’®*! However, dimethyl glucoses such as-8{3-methytD-glucose, 2,4i-O-
methytD-glucose, or 34li-O-methytD-glucosewere also found, whose functionality of 3
implied the existence of branching points involving eithefl,2), a- (1,3),or a- (1,4) glycosidic
linkages. Since the population of 2j#0O-methyltD-glucoseis higher than the other dimethyl
glucoses, it was concluded that the branches of deateamostly the result oé- (1,3) glycosidic

linkages3®3! In contrast, the complete methylation of amylose orlye®,3,6tri-O-methylD-



glucose, which demonstrated thatyloseis a linear polyglucan, whose AGUse joined by

a- (1,4) glycosidic linkage® In the case of pullulan, the glycosidic linkage pattern of pullulan
was not determined by acid hydrolysis, but rather fromreasymatic treatment withutiulanas >3
followed by complete methylatiolf.Pullulanase is an enzyme, that clease$1,6) glycosidic
linkages®® The hydrolysis of pullulan with pullulanase produced the trisaccharide maltotriose as
the major productwith the tetrasaccharide maltotetraose representing up to 7% of the final
product®33436 Since the proportion of maltotetraose pallulan is low, pullulan is generally
considered to be a polymaltotrio€¢he methylation of maltotriose yielded 32 % methyl 2;8j4
O-methytD-glucose and 67 % methyl 2,36-O-methytD-glucose, which confirmed that three

AGUs arelinked by twoa- (1,4) glycosidic bonds to form maltotriose, whereas the maltotriose

unitsarelinked bya- (1,6) glycosidic linkages?

1.3. Structureand Conformatiomf a- Polyglucars

1.3.1Dextran
1.3.1.1. Chemical Structure of Dextran
Dextran is a polysaccharide produced by lactic acid bacteria, sli@uesnostoc mesenteroides

(Lm).28 The AGUs of @xtranare mosthjoinedby a-(1,6) glycosidic bouls.3®* However, banched
dextran has beefound, where thetype of glycosidic linkagefor the branchingpointsand the
degree of branching depend on the bacterial stfimsthe case of @éktran producethy Lm B-
512F, the AGUs are mainly linked kg~(1,6) glycosidic bond with branches being generated by
a-(1,3 glycosidic bond.* 3 Branching viaa-(1,2) ora-(1,4) glycosidic bond has also been
observedor dextran produced fromm B-7424%%4and Lm B-1299 4%4! respectively. The lowest

degree of branchingqual to 2 % was reported fdextranproducedoy LmFT 0458 wheread.m



B-1501 produces dextran withe highest degree of branchingported to equ&0%2** Branches
in dextran are tyically one or two AGUs loné?* Consequently, since branches with one or two
AGUs shouldyield a dextran sample, that behavesadmearpolysaccharidethe finding, that
somedextransamples behave likbranched polymet suggests the existencé some longr

brancheg®

Jeanes et al. classified dextran samples into three groups based on their percantadgy of
glycosidic bonds® Classes A, B, and C have beerfinisd for dextrans containing-2%, 36%
and > 6% ofa-(1,3) glycosidic bonds, respectively. Class A and B dextrans are-saitdre,
whereas dextrans from Class C with a percentage(@f3) glycosidic bonds higher than 43 %
are watetinsoluble?’ Dextran with a higher percentage@f(1,6) glycosidic bonds is commonly
used as a blood plasma expander, s ,6) glycosidic bonds are hydrolyzed more slowly than
other glycosidic bonds and such dextran samples are moreseaibte. The optiral molecuar
weight (MW) for dextran used as blood plasma expander is 4000000 D&? Dextran with a
higher MW is not suitable for clinical purposas it prolongs the bleeding time by interfering with
blood coagulation. However, it can be used as a food ingredient in Balkemthermore, since
a-(1,2) glycosidic bonds show a high resistance to hydrolysis by digestive enAdess;ans
with a-(1,2) glycosidic bonds could be beneficial to microorganisms ihdh&an gut. As a matter
of fact, low molecular weight dextrans with branches geadraya-(1,2) glycosidic bonds have

been shown to exhibjirebiotic effecsin continuous gut modefS.



1.3.1.2. Conformation of Dextran in Dilute Solution

The conformation in solution and degree of branching of dextran have been investigated by
specific optical rotatiorP®intrinsic viscosity?®! and smakangle Xray scattering (SAXS)
measurement¥. The random coil conformation of dextranawconfirmed ly specific optical
rotationin DMSO>% The specific optical rotation of dextran was investigatethimabsence and
presence of tetramethylureayhich is a hydrogen bonding digptor The aldition of
tetramethylurea to an amylose dispersion in DMSO caused a decrease in the specific optical
rotation of amylose from 18@o 15 by disruptingntra-moleculathydrogen bonding in amylose,
whereas a constant specific opticatation of 190 was observed for dextr&A.This result
suggested that dextran is a random coil while amylose adopts a helical conformatié8@ D

The conformation of macromolecules can also be predicted from the exparadithé Mark
Houwink-Sakurada (MHS) relationship given in Equation 1.1 between the intrinsic visc@gjty ([
of a macromolecule and its viscosdyeragemolecular weightily). A polymer with a random
coi l conf or ma tsohem is expectad toghave aivaleerangohg from 0.5 to 0.8,
which can increase to ~2 and decrease to 0 if the shape of a macromolecule approaches that of a

rigid rod or a lard sphere, respectively.

[A] = KM? (1.1)

A plot of log[#] as a function of log{W) for dextran in water yielded a straight line for molecular
weight MW) values lower than ~10 kDa with a slope equal to 0.50, which represented the MHS
exponenf*TheMHS exponent of dextran in DMS$&*! and DMF/water mixturés was found to

equal0.51~0.53 and 0.5IrespectivelyThese exponents led to the conclustbat dextran with a

10



low MW adopts a random coil conformation in solutidhelog[/]-vslog(MW) relationship vas
found to deviatérom linearity by showing a downward treatth i g her MWOQO s , for
degrees of branching weobtainecP**® As a result, the exponentecreasetielow 0.5°*°°The
mathematicakxpression of théactor g, reflecting the reduction in radius of gyratidRy) for a
branched macromolecule compared to Ryeof a linear chain of equivaleMW, is shown in
Equation 1.2 Due to its definition,g decreases with increasing degree of branchingas

determined as a function MW for dextran tacharacterizéts degree obranching.

_ R (branched

R’ (linear) (1.2)

To determineg, Ry was determined by light scatteriigr a series of dextran samples. Using
Equation 1.3 taepresent th&; of linear dextrart®the g value of dextran was found to decrease
from 0.94 to 0.75 as the MW of dextran increased from 11 to 253 kDa, respectively, which

suggested it the degree of branching incresagéth increasing MWP?
R:(linear)=0.19 3MW"*° (1.3)
In summary, low MW dextran is a mostly linear polysaccharide made of AGUs
connected bw-(1,6) glycosidic bonds. Higher MW dextran shows branching points generated

by a-(1,3) glycosidic bonds, whose branching frequency increases with increasing MW. In

soluion, dextran adopts a random coil conformation.

11
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1.3.2. Pullulan

1.3.2.1.Chemical Structure and Conformation of Pullulan in Dilute Solution

Pullulan is made afmaltotrioseunits, which are trisaccharides, where the AGUs are joined by
(1,4) glycosidic bonds, and where the maltotrioséts are connected bw-(1,6) glycosidic
bonds®® The conformation of pullulan in solution wasvestigated by intrinsic viscosity
measurements and its MHS values are summarized in Table 1.1. The expaasiitigher than
0.5 but lower than 0.8 in water and DMSO, which indicated that pullulan sdoatdom coll

conformation in solution.

Table 11. Mark-Houwink-Sakurada (MHS) parameters reported for pullulan in the literature

Solvent TemperatureiC K, mL/g a Reference
0.02 wt% NaNin water 25 0.035 | 0.61 Nishinari (9]
0.02 wt% NaNin water 25 0.032 | 0.63 | Kawahara 198440
0.2 wt% NaN in water 25 0.022 | 0.66 Kato 1982 61]
0.02 wt% NaNin water 25 0.019 | 0.67 Kato 1984 62]

DMSO 21 0.016 | 0.75 Pavlov 199863
0.5 wt% LiBrin DMSO 50 0.020 | 0.69 | Isenberg 201064]
0.5 wt% LiBrin DMSO 80 0.024 | 0.68 | Sullivan 2014 5]

Sincethe AGUs of pullulan are linked ky-(1,4) anda-(1,6) glycosidic bonds in a 2:1 ratio,
pullulan has been compared with amylose and dextran, whose AGUs are connecfédihynd
a-(1,6) glycosidic linkages, respectively. The additional torsion angwailable to a a-(1,6)
glycosidic boml provides extra conformational freedoonompared to aa-(1,4) glycosidic bond,
for which the two torsion anglésand: are availablé® Based on this argument, polysaccharides
should experience increased conformational freedom according to the sequence dextran > pullulan

> amylose. Unfortunately, amylose is a special case as it adopts a helical conformation in DMSO
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as was observed by pyeerfluorescencé NMR, ¢’ and intrinsic viscosit§® measurements.
Intramolecular hydrogen bonding between the- @Bd C3hydroxyls of amylose may be
responsible for the helical conformation of amyl®S@ullulan on the other hand is randomly
coiled in solution due to the heterogeneity of its glycosidic link&yebjch is responsible for the

good solubility of pullulan in water and some organic solvents such as DMSO anéfD#&ran

is also a random coil in solution. The backbone of pullulan has been found to be less and more
mobile than that of dextrdhand amylosé! respectively. The flexibility of pullulan in water has

been examined by computational simulati®hsSAXS>272 and intrinsic viscosity and
sedimentatiof measurements. The persistence lengths of pullulan and dextran were simulated by
fixing the torsion anglevto equal either + 8018, or with a torsional function. The persistence
length of dextran was found to increase from 0.6 to 1.3 nm, while the persistence length of pullulan
changed from 1.3 nm to 1.2 nas a tasional function was applied instead of a fixed torsion angle.

The experimentally determined persistence length of pufitfdand dextrar? were found to be
between 1.0 and 1.9 nm and between 2.0 and 2.8 nm, respectively. It should be noted that the
persistence length of dextran was found to decrease with incréé\diras the degre of branching
increased? The persistence length of 2.8 roarresponddto a dextran sample with MW of

11,200 g/mol, which should be short enbug have a linear structure with little to no branches

The shorter persistence length of pullulan suggested that the backbone of pullulan is less extended

than the backbone of dextran.

1.3.3. Enzymes Used to Degrade Branched Polyglucans

Enzymes have been instrumental in assessing whether polysaccharides are birseenhed. For

instance, the fact thamylosewas complety hydrolyzedby a-amylasewas taken as evidence
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that amylose is a neranched linear polysaccharithe’®In contrast amylopectin and glycogen

cannot be completely hydrolyzda/ a-amylase which reflectstheir brancled structure.The

stepwise depolymerizationf polysaccharides bynultiple enzymes is required to study the
structural units of branched polyglusain paticular, the size distribution of the side chains of
branched polyglucans has been characterized by applying a stepwise enzymatic treatment to these
polysaccharideslhe enzymes that have bemostwidely usedo hydrolyzepolysaccharideand

their mode ofaction are summarized in Table 1.

Table 12. List of enzymes used to depolymerize polysaccharides

Enzyme Function Attack Features
In the first stage, the hydrolysis witramylase
Hydrolysis of generates oligosaccharides consisting 6106
a-amylase a- (1,4 glycosidic AGUs, whicharehydrolyzedfurtherinto sugars a|
bonds the second stage tifea-amylasareatment’.’
(Endo acting) End products vary depending on tbegin of
amylase’’
Hydrolysis of Generates maltosyaltotriosyl residue$’
a- (1,9 glycosidic
b-amylase bonds
(Exo acting)
. Phosphorolysideaves 4 and 3 glycosyl units
Phosphorylas Phosphoroly5|_s .Of the A and Bchains of branched polysaccharid
a- (1,4 glycosidic . 8
a bond respectively.
Generates glucoskphosphate.
Hydrolysis of non It can dgg)ranch amylopectin and glycogen but
terminal a- (1,6) pullulan . . :
Isoamylase | idich c’is77 It works only if the chain contains more thar
glycosidichbon AGUs before the branching poifit
(endo acting)
Hydrolysis of It can hydrolyze one glucose unit remaining on
Amylo-1,6 terminal a- (1,6) A chain of branched polyglucans after treatm
glycosidase | glycosidic bond with phosphorylase 4.
(Exo acting)
The debranching efficiency is lofer glycoged*
Hydrolysis of Pullulanase attacks short maltosyl chain st
Pullulanase | a- (1,6) glycosidic better than isoamylasé
bonds Hydrolysis works only if there ar
neighboringa- (1,4) glycosidic bond &3
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1.3.3.1.Side Gain Profilesof Branched Polyglucans

The structural featuseof branched polyglucanare often describedn terms ofchaintype and

chain lengthCL). The dainsfound inbranched polyglucatan be classified into-AB-, and G

chains. AChairsrefer to unbranched chains, whereasHains are chains with branch&se C-

chain isthechain carryinghesole reducing end and can be regardeaiBxghain® Debrancing

enzymes such as isoamylase can hydrolyze a branch point and yield the unit chains, as shown in
Figure 1.4The averag€L or unitCL can be determineay NMR & methylation®® and periodate
oxidation®’ from which the population ofionreducing end can be estimated. The aver&je

equals the total number of glucose molecules generated by the hydrolysis divided by the number
of nonreducing endsThe complete methylatioof a hydrolyzed polysacchariggoduces tetra
O-methytD-gluccse from the nomeducing grou®while periodate oxidatiogenerategormic

acid fromits action orthe nonreducing groug’

TheCL can bdurther classified intinternal (CL) and externalECL) chain lengteas shown
in Figure 1.5 ThelCL represents the number of AS present between two branching points in
theinterior of polyglucas. The ECL represents the number of AGUs from the chain entig¢o
outermost branching point.-Bhainsare represented L and ECL, whereas Achainsare
described by theiECL only. The determination of aBCL involves the enzymatic treatment with
an exeenzyme, which depolymerizes a polyglucan from its-remucing chain end up to a certain
number of AGUs from the branch point. The actiorbaeimylasé* or phosphorylase’éon a
branched polysaccharide leaves behind stubs comprised of 2 or 3.5 AGUSs, respectively. A step
by-step hydrolysis of a polyglucan with phosphorylase a followed by treatmenbaitiylase

leaves 1.5 AGUs on averaf@dssuming that th€L of an A-chain equals thECL of a B-chain,
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the ECL can be determined from Equation 1.4, whigrex-limit represents théraction of the
branched polyglucathat remains aftdnydrolysingthe branchegolyglucan with an enzyme that
cannot digest-(1,6) glycosidic bond®& The x-limit is referred to as thé-, L -, or 4 -limit
depending on whether the enzyme involved in the amylolyfisaisylase, phosphorylase a, or a
combination ob-amylase and phosphorylase a, respecti@Bgunin Equation 1.4epresents the

number of AGUSs in a stub.

ST
ECL=CL JoX limit value BR.,
100

(1.4)

In turn, thelCL can be calculated from Equation #/5yhere one AGU is subtracted, since a

branching point is not part of the external theinternal chains.

V0000 060 p (1.5)

The CL varies depending on the source of polygluceme averag€L of amylopectin is about
20-25 AGUs, with thdCL andECL containing 68 and 1316 AGUSs, respectively. The average
CL of glycogen is about half that of amylopectin. T6& andECL of glycogen egal 3-5 AGUs

and 68 AGUs, respectively, resulting in an ovei@ll of 10-14 AGUs®
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Figure 14. Principles of the structural study of branched polysaccharides with enzymatic
hydrolysis.[Reprinted fromStarch in Food: Structure, Function and Applicatipfis Bertoft, E.
2 1 Analysing Starch Structure., 86, Copyright (2021), with permission fromisBEvier.

https://www.sciencedirect.com/science/article/pii/B9780081008683000020]
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Figure 15. Definition of the different types of chain&GUs are represented by circl®s iq A-

chain,© in longB-chain,O in shortB-chain®inC-chai n) i n a br dlMrancke d

U(1-6) linkages are expressed by horizontal lines and bent arrows, respectively. The reddcing

residue is the AUG at the most-faght. [Reprinted fronBtarch/Starke62, Perez, SBertoft, E.

pol

The Molecular Structures of Starch Components and Their Contribution to the Architecture of

Starch Granules: A Comprehensive Review.-820, Copyright (2021), with permission from

John Wiley and Sonéittps://onlinelibrary.wiley.com/doi/abs/10.1002/star.201000013

The A:B ratio estimates the degree of branching of polyglucans. The numbersuod &

chains are proportional to the number of sugars generated feafelnanching of the limdextrin,

which is the polyglucan fragment remaining after hydrolysis of a branched polysaccharide. For

instancep-amylolysis turns Achains into stubs-3 AGUs long. The length of the-ghain stubs

depends on the length of the originaichAain. If the original Achain contains an odd or even

number of AGUs, the Ahain stub would have three or two AGUs, respectiv@ly.the other
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hand,b-amylolysis of the Bchain generates stubs with 6 or more AGtss described with the
exo-attack byb-amylase/phosphorylase a in Figure 1.4. Debranching of thedewitin generates
maltose, maltotriose, and other oligosaccharidBse sum of the number of sugars and
trisaccharides is proportional to the number ethains, while the number of oligosaccharides
represents the number ofdBains. The A:B ratio can thus be determined from these experiments.
The A:B ratios of amylopert and glycogen have been reported to vary from 1.5:1.0 to 2.6:1.0
and from 0.6:1.0 to 1.2:1.0, respectivéijhe B-chairs of glycogencarry oneor more Achains

while the Bchairs of amylopectin can carry only one-¢hain. The A:B ratio indicates that the

degree of branching is higher for glycogen than for amylopectin.

1.3.4. Multiply Branched PolyglucarisGlycogen
1.3.4.1.The Tier Model for Glycogen

Glycogen was first discovered by Claudeho investigatedts functionin theliver as parof his
doctoral thesis. The advancements made by Claude on glycogen wereweslled by Yound?®
Working with a dog, which had been fedbav-carbohydrate diet, Bernard Claude found that the
blood sugar level was lower in the portal vein, bringing blood to the liver, than in the hepatic vein,
which takes blood out of the liver. This observation led him to the conclusion that the liver could
produce sugar, which was identified as glucose through several experiments including
fermentation with yeast. In 1857, Claude successfully extracted thefsugang substance from

' ivers and named it Al a mati r e dndioatedotigat ne " .
glycogenis made of glucose, found under the form of AGUs mainly joined40¥,4) glycosidic
bonds. Methylatiomf glycogen followed by acid hydrolysiesulted irthe production of d, tri-,

and tetramethyl glucosé€®°' The dimethyl glucoselerivativeswere the methylation products of
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the C2- and C3hydroxyls, which suggestedhat branchesare generatedn glycogenby the

formation ofa-(1,6) glycosidic bond. The branches of glycogen were accounted for dyye

structural mdelling, which resultedn the proposls of alaminatedand comb arrangement of the

branchesy Haworth(Figure1.6 A)*°and StaudingegFigure 16B) in 19378 respectively.

A)

C)

Figure 16. Proposed molecular arrangements for glycogéy:Laminated form proposed by

Haworth®® (B) Comb form proposed by Staudinde(C) Tree form proposed by Mey&t (D)

Model of a segment of muscle glycogen based on its enzymatic degradétign)

Revi sed

tree forn¥® [Reprinted fromCarbohydr. Polym.16, Manners, D.J. Recent Developments in Our

Understanding of Glycogen Structure. &%, Copyright (2021), with permission from Elsevier.

https://www.sciencedirect.com/science/article/abs/pii/01448617919P071J
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The laminated arrangement for the brancheslyafogen is described as a singly branched
structureThe comb arrangement suggests that glycogen is constitudesiraflemainchain with
multiple branchingpoints like a bottlebrush polymef? Bo t h Hawort hos and
proposals were based on timethylation methodwhich cannot distinguish between a singly or
multiply branched structure. The tree form, witie multiply branched structure showfor
glycogen in Figure BC, was proposed by Mey&tlt was based on considerations regarding the
abiity of an end group generated by a branching enzyme to polymerizen \6he end group
created by a branching enzyme has a better affinity for polymerization, a singly branched structure
will be obtained A multiply branched structure is achieved whertladichain endgenerated by
branching enzymesave an equal chane¢polymerization A kinetic studyof the chain growth
of glycogen suppoed the latter case whi ch | e d -likcomoddidoy gycaen® t r e e
Mey er 06 s wpsrfustipeossppdried ystepwise enzymatic degradation of glycogehere
phosphorylas@ and amyle(1,6)-glucosidase were used to cleal,4) anda-(1,6) glycosidic
bonds, respectivel?.If glycogenadopted théaminated or comb forrits complee degradation
would be achieved byhe second enzymatic treatment thie «-limit dextrin of glycogen In
contrast, he complete hydrolysis of glycogen with a multiply branched structure wegldre
multiple repetitiors of the enzymatic degradation by phosphorylasellowed by amyle(1,6)
glucosidase. The first enzymatic treatment of glycogen with phosphog/askeled about 35%
degradation of the original materialherefurther degradatiomvas preventedby the brarching
points of glycogen. After the removal of the branching points with aifiyk)-glucosidase, a
second enzymatic treatmenttbe limit dextrin with phosphorylasayielded an additional 25 %

degradation instead afcomplete degradatioi his experimet confirmedthatglycogen does not
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have a singly branched structuiidne enzymatic degradation needed tadygeateB-4 timesin

order to reach 90% degradation of the original glycogeiecules The multiply branched

structure of glycogebased on Meyérs t r eievedfthelranching points as being arranged

in Atierso (Figure 1.6D), w h e rs Ggomtthie enemtaitheb e r o f
outer tier.

The tree form describes glycogen as a regularly branched structure, which may noelye entir
valid whenthe molecular weight of glycogen increas€his complication arises with dendritic
macromolecules, where the mass of the macromolecule increases much more quickly than its
volume®® Meyer proposed the tree forusing178 glucose unitsn which caseglycogen has a
regularly branched structure withatperiencing angpatialcongestionThe steric limitation on
branching becomes significant as the size of glycogen incrédiggsmolecular weightsesult in
adenselypacked peripherywhich prevents further groth. Thus, the regularitin the branching
of glycogenproposed by Meyewasnat suitable ér glycogen particles with eolecular weight
| arger than 20 mtreeforinwith arBgalarly rebmasel stMaueavastGevised
by Whelan®” who introduceduried chains (Figurg.6E). Some chains may be terminated deeper
within the macromoleculehereby allowing further growth of other chaft®§ According to this
model, one half of the 8hairs of glycogen casr two A-chains in averagevhile the other half

carries two Bchains.

1.3.4.2.SeltLimitation of Size Growth of Glycogen

The highly branched compact structuoé glycogenenablest to store the most glucose in the
smallest possible volume. The large number of side chains peasbeperiphery increases the

number ofactive sits for enzymes such as phosphorylasand synthae. This allows living
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animals to store or release glucose as efficiently as possible. AccordiegTierModelinitially
proposed by Meye? the density of glycogen increases rapidly witthsize. Beyond a certain
critical point, the densityt the periphery of glycogeparticlesbecomes extremely high thus
preventing any further growthjue to the inability ofglycogen synthaséo approachthe
macromolecule and bind to the active sithge to steric hinderané®®® Madsen and Cori
theoretically calculated the maximum number of tiers for glycogen and predictethiehatea
available for one glucose residue in thé& 1i8r would match the dimension of a glucose molecule,
thus preventing access to much larger enzyd&oldsmith determined that the side chain of
glycogen akesthe form of a lefthanded helix and studied the structure of glycogen with molecular
modeling!® The thickness of a glycogen tier with side chains havi@jaf 13 AGUs and a
degree of branchingf two would equall.9 nm according to that study. Theesage radius o
glycogenmolecuk, regardless of the source of glycogesas determined to be about 21 nm
correspondindo the size of glycogenmoleculemade ofl12 tiers which was deemed to be the
maximum number of tiers, that a glycogen particleldchave This conclusion was further
supported by Meléndeldeivaet al., whooptimized the structure of glycogen mathematictity

The size (i.e. maximum number of tiers) of glycogen was simulated as a function of the number
of AGUs in the sidehains and the degree of branchi@dycogen with a degree of branching of

2 would maximize its glucose storing capability and have a total of 12 tiers with a radius of 21 nm.
Glycogen with a degree of branching of 3 could only grow up tofiieiZ Thediameter of such

a glycogen particle would be smaller than the diameter of glycogelecules measured

experimentally.
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Although many studies have beeonductedon glycogenfurther evidence foithe density
induced growtHimit of glycogenhas not beenrpsentedince the mathemattoptimizationof
the glycogen structurdy MeléndezHeiva in 1993'%* The most recent stuek'®?-%4and
reviews>1%%ong| ycogen have r ef e rpublishedin 10820 thedseliimi t h 6 s
limitation of size growth of glycogemMore detailed information about the interior gifcogen
cannotbeanalyze by X-ray crystallography due to its lack of crystallinitiespite the welknown
ability of X-ray crystallographyo probe the conformatiosf macromolecules in the solid staté
In fact, Kageyama et al. argued in a recent publicationthi@internalstructure of glycogen
molecules is not fully understod® They suggested the use of fluorescence techniques, such as
Fluorescenc&kesonance Energy Transfer (FRET), which are sensitive to the local density of a
macromolecule over a length scale of a feamametersto get a deeper understanding of the
structure of the interior of glycogenoleculs.'> These comments strongly suggest that further

studies of the interior of glycogen would be of interest.

1.3.5. Multiply Branched PolyglucarisAmylopectin

Amylopectin is a major component of staféHit is abranched polyglucarwhose branches are

linear oligosaccharidesegmentsmade ofAGUs joinedby a- (1,4) glycosidic bond, linked to

each other bg- (1,6) glycosidic bond. Branching occurs every 2Zb AGUs which resulsin the
presence of-% mol %of branching pointper AGUin amylopectirf* As for glycogen, the spatial
arrangement of the oligosaccharide side chains in the amylopectin interior has been the object of

sustained research, which has led to several models.
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1.3.5.1. The ClusteModel

The laminated and tree fornts Figures 1.6B and @ere also considered asssiblestructural
modek for amylopectin.As for glycogen, enzyme treatment was instrumental in assigning the
nature of the amylopectin interiof.dmylopectinwerein thelaminated or tree fornthe action of
b-amylase on amylopectin woulgeneratea very long chain oa more compacttructure,
respectivelyln turn, if theb-limit dextrin took the form of a very long chain, acetylation of bhe

limit dextrin followed by evaporation of the solvent would produce an elastic film, through the
formation of entangled chains. Such an elastic film would not be achievedbdlitné dextrin

had a compact structure with side chains, that would be too short to entanidje end, the
acetylatedb-limit dextrin of amylopectin could not generate an elastic film, in the same manner
that the acetylatet-limit dextrin of glycogen, whichs a known branched polymer, could not
form an elastic film. This result supported tiha&ion that amylopectin is multiply branched and
adopts a tree form as proposed by Méydrhe tree form was further supported by a stepwise
enzymaic degradation stud$?1°°The Cluster Model was proposed by French for amylopectin in
1972 based on experimental results that could not be rationalized by the tree form stfGdture.
particular, the viscosity of a KOH aqueous solution of an amylopectin sample wit ah
1.8x1§ g/mol was much higher than a KOH aqueous solution of a gtcegmple with ai,

of 4.8x16 g/mol 1! This result suggested that amylopectieshot have the same spherical shape
as glycogenand that its structure was thus better rationalized by the schematic representation

shown in Figure 1.7A%°
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Figure 1.7. lllustration of the structure of amylopect{() The traditional Cluster Model proposed
by French for amylopectin in the solid st&t&(B) the Building Block Backbone Model proposed

by Bertot,'*® and (C) the Solution Cluster Model proposed by Li et al. for amylopectin in

solution?®
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The incompleteacid hydrolysis of amylopectin suggested a heterogeneous environment
made of amorphous and crystalline domati8Later, SAXS experimentsrevealedthat the
periodic length of 9.0 nmfound in the scattering pattern of amylopectin samptesespondd
to lamellae generated iamylopectinby alternatingamaphous and crystalline domaitt? The
structure of amylopectin was further investigabgdcharacterizinghe chain distribution profiles
of the side chains obtained through #eed hydrolysis ofamylopectin. Robin et &3 compared
the chaindistribution of native amylopectifrom potato starctandits acidresistantproducts
Since amorphous domains should be remdwethe acid hydrolysis, the aci@sistantparts of
amylopectinrepreserdd its crystalline domaia Debranching of a native atopectin with
pullulanase generated three groups of cwaimch hada CL of 15, 45 and > 60AGUs.

The former two types of chains were also observed ideébeanckdacidresistanpart of
amylopectin. The disappearance of the chain w&itbL greater thar60 AGUs from the acid
resistantparts ofamylopectin suggested that long chains with > 60 AGUs existed in the
amorphous domagandwere eliminated througthe acid hydrolysis. The chains obseriredoth
the nativeamylopectinsample andt$ acidresistant partsvere expected tbe present irthe
crystalline domaisa The chainshavinga CL of ~15AGUs corresponddto A-chairs,whichwere
involved intoclustersof side chainsandthe chains havinga CL of ~45 AGUs represerdd the
chairs connecting two clusterd.ater on,Hizukuri reportedthat the CL profile for debranched
amylopectin was not tribut tetramodaby using HPSEC?!* Chains were categorized into- A
chairs (DP = 12-16) andB-chains which weresubdivided intahe three categoried®l (DP=20
24), B2 (DP=4248), and B3 (DP=6975). The definitions of the different chain types are provided

schematically in Figure 1.8he populatiosof A- and BXchainsrepresente80-90 % of the total

27



side chainswhile the remaining 10 % was maintpmposedof B2-chains.Based on theCL
profiles, the averag€L would be ~ 24 27 AGUs, which would representepeating distance of
9-10 nmfor the double helices formed by such side charegching the periodic lengiobserved
by SAXS of amylopectin in the solistate!'? The periodicity suggested that the-BB2-, and B3
chains interconnect onevo, and three clusters side chainsrespectivelywith theclustes being

oriented parallefo the Bchairs.
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Figure 1.8. The Cluster Model for the structure of amylopectin illustrated by Hizukithi (@)
the reducing end,< ) side chains made ai-(1,4) glycosidic linkages, and T ) a-(1,6)
glycosidic linkages. [Reprinted fro@arbohydr. Res.147, Hizukuri, S. Polymodal Distribution
of the Chain Lengths of Amylopectins, and its Significance.-342 Copyright (2021), with

permission from Elsevier.]
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Few studies have attempted to definedizeof an amylopectirclusterof side chainsGallant
predictedthat a single cluster contained8-34 side chains based on microsgofimages of
amylopectint*while Hizukuri predicte@®2-25 sidechainsper clustert* Amylopectin was treated
with anendaenzyme, which releasthe side chains constituting tleusters by hydrolyzing the
internal chain segmentas illustrated in Figure 1.4, in order to define tluenber of side chains
percluster.Their studies determined that the clusters were madel&sidechainsi®!!61/The
discrepancyn the number of side chains per cluster found in these studies was attribtited to

differentmodes ofction or affinitesof the endeenzyme used in each stutfy.

1.3.5.20ther Structural Models for Amylopectin

1.3.5.2.1Building Block Backbone ModéBBBM)

The BBBM was proposedly Bertoftto explain some othe experimental results whicloald not
be fully rationalizedoy the Cluster Model!® For instance, a mch shorter periodicity ofide
chairs estimated a2 AGUs was observeitr debranched amylopectt® which could not be
explaired bythe ClusterModel which assumes thdle chainsinterconnectinglifferent clusters
are embeddedithin the clustersMolecular modellingconducted ommylopectin suggested that
the interconnecting chainare arrange perpendiculdy to the clusterand do not penetratae
crystalline domaig, by arranging themselves parallel to thestés.'?° Also, tranched dextrins
produced froma-amylolysis of amylopectin still contained long claiifhe Quster Model
predicted that the interconnecting cleshould be cleaved by the action afamylase as
illustrated in Figure 1.4which was oppositéo the experimentalifidings.!*® The BBBM was
proposed to accommodate these later findingshdBBBM, the building block arethe branched

structural unitsyhich are distributed randomly and perpendiciyldo themain chainwhich is
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embedded itheamorphous domasnas shown in Figure 1.7Bepending on the botanical source,

the building blocks are separated b§ BGUson averager?!

1.3.5.2.2 Side Chain Liquid Crystalline Polymer (SCLCP) Model

In theSCLCP modelamylopectin iwiewed asaliquid crystalline polymerwhere thehelicalside
chairs actas mesogesandthe shortsegmentgonnectinghe helicesto the backbone function as
flexible spaces. Thehelical side chains of amylopectin cée in thenematic or smectic phase.
The side chains are oriented parallel to ith&n connecting chainand arranged in undefined
(nematic) or weldefined émectic) planes. The smectic phase is entregyiven, wherdéy the
entrofy of the main connecting chaigdthe spaces is maximized at the cost of the entropy of
the mesogend?? The SCLCP model was proposed to expla@veralpropertes of amylopectin,
such asts hydration, gelatinization, freezing etc. SA¥&tternsof hydrated amylopectin exhibit
a strong peakepresentinghe lamellae of amylopecticorresponding t@ repeaing searation
distance of9 nm!!2 The peak disappeared and reappeawvbén cycles of dehydration and
rehydrationwereapplied tcamylopectin, respectiveff#® The appearance tiiepeakin the SAXS
patternsdepends on tharrangemenof the helices inthe crystalline lamellae of amylopectiin
these experimentsateractsas a plasticizeiwhich favors theformation of smectiglares in
amylopectin by increasing the flexibiligf the connecting chains and the spactimgs allowing
the alignment of the side chairidehydration leads to the formation of the nematic phakere
the helicedorm disorderedamellaeas couplingbetween the backborad helicess enhanced
Solid-state Cros#olarization Magic Angle Spinning Carbd3 Nuclear Magnetic Resonance
(3C CP MAS NMR)experiments haveonfirmed the enhanced mobility of the backbone and

more ordered state tiiedouble helices upon hydratiof?
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1.3.5.2.3 TheSolution Cluster (SeCL) Model

TheSolCL model was recently introduced by Liggf® Thedensity of amylopectin anthnosized
amylopectin fragments (NAFs) obtained by degradaticanoflopectin and whodgydrodynamic
diameterangedrom 8 to 56 nmwasinvestigated in DMSQ@t the macromolecular and molecular
levelsby intrinsic viscosity([ /]) and pyrene excimer formation (PEF) measurements, respectively
The density ofamylopectin ) was predicted fromthe [/] of amylopectin and the NAFBy

applying Equatiori.6, andwas found tancrease with decreasirsgmple size

r=—— (1.6)

PEF probes the local density of a macromolecule over aémometersby monitoring the
formation of an excimer upon the encounter between an excited and a-gtatengyrene. The
volume probed by a pyrenyl label, while it remains excited, defines the space over which PEF
takes place. This volume, referred toadslob, is used as a unit volume to compartmentalize a
macromolecule into a cluster dlobs among which the pyrenyl labels distribute themselves
randomly according to a Poisson distribution. Analysis of the PEF signal according to the
fluorescencdlob model (FBM) yields the average number<of pyrenyl labels peblob, which
can be related tthe experimental numb&hion™*P of structural units found insideldob. Because
a polymer with a helical conformation is denser than a randomly coiled polymer, PEF between
pyrenyl labels covalently attached onto a polymer reflects the local concenitPaissof ground
state pyrenes and will yield a larger or smaller<and thus a larger or smallspion™F, for a

helical or randomly coiled polymer, respectively. More detailed information about the
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fluorescence of pyrene will be provided in the faling section. Thépo,™*P value determined by
PEF can then be compared tokhey"*°value determined by Molecular Mechanics Optimizations
(MMOSs) conducted on a pyreit@beled construct adopting a specific conformation. A good match
betweenNpios™P and Npion"®° leads to the conclusion that the hypothesized conformation is that
adopted by the polymer in solution. This methodology was applied to determine the conformation
of amylose in DMSO. MMOs yieldeNbion"®° values of 7 and 11 AGUs when amylaabpted
randomcoil and helical conformatianrespectively. SincBion™® for amylose in DMSO equaled
10 (+1) AGUs, the good agreement betwiiga"°andNw0t>Pled to the conclusion that amylose
must be a helix in DMSO. Since amylose is a linear polysaccharidspdt®® of 11 AGUs
reflected PEF occurring intfaelically. SinceNpion™P for amylopectin equaled 19 (x2) AGUs, this
result suggested that PEF ooed intra and interhelically in amylopectin.

By conducting MMOs on pyrerAabeled oligosaccharide helices arranged in a hexagonal
close packed latticé¥nion™° could be determined as a function of the interhelical distector
PEF occurring intraand interhelically. Comparing thépion®° values obtained as a function of
dh-n to theNpion™P of 19 (x1) for amylopectin led to the conclusion that equaled 2.7 nm. This
dn-n value implied that the local densityn(o) of amylopectin probed by PEF equaled 0.28 (+0.01)
g/mL and was independent of the size of the polysaccharide, whether it was amylopectin with a
Dnhof 225 nm orthe NAFswitbh6 s ranging from 8 trigowihéhesiza. The
of the partites suggested thatuo represented the density of the building blocks constituting
amylopectin, namely the clusters of side chains, that were described @utster Model for
amylopectin. In contrast, the density) (obtained from fij measures the deiby of an entire

particle, including its excluded volumewas found to be ont-two orders of magnitude smaller

thanraue for a same polysaccharide sample. The discrepancy betveeetrs,o demonstrated the
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heterogenous nature of the interioraofiylopectin, which led to S@L model proposed by Li et

al. to describe the behavior of amylopectin in solution (see Figure 1.7C). According to this model
the side chains of amylopectin retain their cluster arrangement in solution with helical side chains
being separated by ~ 2.7 nm and the clusters being connected to each other by longer
oligosaccharide segments, that generate the excluded volume proldgarteagurementdore
information about the pyrene fluorescence and how it can be analyzed tdahpra@osformation

and internal dynamics of macromolecules is provided in the following section.

1.4 Pyrene Fluorescence

1.4.1 Pyrene Excimer Formation

Pyrene is a fluorophore withlargequantum yield{ = 0.32 in cyclohexané3*and a high molar
absorbanceoefficient @y,3senn 45000 M 1.cmtin tetrahydrofurapy®?® thereby allowing a good
absorption and emission of light. These featasgdain why pyrene exhibigs strong fluorescence
response even at low concentration. Molecular pyadserbs stronglground 336 niwhile the
absorbance of mampyrene derivatives shifted toaround 344 nm. Upon excitation, pyrenight
relax by emitting a photon as a mononvehich results irthe sharpbands observeldetweer370
and410 nmin the fluorescence spectrum of pyrene (see Figure 1.9B). While the pyrene monomer
remains excited, it migl@ncounteagroundstate pyreneesulting in the formation atn excimer
which emits abroadstructureless fluorescencentered around 480 nm as shown in Figue&.1.
In a homogeneous solutiohmolecular pyrenghe process of excimer formatisnwell described
by theBirks schemeshownin Figure1.9A.1%6 The association of pyrene moietiessults in the
formation of a stable excimer duesa r o'n gs t” awrdihe exajmedecays more quickly than

it dissociatesConsequently,ite contribution of the dissociation procéss been reported to be
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negligible atemperaturebelow 35°C 1?7 Sinceone excitegpyrenemonomer is consumed during
the formation ofanexcimer,the processesults in thesel-quenching of pyrenevhichdecrease

the monomer fluorescence as the excimmissionappearsn the fluorescerne spectrumThe
formation ofan excimer depends on the local concentration and the diffusion coefficiéme of
pyrenemonomer As more pyrene moieti@sepresent in a given volume and/or as pyrene moieties
move faster, more excimergenerated. The effeof the local concentration of pyreoe the PEF

efficiency is illustratedn Figure 19B.
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Figure 19.( A) Birksodé6 scheme describing pyrene exci
spectra of a series of pyrelabeled glycogen samples in DMS@here the pyrene content

increases from 1.5 mol % (bottom) to 13.6 mol % (top).

As the pyrene conterdf a series of pyrenkabeled glycogen samplescreases, more
excimer is generat, resulting in a strongemtensity of the excimer fluorescence. The

fluorescence intensity of thpyrene excimen£) and monomeri(;) can be estimated by integrating
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the fluorescence spectrufrom 500 to 530 nm and from 376 to 383 nm, respectively.|#he

ratio, which is a measure of the PEF efficiengsgvides information abouhe local density oh
pyrenelabeledmacromolecule. For example, pyrdabeled amylopeati exhibited a highdi/Im

ratio than pyrendabeled amyloséor a same pyrene contetit This result was attributed to the
different structures of the polysaccharides, amylose and amylopectin being mostly linear and
highly branched polysacchargjerespectively. Since the AGUs atargeted by the pyrene
derivatives during fluorescence labeling, the increased density of AGUs in the amylopectin interior
results in an increasddcal concentration of grourstate pyrenefPYy]ioc). Since pyrenyl labsl

on amylose can only interact tiathelically as amylose is linegawhereaspyrenyl labelson
amylopectin can interact intra and intezlicallydue to the branched nature of amylopeci#y]ifc

is larger for amylopectin than for amylosad thele/lm ratio islikewise larger for amylopectin

than for amylosé?®

1.4.2 TheFluorescence Blob Model

The Fluorescence Blob Model (FBM) was fifgstrodueed in 1993as a mathmatical toolto
retrievequantitative information about the internal dynamicpalymess in solutionthrough the
analysis of the PEF signal generated by the pyrenyl labsislently attachetb the polymert28
Since then, ihas been applied tumerousnacromolecule$$°12°The FBM was developed from
the observation that the fluorescence decays acquired with a pgbehed polymer looked
surprisingly similar to those obtained with an aqueous solution of pyisselved in polymeric
micelles. Assuming that an excited pyrene probed a finite volume referredltohsthe polymer

coil could be divided into a cluster bliobsof volumeVhion among which the pyrenyl labels would

35



distribute themselves randomly the same manner as pyrene molecules distribute themselves
among surfactant micelles. Application of the robust kinetics for PEF in micellar systems to PEF
between pyrenyl labels distributed among bfebsused to compartmentalize a macromolecule
led to the FBM, which is depicted iRigure 110for a linear polymer randomly labeled with pyrene
Within the framework of the FBM, four types of pyrene species contribute to PEF. No excimer
can be formed insidel#ob occupied bya singleexcitedpyrene Pyies®) without any grounestate
pyrene. ConsequentlPyrest relaxesback to the groundtate with its nata monomer lifetime,
tw, andits contributionto the monomer fluorescentedefined by its molar fractioftee. Excited
pyrenes (Pyqir*) diffuse slowly inside ablob according to the motion of the structural units they
are attached to. AsRyuit* species approaches a grotstdte pyrene with a rate constégng, it
turns into the specid®yk>*, which undergoes a rapr@arrangement with the growstate pyrene
to form an excimerHO*) with a rate constank.. Since the pyrene molecules are covalently
attached onto the polymédos reflects the mobility of the structural units on the length scale of a
blob. kuiob is equal to the produckait® (1/Voiob), Wherekgis is the bimolecular rate constant for
diffusive encounters between AGUs bearing a pyrenyl label aviglsgLis the local concentration
equivalent to one grourstate pyrene inside the volunvion of a blob. Consequentlykpiob

provides some qualitative information abdyip.
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Figure 1.10. lllustration of the Fluorescence Blob Model, whereby the polymer was
compartmentalized into a string of blobs and the pyrene labetistributed along the polymer

chain.

Pre-aggregated pyrene®¥ags*) can alsoform excimerupondirect excitation.Since PEF
occurs instantaneously upon excitation of the spd®yeg, no dynamic information about this
process is obtaineddowever, themolar fraction fagg Of the Pyagd® Species forming excimer
instantaneously can yield valuable information about the conformation of a poAmigtherfagg
value indicates tha polymeris adoping a conformation that is denser than thatextpd fora
randonty coiled polymerasthe higher locapolymerdensitypromotes the formation of th&yagg*
speciesAnother important parameter retrieved fridme FBM analysis is the average numbepr<
of groundstate pyrengperblob, which reflects the local concentration of pyrene liiab. The
<n> valuedepends oithe pyrene content and the conformation of a polymer. As the number of
pyreryl labelsattached on the polymer increases Hrepolymeradops a denser conformation,

thelocal concentration of pyrene increasesl so doesn>. The parametekn> is then used to
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determine the numb@&liop Of structural units comprisingl@dob. Noiob depends solely on the local
conformation and internal dynamics of a polymer. For example, aMakgealue is obtained for

a dense and mobile chain, which allows a pyrenyl label to probe many structural units, while it
remains excitedThe productksion® Nbiob, €Xpressed in-$, is another quantity of interest that is
retrieved from the FBM analysis of fluorescence decays, because it has been found to describe the
frequency of encounters between structural units, which is a measure of the internal dackbon
dynamics (IBD) of polymer*

The combination of FBM analysis with MMOs has been shown to constitute an interesting
experimental means for determining the conformation and IBZandus macromoleculesich
aspolypeptids'"12%and polysaccharid#®!® in solution. The application of this methodology to
confirm the helical conformation of amylose in DMSO has been discussed in the previous section.
It has also been applied to a series of pytabeledpoly(L-glutamic acid} (PyPLGAS) to
investigate theonformation of PGA in DMSOZ1’ MMOs were conducted to find thiliop"°
equaled 10, 13, 19, and 23 ifPLGA wasa random coil, @olyproline type Il helix, a 3-helix,
andan U-helix, respectively. The experimentsios value of 17.9 (x1.1) for RPLGA was taken
as evidence that PRLGA adopts 810-helix conformationin DMSO Y’

In conclusion, the FBM is a powerful analytical tool to characterize macromolecules in

solution. Thus, the FBM seems to be ideally suited to probe polysaccharides at the molecular level.

1.5 Research Goals anthesisOutline

The overarching goal of this thesis was to investigate the applicability of PEF to the study of the

conformation and IBD of polysaccharid€hapters 2 and 3 focus on the characterization of the
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interior of two highly brancbd polysaccharides, namely amylopectin and glycogen, while the
linear polysaccharides dextran and pulluka studied in Chapters 4 and 5, respectively. In
Chapter 2, the PEF efficiency of pyreladeled amylopectin or nanosized amylopectin fragments
(NAFs) derived from amylopectin wasedto determine the size of the clusters of helices found

in these polysaccharides, which represented the first example where PEF was applied for this
purpose. Théwo possibledensityprofiles describing the distribution of side chains in the interior

of glycogen werenvestigatedand optimizedby monitoring the PEF efficiency of two series of
pyrenelabeledglycogenmolecuks in Chapter 3 Both density distributions indicated that the
density experienced by the side chains of glycogen is largeththoredictedrom the Melendez

Hevia mathematical description of the Tier model gbrcogen The PEF study conducted in
Chapter 4 on a series of pyrelabeled dextran samples led to ttwnclusion that dextran was
randomly coiled in DMSO. The conformation and IBD of dextran and pullulan, two linear
polysaccharideswvhich were labeled with pyreneere compared in Chapter 5. Although the two
pyrenelabeled polysaccharides yielded smalfatiénces betweetihe parameters retrievdibm

the FBM analysis of their fluorescence decays, these small differences indicated that dextran was
more mobile and extended than pullulan in DMSO, a conclusion that agreed with the results
published in the scidific literature. Finally, the main findings described in this thesis were
summarized in Chapter élso includng a list of experiments, which could be carried out as future

work.
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Chapter 2

Compressibility of Amylopectin and

Nanosized Amylopectin Fragments

Characterized by Pyrene Excimer
Formation
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2.1. Abstract

Amylopectin from waxy maize and three nanosized amylopectin fragments (NAFs) prepared from
waxy corn starclreferred to as NAF(56), NAF(20), and NAF(8)ith a hydrodynamic diameter

of 227, 56, 20, and 8 nm, respectively, were randomly labeled it (£0.6) mol % ofl-
pyrenebutyric acid. Their efficiency for pyrene excimer formation (PEF) upon diffusive
encainters between an excited and a grostade pyrene was assessed as the concentration of
NAF(56) was increased in the DMSO dispersion of these polysaccharides (PSs). The fluorescence
spectra of the pyredabeled PSs (RPSs) were acquired. A large incredsa the ratio of the
fluorescence intensity of the excimer over that of the monomer, namely/theratio, was
observed as a function d¢fie [NAF(56)], indicating that increasinthe [NAF(56)] promoted
diffusive pyrene encounters by bringing the pyrdaplels closer to each other. In other words,
increasingthe [NAF(56)] increased the osmotic pressure in the dispersion, which induced the
shrinkage of the R{?Ss resulting in stronger PEF. The fluorescence decays of thBeSPy
dispersions in DMSO were agiged with increasing [NAF(56)] and analyzed with the
fluorescencdlob model (FBM) to yield the maximum numbeNy(p™F) of anhydroglucose units
(AGUSs) separating two AGUs bearing a pyrenyl label, while still allowing PEF. Comparison of
Nbiob®™P with Npion"®°, obtained by conducting molecular mechanics optimizations (MMOSs) on
helical oligosaccharide constructs with HyperChem, led to a relationship between the interhelical
distance @h-nh) in a cluster of oligosaccharide helices #mel[NAF(56)], that povided a means to
determine the size of the cluster of helices constituting these PSs. Amylopectin, NAF(56),
NAF(20), and NAF(8) were found to be composed of clusters made of 37, 37, 6, and 3 helices,
respectively. Considering that clusters of oligosadeahelices can be viewed as the building
blocks of amylopectin and the NAFs derived from it, the ability of BESed experiments to yield

the cluster size of these PSs should prove extremely helpful in their characterization.
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2.2 Introduction

Amylopectin is a major energy source. Its functionality and structure have been studied over
decades to extend its range of applicatittiBhe structuref amylopectin has bearharacteried

with a variety of techniques suchexszymatic treatmepit intrinsic viscosity’® nuclear magnetic
resonance (NMRJ1%andX-ray scattering! to name but a fewrhese studies have reveatbdt
amylopectin is a highlypranched polysaccharidgmnstituted ofinear oligosaccharidesegmerd

made of anhydroglucose units (AGUS) linkeygla- (1,4) glycosidic bons, which are connected

to each othevia a-(1,6) glycosidic bonsl Incompleteacid hydrolysis of amylopectin indicate

thatit is composé of both amorphous andrgstalline domaia? X-ray diffraction experiments

led to the conclusiothatin the solid statethe side chains aimylopectinform double helices,

that pack in a hexagonal array to form crystallaellaeconnected to each other bynger
oligosacchrides!® These early studies resulted in several models that aimed to determine the
spatial arrangement of the constituting parts of amylopectin. The Cluster Model (@Gieheby

a cluster is constituted of short oligosaccharides linked to other clusters by longer oligosaccharides,
was introduced in 1972 and is well accepte@he short and long oligosaccharide chains run
parallel to each other and form crystalline lamellae in the dry state separated by amorphous
lamellae, where the branching points are found. Further developments led to the Building Block
Backbone Mvdel (BBBM), which was introduced in 2004 by Bertdft°Contrary to the CLM, the

BBBM suggests that the short chains are oriented perpendicularly to the longer chains onto which
they are linked. Other models such as the Side Chain Liquid Crystalliggnéto(SCLCP)
model**'8where the helical side chains are viewed as mesogens connected to the backbone via a

flexible spacer, were introduced to better explain gelatinization resulting from tressethbly
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and hydration of the side chains of amylopectin. Similarly, the solalister model$olCL) has
been proposed toredict the intaral arrangement of the side chagisamylopectin in solutiof?
The SolCL is based on th€LM for amylopectinand assumes th#tte heliceggenerated by a
cluster of short oligosaccharide chains hexagonally packed in a crystalline |laerabén
clustered in solutian

Considering the importance of the clusters of helical oligosaccharide side chains in the
composition, internal conformatiorand properties (sedssembly, plasticization, hydration,
gel atinizat i on%dtechoifuescapgble ofp®hing thebgsters of side chains
at the molecular level are particularly interesting, as they provide insights abolethavior in
solution. One such techniqugased on pyrene excimer formation (PB#s recently applied to
pyrenelabeled amylopectin and nanosized amylopectin fragments (NAFs). The results of this
study led to the conclusion that the helical side chains inside a cluster were separafathhy 2.
and that different clusters were morarit8.2 nm apart inside the amylopectin interior. Compared
to the diameteof a single helix with7 AGUs per turn which equals 1.5 nm?the much larger
dn-n found by PEF for amylopectin dispersed in dimethiyifoxide (DMSO) suggested that the
helical oligosaccharide side chains constituting a cluster could undergo substantial lateral
expansion when they transitioned from an ordered hexagonal array in a crystalline lamella to a
more disordered cluster in solution. These early PEF experimeatsuggested that the direct
relationship between the PEF efficiency and the local concentraigtiod] of pyrenyl labels
attached to amylopectin could be taken advantage of to monitdiilfier disordered side chains
in a cluster of helices inside ghopectin dispersed in DMSO, as the side chains were brought

closer to each other by increasing the osmotic pressure.
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Preliminary PEF experiments have already been carried out by adding large quantities of
poly(ethylene glycol) (PEG) samples with molesuleight ranging from 200 to 20,000 g/ntol
affect the osmotic pressure experienced by dispersions in DMSO of a sample of amylopectin from
maize and three NAFs prepared from waxy corn starch, that had been labeled witH3yEne.
three NAF samples were referred to as NAF(8), NAF(20), and NAF(56) according to their
hydrodynamic diameterD) found by dynamic light scattering to equal &), and 56 nm,
respectively. An increase in the concentration of the larger PEGs such as PEG(20K) resulted in an
increase in PEF efficiency for the pyreladeled amylopectin and NAF(56) samples. However,
the endto-end distancergg) of the largest PEG(20 was only ~ 12 nm, suggesting that it could
partially penetrate some parts of the interior of the polysaccharides. To minimize the possibility of
penetration of the much larger polysaccharides by a smaller macromolecule, the present study
describes theesults obtained by increasing the osmotic pressure experienced by the dispersions
of four pyrenelabeled polysaccharides (f®8s) in DMSO by adding NAF(56) to the -Py%
dispersions. The close teféld largerDn of NAF(56) compared to thee of PEG(20K) educed
the possibility of partial penetration of the polysaccharides in DMSO, thus resulting in the
observation of a substantial increase in PEF efficiency with increasing [NAF(56)], the magnitude
of this PEF enhancement increasing with increasing PS ®ige.result was attributed to edge
effects experienced Hiie finiteclusters ohelical side chainsas larger polysaccharides generated
larger clusters of helices, whiokxperiencedsmaller edge effects resulting in stronger PEF
enhancement. Quantita¢ianalysis of the fluorescence data by a combination of fluoredaiefice
model (FBM) and molecular mechanics optimizations (MMOSs) yielded the average size of the

clusters of helices constituting a given polysaccharide. Consequently, this procedurespanvide
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experimental means to probe the interior of highly branched macromolecules at the molecular level
and assess the spatial arrangement of their interior. This information should prove most interesting

to establishthe structurgoropery correlationdor these interesting macromolecules.

2.3 Experimental

Materials EcoSynthetix supplied three reseagiade NAFs, that were prepared from waxy corn
starch. The NAFs were purified by dialysis against water before being lyophilized. Amylopectin
from waxymaize was purchased from Sigma Aldrich and precipitated in cold ethanol before use.
All other chemicals were purchased from Sigma Aldrich and used without any further purification.
Preparation of grenelabeled nanosized amylopectinfragments(Py-NAF). The procedure
described earlier for thesterificationof the polysaccharide hydroxyls withplyrenebutyric acid
(PyBA) to yield the PyNAFs, their purification, andtheir characterizatiorwas followed to the
letter’® The synthesis ofimylopectinlabeled with5 mol% pyrene (Pyg)-Amylopectin is
described in detail hereafte&xmylopectin, that had been purified by precipitation in cold ethanol

(1 g, 6.2 mmol of AGUs), was dispersed in 30 g of DMSO in a round bottom flask (RBF) by
stirring at 95°C. PyBA (0.63g, 2.2 nmol) and4-dimethylaminopyridine (DMAP)42 g, 0.3

mmol) weae added into th&BF afterthe amylopectinwasfully dispersed. Then, 10 mL of DMF

was added into the mixture, to prevent DMSO from freezing in the ice bath used in the next step.
The flask was sealed with a rubber septum and kept in an ice bath urrdgemitN, N 0
Diisopropylcarbodiimide (DIC)@.5 mL, 3.3 nmol) was added to the mixture dropwise with a
syringe. The flask was removed from the ice bath and covered with aluminum foil to prevent
exposure of the pyrene derivative to light. The reaction wadaut at room temperature for 48

hours. The mixture was precipitated in ethanol at least four times for the complete removal of free
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PyBA. The same procedure was followed for the NA®ept that the NAF samples were
dispersed in DMSO by stirring them at ®D instead of 95C, as was done earliéf.
Pyrenecontentdetermination A stock dispersion with a known concentration offyin DMSO
was prepared gravimetrically. The pyrdabeled amylopectin (Pmylopectin and PyNAF
stock dispersions were stirred overnight at 95 ant60espectively. The stock dispersions were
diluted with different amounts of DMSO to change their concentration. The absorbance ef all Py
PS samples was kept lower than 2.0. The absorption spectra of-BesRyere acquired with a
guartzcuvettehaving al.00 cm path lengthLy ona Cary 100 bidJV-Vis spectrophotometeA
straight line was obtained by plotting the absorbance as a function of the mass concenttaion
dispersions. The slopen| of the line equaled»® L3 /py, whereeay was the molar aworption
coefficient of the dpyrerebutyryl label equal t@1,400 M tcm ! at 346 nm in DMSO based on
the @y of PyBA° L equaled 1.00 cm, angy was he pyrene conteiih moles of pyrene per gram

of polysaccharide calculated according to Equafidn

[ = (2.1)

The molar fractionX) of pyrenelabeled AGUs in a given Px)-PS sample was determined by
applying Equatior2.2, whereMacu andMpy are the molar mass ohlabeled and pyrerdabeled

AGUs, equal t0162 g/moland432 g/mo) respectively.

x=— Macy 2.2)
MAGU -M Py ¥ Py
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Preparationof Py(0.004)NAF(56) dispersionsSpecial care was applied to determine the natural
lifetime (#m) of the pyrenyl monomer. To this end, #g(0.004)NAF(56) sample was prepared
with anextremely low pyrene contertb minimize intramolecular PEF and measure the lifetime
of isolated pyrene labels covalently attached onto NAF(56). Very little PEF was detected up to a
Py(0.004)NAF(56) concentration of 13 wt% in DMSO, corresponding to a8\ pyrene
concentration. More significant PEF was observed at Py(GIB8&)(56) concentrations above 13
wt%. For this reason, unlabeled NAF(56) was mixed with Py(0-8%5(56) to increase the
starch concentration without inducing intermolecular PEF dispersionswith a NAF
concentratiorhigher than 3 wt%. In this concentration range, a stock solution was prepared by
dispersing 4 wt% of Py(0.00AF(56) in DMSO. Unlabeled NAF(56) (0.4594 g)was added

to 1.2:1.65 mL of thePy(0.004)NAF(56) stock solution. The mixture was further diluted with
DMSO to a final volume of 3.3 mL. At this stage, the mixture had a final concentration of less
than 33 wt% of Py(0.004)AF(56) and NAF(56) combined. It contained enough solvent to
disperse the solids. After a homogenous dispersion was obtained by stirring, the DMSO was
evaporated by flowing Nover the dispersions. The dispersions were fluid enough to be transferred
to a fluorescence cell to acquire their fluorescence spectra and .d&baydispersions were
analyzedby steadystate (SSF)and timeresolved(TRF) fluorescence without degassinghe
results from this study are reported as a function of the overall concentration of Py{0AFI58P)

and NAF(56) combined.

Preparation of mixires ofpyrenelabeled polysaccharideend unlabeled NAF(56):Dispersiors

of naked M\F(56) with a concentratiofower than30 wt% were prepared by adding the required
amount of unlabelled NR(56) (0-30 wt %) toa PyPS dispersion irDMSO with a pyrene

con@ntration equal to 24M. Thedispersions were stirrddr two days a60°C, until they became
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homogeneoud-or dispersions with a NAF(56) content greater than 30 wt%, the proper mass of
NAF(56) was added to a dilute &8 dispersion in DMSO. DMSO was then evaporated so that
the final dispersion would contain about® pyrene of the PANAF sample and a largexeess

of NAF(56), that would result in the desired starch concentration (> 30 wt%).

Preparation of concentrateBy-NAF dispersions Concentrated dispersions of Py(6NAF(56)
were also preparebly stirring a 5 wt% Py(6.4NAF(56) dispersion at 68C for two days.For
dispersions with low or higlPy(6.4}NAF(56) concentrations, aliquots of tHewt% Py(6.4)
NAF(56) dispersionvere either diluted with DMSO or subject to a gentle flow ptd\evaporate
DMSO, respectively. Using this procedufey(6.4yNAF(56) dispersions with concentrations
ranging from 0.07 to 42 wt% were prepared and investigated.

Intrinsic viscosity olamylopectin in DMSOT he intrinsic viscosity of amylopectin was determined
in DMSO at 25°C with an Ubbelohde viscometer. Amylopectin was dispersed in DMSO by
stirring the dispersion at 9% overnight. The dispersions were prepared &ittoncentration
ranging from 0.61 t@.82 mg/mL.

Characterization of NAFs by gel permeation chromatographige NAF(20) or NAF(8)
dispersions were prepared by stirring 10.0 mg of PS in 10.0 mL of DMSC@t@&rnight. The
clear homogeneous dispersion was filtered witt2& @m syringe fiterto remove dust particles.
The molecular weight distribution (MWD) of the NAFs was determined wit&0OH EcoSEC
High Temperature gel permeation chromatography (GfRipped with auard column and a
300 mm x 7.8 mm ID TSKgel Alpkisl column adifferential refractometer and a muétngle
laserlight scattering detector. pullulan standard with ®l, of 47.1 kg/mol and PDI of 1.0Was
used to calibrate the GPC systérhe mobile phase was run with a flow rate of 0.5 mL/min at 60

°C.
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Steadystate fluorescenceneasuremerst The fluorescence emission spectra were acquired with a
Photon Technology International 90 fluorometer equipped with a xenon arc lamp. The
fluorescence spectra of pyrene were obtained by exciting the dispersion at 346 roteatidg

the fluorescence intensity from 360 to 670 nm. Excitation and emission slit widths of 1.0 nm were
used for the fluorescence experimefitse contributios of thepyrene monome(im) and excimer

(Ie) to the fluorescence specineere quantifiedby integrating théluorescence spectfeom 376

to 382 nmfor the monomeand from 500 to 530 nifor the excimer, respectivelyhely andle
fluorescence intensities were used to calculatétheratio, which provided a qualitative estimate

of the PEF efficiency. The frofiice geometry was applied when the concentration of th&e4py(
NAF(56) dispersion was higher than2¥l (equivalent to an absorption of 1.0 a63#n) to avoid

the inner filter effect at 379 nntorresponding to the-0 transition of pyrene. Measurements
conducted with the front face geometry were repeated three times.
Timeresolvedluorescenceneasuremerst The ime-resolved fluorescenaecaysvereacquired

with an IBH time-resolved fluorometerThe excitation wavelength was set at 346 with an
excitation monochromator using a 340 nm nanoLEDudoxsuspensiowasemployel to obtain

the instrument response function (IRfy)using a same excitation and emission wavgile 0f346

nm. The fluorescence decf the pyrenanonomerand excimewere collecteavith a 1.02 ns/ch
time-perchanneht 378 nm with a 370 nm cuoff filter, and at 510 nm with a 495 nm euif filter.

The cutoff filters minimized the detection oflight scattered by the PS dispersioishe
fluorescence decays of two types ofP$ dispersions were acquired. The shived emission of
NAF(56) led to the appearance of a sharp spike at the beginning of the decays of the pyrenyl
monomer irthe Py(0.004NAF(56) dispersions (see Figure 2.1B). The decays were acquired with

~ 80,000 counts at the decay maximum to ensure that the decays woudd leage20,000 counts

49



just after the spike to obtain a good sigtmahoise ratio in the longdived section of the decay.

The fluorescence decays were fitted with a biexponestetting the analysis just after the spike.
The exponential with the longest decay time had eegp®nential contribution larger than 83%

and its decay time was assigriedhe natural lifetime of the pyrenyl monome). All theother
dispersions of Py*S had a much stronger pyrene fluorescererel the monomer and excimer
decays of the pyrenyl labels were acquired with 20,000 counts at the decay maximum. These
decays wre fitted globally according to the fluorescebtsb model (FBM).

Global fluorescence blob model analysithe FBM is a mathematical tool that divides a
macromolecule randomly labeled with the pyrene dye into identical unit volumesldalbsdhat
represent the volume probed by a pyrenyl label while it remains excited. Random labeling of the
macromolecule ensures that the pyrenyl labels distribute themselves randomly amualogshe
according to a Poisson distributiatefined by its average numbean><of pyrenyl labels peblob.
Analysis of the fluorescence decays yielts <which can be related to the number of structural

units, Noiob P, inside ablob according to Equatiof.3.

1 <n >
NP = 3 2.3
blob l_ foree ( )

In Equation2.3, x represents the molar fraction of AGUs bearing a pyrenyl label as defined by
Equation2.2 and fuiee represents the molar fraction of pyrenyl labBlg.c* probed in the
monomer decays, that cannot form excimer and emit, as if they were free in solution with their
natural lifetime fv. BesidePyree*, the FBM also requires four other pyrenyl species. ORgu4s*,

whose slow diffusion in the solutipdexribed by the rate constakdios, is controlled by the

motion of the AGUSs, thaPyuir* is bound to, untilPyqi* comes near a grourstate pyrene and
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turns into the specid3y>*. Pyk>* undergoes a rapid rearrangement with a rate coristemform
anexcimerEQ* or D*, depending on whether the two pyrenyl species are wefioorly stacked,
respectively. The pyrene specie@* and D* can also be generated instantaneously upon direct
excitation of a pyrene aggregate and they emit with their natural lifetemasdzeL, respectively.
Pyiree®, Pyaitt*, andPyko* are detected in the monomer decays and their contrimttiahe decays

are used to calculate their molar fractidfgee, fwditr, andfvkz, respectivelyPyuir*, Pyk*, EO*,

andD* are detected in the excimer fluorescence decays, whose analysis yields the molar fractions
fedifeo and fezeo Or feditto and fexop, representing the speci®uin* and Py* that lead to the
formation of EO* or D*, respectively, and the molar fractiofago andfep for the instantaneous
formation of EO* or D* upon absorption of a photon, respectively. These molar fractions can be
combined to yield the molar fractiorgs, fkz, free, andfagg that represent the speckgir*, Pyk2*,

Pyrree*, and the combination dEO* and D* referred to a®yagd', respectively. In summary, the
FBM provides a description of all the pyrersgecies contributing to PEF in a-P dispersion.

The monomer and excimer fluorescence decays were fitted globally according to Equafions S
and 2.2 provided as Supporting Information (SI). The parameters were optimized according to
the Marquardi_everberg algorithn?? The fluorescence decay fits were deemed satisfactory when
the ¢? was smaller than 1.3 and the residuals and autocorrelation of the residuals were randomly
distributed around zeyas shown in FigureZl in the SI. Theparameters retrieved from all the
decay analyses were listed in Tabl@sl$ S2.9 intheSl.

2.4 Results

Size oimylopectin and of the nanosized amylopectin fragmé&htssize of three different NAFs

in DMSO were determined earlier by dynamic light scaiterf® The numbeaverage
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hydrodynamic diameter®n, of the three NAFgqualeds, 20, and 56 nm and the particles were
referred to as NAF(8), NAF(20), and NAF(56), respectively. Dhef amylopectin was estimated
from its intrinsic viscosity (f]) = 122.5 (x0.3) mL/jjas shown in FigureZ in the S| and the
relationship Dn = 0.0258 [#]*%°, which was established earlier for a series of nanosized
amylopectin fragments (NAF$}.The D, of amylopectin was found to equal 227 (+20) nm. Based
on these relationships, the viscosity average molecular waiightof amylopectin was estimated
from [#] andDnto equal 7.2 x 10g/mol. The values oDy, [#], and M, obtained for all PS are

listed n Table 2.1.

Table 21. Hydrodynamic diameter (), intrinsic viscosity (fi]), viscosity (M), number (M),
and weight (M, average molecular weight, and polydispersity index (PDI) of the polysaccharide

samples, which werdetermined earliet®?

Sample Dn (nm) | [A] (mL/g) | My (g/mol) | Mn (g/mol) | Mw (g/mol) PDI
Amylopectin 227 122.5 7.210 N/A N/A N/A
NAF(56)? 56 61 2.310° N/A 5.4810° N/A
NAF(20) 20 40 N/A 1.0 10° 1.%810° 1.9
NAF(8) 8 23 N/A 1.5310° 2.6810° 1.7

a. TheMy of NAF(56) was retrieved from referen@]

Local viscosity experienced by a pyrenyl labéie naturalifetime of the pyrene monomertf)
was estimated from the analysis of the TRF decays of Py(GN)®EB}56) in DMSO. The very

low pyrene content of this sample ensured that no PEF occasréllistrated by the absence of a
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broad structureless emission centered at 480 nm in Figure 2.1{Awthad otherwise be
characteristic of PEH he residual emission past 450 nm in the fluorescence spectra belonged to
NAF(56). The fluorescence spectra and decays of Py(0-R@#)(56) were acquired in DMSO

with increasing concentration of ndluorescentlylabeled NAF(56). While the fluorescence
spectra showed similar spectral features for Py(0-8%5(56) in DMSO without and with
enough NAF(56) to generate an overall PS concentration of 42 wt%, the fluorescence decays
shown in Figure 2.1B displayed sonmepiortant differences. The spike observed at the beginning
of the decay was attributed to the shdisted intrinsic fluorescence of NAF(56%72’ while the

longer contribution was due to the emission of isolated pyrenyl |alieésdecays past the spike
were fitted with a biexponential, where the exponential having the longest lifetime contributed
more than 83 % (Table2) to the fluorescence decay and was attributeg tom was plotted as

a function of the overall concentration of Py(0.00lAF(56) and NAF(56) in Figure 2.1C
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Figure 2.1. A) Fluorescence spectra and B) fluorescence decays of Py({N@F{H6)
dispersions containing NAF(56) at an overall PS concentration-pf (0. 001 wt % and
wt% in DMSO. C) Plot of the lifetimet() of Py(0.004NAF(56) as a function of PS

concetration in DMSQ
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tm was found to increase from 100.2 (£ 0.5) ns for NAF(56) concentrdtises than 13
wt%, before increasing progressively to 126.9 ns for a NAF(56) concentration of 42wi%s.
a pyrenyl label depends strongly on its accessibility to oxygen dissolved in the solvent. Based on
the trend shown in Figure 2.1C, the increasévimbserved for &NAF(56) concentration larger
than 13 wt% suggests that the diffusion of oxygen and the mobility of the pyrenyl émbels
hindered at these large NAF(56) concentrations, resulting in the increasénract, the lifetime
of 126.9 ns obtained for 42 wtB& approaches that of 135 ns obtained for a pyrenyl label n non
aerated DMSO, suggesting that at thAF(56) concentration, the viscosity of the dispersion is so
high that it prevents oxygen from reaching an excited pyrenyl label.
Intraparticle interactiors: It was shown in earlier studies that the compression é?$y can be
induced by the addition of large quantities of poly(ethylene glycol) (PE&&However the
largest PEG sample used had a molecular weight of 20K with an assogiadéd12 nm, small
enough to partially penetrate the PS interior. Addition of the much larger NAE(56 PyPS
dispersion should minimize the possibility of NAF(56) penetrating the interior ofRSPBY
monitoring the compression of a dilute-P$ dispersion by PEF as a function of the concentration
of unlabeled NAF(56), any change in fluorescencald/be the result of intraparticle interactson
due to the compression of the particles induced by increased osmotic pressutie All
polysaccharides were labeled with about 5.9 (£0.6) mol % of pyrene, which resulted in a
substantial amount of PEF even under dilute conditiSimece NAF(56) fluoresced, as reported
earlie?®?” and observed in Figuse2.1A and B, the concentration of éhPyPS samples was
increased to prevettte detection of the NAF(56) fluorescence, but kept sufficiently low to avoid

interactions between the M&s As can be seen in Figur.3 in S, thelg/lm ratio of Py(6.7)
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NAF(56) remained constant for an absorbance of the pyrenyl labels in {R& Blyspersion
between 0.1 and 1.5. The constancyefiiv confirmed the absence of interactions between the
Py(6.7¥NAF(56) samples over this range of absorbances. Consequardhgdtence experiments
were conducted witBmylopectin threeNAFs, and amylose labelealith 5.9 (+0.6) mol% pyrene
using a pyrene absorbance for theA%y dispersions that was close to unityorder to increase
the fluorescence of the pyrenyl labelkile preventing PyPS interactions.

As shown in Figure 2.2A for the Py(6:RAF(56) sample in DMSO, the fluorescence of
the excimer centered at 480 nm increased substantially réfatimdat of the pyrene monomer at
379 nm, as the NAF(56) concentratiwas increased from 0.0 to 36v¥®6. Similar changes in the
fluorescence spectra were observed for alPBysamples, but with different rates of PEF increase.
These changes were better quantified by monitoringefhe ratio of the PyPS dispersions as a
function of [NAF(56)] in Figure 2.2B. To account for the different pyrene contents for all the Py
PSs studied, thie/lv-vs-pyrene content trends obtained in eantigblication$®?+2° underdilute
conditions were parametrized to predict the value ofdhg ratios of the PyPS sanples for an
arbitrary pyrene content of 5.5 mol%, usinglafhw ratio of 1.0 for PyAmylopectn. After this
normalization, lhe increase ing/lm wasfound to bemost pronounced for Py(4-2mylopectin
and Py(6.7NAF(56), modest foPy(5.8}NAF(20), fairly small for Py(5.8NAF(8), and hardly
noticeable for Py(5.5Amylose. Theg/Im ratio increased a& [NAF(56)] of11 (+2) wt% for the
Py-PSsamplas other than Py(5.5Amylose for whichPEFremainedalmost unchanged. Changes
in thelg/lm ratio of pyrendabeled macromolecules are best described by referring to EqBdtjon
which states that thie/Iwm ratio is proportional tahe product betweetine rate constangkqit) for
PEF by diffusive encounters between pyrenyl lakstsl the local concentratiaf groundstate

pyrenes [Pylioc) experienced by an excited pyrenyl label. As discussed with Figure 2.1, the
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increase irtv in Figure 2.1C reflected a decrease in the mobility ®pyrenyl groups at [NAF(56)]
larger than 13 wt%, which prevented them from encountering oxygen molecules in the viscous
dispersions. This decrease in mobility also impliedkly@must have decreased for larger NAF(56)
concentrations. Therefore, theeirase ife/lm observed in Figure 2.2B for several-P$s could

only bedue to an increase iRY]ioc. As interpenetration of these highly branched polysaccharides
was unlikelythe addition of NAF(56) must have led to an increase in osmotic pressure resulting
in the compression of the MBSs, that brought the helical side chains of the PS closer to each other.
In contrast, PYAmylose being fully exposed to the solvent could noteagpo the compression,

[PYlioc Was unaffected, and/Im remained constant within experimental error.

—£7 kdiff 3[ P)&Ioc (24)

IM

While the analysis of thelg/lm ratios demonstrated the compression of the Py(4.2)
Amylopectin and the RNAF samples, the retrieved information remained qualitative.
Quantitative information about the #Ss could be obtained through the FRNalysisof their
fluorescence decays. In particyldre FBM analysis yielded the molar fractions corresponding to
the four pyrene specieByies®, Pyuii*, Py2*, and Pyaggd', that are defined by the type of
photophysical pathway that they underwent during PB¥free, fairr, fie, andfagg are shown in
Figure 2.2C for Py(6.7NAF(56). The most visible change in the molar fractions was observed
for Pygirr* andPyk2*. While the contributions fromPyree* and Pyagg* remained small and constant,
less excimer formed by diffusioffqsir decreasedand more excimer formed through a rapid

rearrangement of the pyrene spe¢fesincreasedps the [NAF(56)] increased. The trends shown
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in Figure 2.2C suggest that compression of thé?Bysamples brought more excited pyrene
moleculesPyui* close to agroundstate pyrene, which generated mBye* species, that formed

excimer by rapid rearrangement.

n. Fluo. Intenstiy, a.u.

350 450 550 650 0 10 20 30 40 ‘ 0 10 20 30 40 0 10 20 30 40
Wavelength, nm [NAF(36)], wt% [NAF(56)], wt% [NAF(56)], wt%

Figure 2.2. A) Fluorescence spectra of Py(6NAF(56) acquired withncreasing [NAF(56)]B)
Plot ofthenormalizedie/Im ratios C) Plot of the molar fractions for the pyrene spec®psRyuit,
©) Pyk2, @) Pyage and [J) Pykee retrieved from the FBM analysis of the fluorescence decay
Py(6.7)NAF(56) as a function of [NAF(56)]. D) Plot dfl,iov™® as a function of [NAF(56)].
Symbols in Figure2.28 and D: ©) Py(4.2)Amylopectin, @) Py(6.7}NAF(56), (l) Py(5.8}

NAF(20), () Py(5.8}NAF(8), and &) Py(5.5}amylose &).

The FBM analysis also yieldetlhon™®, which represents the maximum number of
structural units separating two AGUs bearing a pyrenyl label, while still allowing PEF to occur.
Nbiot™P was obtained by introducing the parametars andfuee retrieved from the global FBM
analysis of the monoen and excimer fluorescence decays into EquaiBnNuion™® increased
with increasing [NAF(56)] for althe Py-PS samples except for Py(5Anylose in Figure 2.2D.

After starting from a similaNoiop™P value of 16.7 (x1.1) averaged overthk Py-PSs except Ry
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Amylose at low [NAF(56)],Nbiob™ increased with increasing [NAF(56)], until it reached a
maximum value in Figure 2.2D equal to 43, 40, 28, and 24 for PyMx3)opectin, Py(6.5)
NAF(56), Py(58)-NAF(20), and Py(5.8NAF(8), respectively. Since the increase Npon™?
occurred at about the same [NAF(56)] as for the increak#linin Figure 2.2B, the increase Iin
Nbiob™Pwas attributed to PEF occurring between oligosaccharide side chairts,altedluction in

the interhelical distancel(n) induced by the increase in osmotic pressure. As a result, the changes
in Nbiow™™® should provide quantitative information abdwt and the arrangement of the side chains
of amylopectin in its interiorA relationship between the theoretiddbion (Nbion™9) and the
interhelical distance d¢.n) was previously established by conducting molecular mechanics
optimizations (MMOs) on a cluster of 7 helicespresentative of an infinite array of helicésn

this earlier study, the interactions between the pyrenyl labels attached onto the centeaichelix
the pyrenyl labels attached onto the six surrounding helices were quantified to detesisglise

as a function ofix- n.*® The Nuiob"™%vs-ah-n relationship represented the interactions experienced by
the pyrenyl labels attached onto helices constituting an infinite array of hexagonally packed helices.
This relaionship predicted thatiion"°would increase with decreasingn. While thisbehavior
could qualitatively rationalize the increase observed folNig®™® values in Figure 2.2D with
increasing [NAF(56)], it could not explain two features of the plots. First, the maxXau#ic®
obtained by assuming an infinite array of helices was 37, a value that was lower tNam.iffe
values of 41 (x2) obtained ftne PyAmylopectin and PANAF(56) samples in Figure 2.2D at
high [NAF(56)]. Second, the maximum value takenNpy»™? in Figure 2.2D depended on the
size of the PSs, something that could not be accounted for by the e&EF-VS-dhn
relationship'® These discrepancies were attributed to the fact that the elsligf®%vs-dh-n

relationship was derived by considering an infinite array of oligosaccharide helices with an
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interhelical speing equal todn-n. While this assumption might have been justified for large
polysaccharides likine Amylopectin and NAF(563amplessmaller polysaccharides like NAF(8)
and NAF(20) might not contain enough helices to be-regtesented by an infinite array of
helices. These considerations led to the study of the effect that the size of a finite array of helices
might have on th&lion™*%vs-dh- n relationship.
Finite Array of helicesA hexagonal array of helices is depicted in Figure 2.3A, where the array
expands outward from the central helix in a lalygdayer fashion, with each layer being numbered
from n = 0 for the central hetiand increasing by one unitatime for each additional concentric
layer of helices. As an example, the array shown in Figure 2.3A would thus be a gemeraion
array. Theheliceswere classified into six differerttategories depending on thigicaion and the
associatechumber of adjacent helicegth whichthey could interact (see Table 2.2) complete
array of generation is comprised of a total numbkelfoi = 3n?+ 3n + 1 of helices, wherer8i 3n
+ 1 and @ helices are internal anreripheral helices, respectively, as shown in Figure 2.3A. Since
there are always 6 corner helices in the complete armnay,gphelices are present on the six sides
at the periphery of the hexagonal array.

TheearlierNpion"®vs-ah- 1 relationship® was established by considering that the reference
pyrenyl label in Helix #0 in Figure 2.3B was aiming toward Helix #1 along-dpés defined by
the line linking the centers of Helices #0 and #1. The edXligs"®%vs-dn-n relationship® was
refined in the present study by considering that the reference pyrene could also be oriented along
the bisector of the angle defined by Helices #1, 0, and 2 in Figure 2.3C, corresporatirangle
J/ equal to 30 with respect to the horizontal axks This refinementallowed the study ofthe
interhelical interactions for a reference pyrene on Helix #0 at 12 pogsdnigles stemming from

the central Helix #0 in 30dncrements from Oto 330.
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Figure 2.3. A) lllustration of an array of helices of generation n = 3, where the helices are defined
according to their locatioas @) side, @) corner, andQ) internal. The two configurations of
pyrenyl labels considered in this study with the reference pyreowrsias a black arrow on the

central Helix #0 located at (B)= 0° and (C); = 3 in a cluster of 7 helices.

Since the MMOs had already been conducted fovalue of 0, they were repeated herein
for a reference pyrene having an orientafian Figure 2.3C equal to 30The secondary pyrenyl
label was covalently attached to a second helix, separated from the central Helix dtG,that
was adjusted from 1.6 to 3n in 0.1 nm increments. The primary and secondary pyrenyl groups
were induced to overlap by conducting MMOs with HyperChem in the same manner as what had
been reported earlié?In these MMOs, the pyrenyl moiety and its linker to the oxygen of the C2
hydroxyl of the AGU to which the ipyrenebutyyl group was attachedvas allowed to move,
while the polysaccharide backbone of both helices was kept immobile. If the two frames of the
overlapping pyrenyl labels retained a planar structure and resulted in 7 or more carbons of the
reference pyrenyl overlapping the secondayyepyl, the overlap was considered suitable for
successful PERNpion™° was then increased by one unit to account for the AGU bearing the
secondary pyrenyl group leading to successful PEF. For a divethe MMOs were repeated by
changing the positioaf the secondary pyrenyl group along the backbone of the secondary helix,

one AGU at a time, until the pyrenyl labels were too far apart to enable PEF. The MMOs were
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then repeated by changingn from 1.6to 3.4nm in 0.1 nm incrementpion"®° of eachhelix

located at an anglé= 0°and 60 for ; equal to0°, as depicted in Figure 2.3Bnd at an angld =

60° and 120 for / equal to30°, as depicted in Figure 2.3@as plotted as a function df.nin

Figure 2.4A and the MMQresults are listed in Table2 30 and 2.11 inthe Sl. Over this range

of dnn values, no interactions could be detected between a reference pyrene attached on Helix #0
and a secondary pyrenyl label attached on a helix located at armgayngiger thawr equal to 90

or 120 in Figure 2.3B or C, wherg equaled 0 or 30 respectively.

A) 45 A B)

14 @@ .

16 21 26 31 3.6 16 21 26 3.1 3.6 20 25 3.0 35
dy.,, NM dp, M d,,, nm

Figure 24. (A) Contributions toNwiob resulting from interhelical PEwhenj equals 0 andq
equals([) 0° and(®) 60° and wherj equals 30andq equals(®) 60° and(x) 12 (see Figure
2.3B and C). (B) Plot dflbion°with arrays constituted of different total numbers) of helices.
From bottom to topHota = 1, 2, 4, 7, 19, 37, 169, 547, 1027, and(C) Plot of Npion™*? of (O)
Py(4.2YAmylopectin, @) Py(6.7}NAF(56), (l) Py(5.8}NAF(20), and B) Py(5.8)NAF(8) as
a function of intethelical distance. The lines represent g, predicted for an array witl§ §

3,(-) 6, and (') 37 helices.

61



The effect of the position dhe referenceyrenewith different orientations ifdelix #0
can be isualizedin Figures2.3B and C In Figure 2.3B, the referenqeyrene with/ =0° can
interact with the three adjacent helicesfat 0°, 6(°, and 30C, asrepored earlier!® In Figure
2.3C, hereferencepyrenewith ; = 3(° can interactvith the fouradjacent helicekcatedatd =
0°,60°, 120°, and 30°. TheNpion™Y/ =0°) or Npion "/ =3(°) valuesobtained for a primary pyrene
located on Helix #0 with an orientatiory of 0° or 3¢ would thus equal
[ Nbiob™"3+Nbiob( g=0°)+22 Npion( g=60°)] or [Nbion™3+23 Npiob(g=30)+22 Nuion(=9(P) ], respectively.
In these expressionbly0n™' represents the maximum number of AGUs that would allow PEF
between a reference and a secondary pyrenyl label both attached onto H&lixos?? was

determined earlier and found &mual 11 for a single helix with AGUs per turn?! In turn,

Nbiot "%/ =0°) andNbios™*Y;/ =3¢°) could be used to determif i ema for an internal helix, like
Helix #0 in Figure2.3B and C, surrounded by 6 helices in the hexagonal array. The expression

for Nyeeiwema iS provided in Table 2.2. A similar methodology was applied to determine the

theo theo

expressions folN; g, seeand Ny, comer fOr helices located at a side or a corner in the hexagonal

array shown in Figure 2.3A and their expressions were also listed in Tablgsthg.the same
procedure,Npion"®° for a completen generationarray of helices could be determined with

Equation2 5.

(3n2_ 3n 'H.) theo ('6“ 6') theo 6 theo

lob,internal lob,side lob ,corner (2 5)

3n°+3n 4

theo —
Nblob -
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The trends given in Figure 2.4A foNuion™q/ =0°g=0°), Noion®Y/ =0°,g=60),

Nbiob ™Y/ =30°,¢=60°), andNpion"®Y/ =30°,¢=9C°) as a function oti.» could then be applied to
determine howNuioe™°would vary as a function af.» andthe number of helices included in a
given array as shown in Figure 2.4B. Theyon"° values merged into a single value equal to
Nbiob™" for dn.n values larger than 3.6 nm, where PEF occurred between two pyrenyl labels
attached on a same helix. Since considering the gngl8C in the MMOs led to an increase in
Nbion®%, the cut off where PEF could only occur intr@lically was increased from2nm, when

only j = 0° was consideretf, to 3.6 nm with the present upgraded version of MMOsd#s
decreasedyion"°increased and spread more widely with increasing number of helices in an array,
reaching a maximum spread fodia, value of 2.4 nm. Interestingly, the plotfion"®-vs-th-n in

Figure 2.4B could be viewed as being the mirror image of the pldtgf**-vs[NAF(56)]
obtained for the pyreAabeled NAF(8), NAF(20), NAF(56) and Amylopectin samples in Figure
2.2D. This striking resemblance suggested dhatand [NAF(56)] must be related to each other.

To find the relationship betweehn and [NAF(55)], the following procedure was applied.
SinceNbion P for Py-Amylopectin and PANAF(56) seemed to plateau at a value of 41 (£2), which
corresponded to a hexagonal array of 37 helices in Figure 2.4R,8H&>-vs-[NAF(56)] plot in
Figure 2.2D was aitvuted to that of a 3Relix array. ThéNpion"®%vs-ahn plot for a 37helix array
in Figure 2.4B was parametrized to find an empirical expressidancdis a function ofNpjep"°
with Equation2.6. Replacing\siop"°for 37 helices in Equatio?.6 by theNuor™P values obtained
for PyvAmylopectin and PANAF(56) as a function of [NAF(56)] yielded a plotdf, as a function

of [NAF(56)], which could be parametrized according to Equali@n

; _62.08+,/ 3854.3- 64.433[18.52Nf=  (3lices
mh 32.22

(2.6)
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Ohh=2.82 10 % [NAF(56)]3i 2.36 10 % [NAF(56)]° + 1.52 10 2 [NAF(56)] + 3.15 (2.7)

Assuming that the osmotic pressure generated by high concentrations of NAF(56) onto the
oligosaccharide helices was the same feNRY(8) and PyNAF(20) as for PYNAF(56) and Py
Amylopectin, Equatior2.7 could be applied to pldtwon™® of Py-NAF(8) andPy-NAF(20) as a
function ofdnn in Figure 2.4C. Comparison of ttNgion™**-vs-dn.n trends obtained for PMAF(8)
and PyNAF(20) in Figure 2.4C with thBlpion"%Vvs-dhnh trends obtained in Figure 2.4B led to the
conclusion that thénon™® values were tst represented by a subsection of an hexagonal array
composed of 3 and 6 helices, respectively. Equa&idralso implied that in dilute dispersions,
whereNbio”*Pequaled 17, 18, 16, and 15 for, respectively, Py{Arylopectin, Py(6.7-NAF(56),
Py(5.8}NAF(20), and Py(5.8NAF(8), dh-n equaled 3.2 nm, which was 0.3 nm larger tharlthe
of 2.9 nm found earlié? assuming that the array of oligosaccharide helices could be viewed as
being infinite.

The reduction in the number of helices constituting arcdy387, 37, 6, and 3 helices for
Py-Amylopectin Py+-NAF(56), P¥yNAF(20), and PyNAF(8) was reasonable, when considering
the reduction irDn from 227 to 56, 20, and 8 nm, respectively. Indeed,-aeliX array such as
the one depicted in Figure 2.3A would have a diameter of ~21 nm assudiingf88.2 nmunder
dilute conditionsnd a single helix diameter of 1.5 nm. NAE8ith aDn of 8 nm would be much
too small to accommodate such a large array of helicesals@emportant to note that if the
Nbiob™*-vs-dh-h trend for PyNAF(8) in Figue 2.4C was best represented by an array of 3 helices,
it did not mean that NAF(8) contained only three helices. Since the side chains of amylopectin

from waxy corn are made of 19 AGUs on aver#jé3 helices of 19 AGUs each would represent
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amolar mass of 93210° g/mol, much lower than thd, of 1.5 10° g/mol reported for NAF(8) in
Table 2.1. For NAF(20), NAF(56), and Amylopectin, the molar mass of clusters made of 6, 37,
and 37 helices would equal 18.5, 114, and 114 kg/mol, which would bie lower than thév,
value of 1.8 1P g/mol and thé, values of 2.8310° and 7.2 10’ g/mol of the corresponding PSs,
respectively. Instead, these PSs should rather be viewed as groups of clusters of helices, where the
clusters do not appear to interact watch other, since the trends described in Figure 2.4C assume
a constant number of helices per cluster.

The similarity of thee/Im-vs-[NAF(56)] plots in Figure 2.2B and thidyion™*-vs-[NAF(56)]
plots in Figure 2.2D suggested that a similar procedure could be applied to the trends observed in
Figure 2.2B for theée/lm ratios in order to predict the size of the arrays of helices present in the
Py-PSs. Consequently, the response of Iflle; ratio to the number of helices constituting a
hexagonal array was investigated as well by applying the following procdehchk. helix was
divided into 12 sectors representing® 3ach. A single helix, like amylose, could only form
excimer intrahelically, resulting in an equivalemi/Im(intra) ratio equal tdin each sector. Since
each helix is composed of 12 sectors, the ih#licallg/Im(intra) ratiowould equal 12%. A helix
surrounded by six other helices as in Fig@88 and C could form excimer int&elically, if dn-n
was small enough. Each sector capable of forming excimetiatieally could do so with alg/Iv
ratio equal toa. MMOs have established thateference pyrenyl gt = O° on Helix #0 in Figure
2.3B can contact 3 helices, which would represent shs86tors, and would thus yiedoh Ig/Im
ratio of Ga +12b6. Similarly, since theeferencgyrene aj = 3 in Figure 2.3C can interact with
4 helices, it would generate &#ilm ratio of 8a +12b, respectively. Thus, the/lm (internal) ratio
generated by a pyrenyl label attached on an internal helix wouldabéd.Zb on averageThe

le/Im(side) ande/Im(corner) ratios of pyrenyl labels attached on helices located at, respectively
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the sides or corners of a hexagonal array of helices were determined and the corresponding
expressions are listed in Table 2.2. THév ratio of ann™" generabn array of helices would then

be predicted by Equatidh8.

—E

(3*-3n 4) B /I, (internal) (& 6)1./R, (side) 6l # ,2 (corne
(3n*+3n 4)

(2.8)

M

The parametebwas determined with the/lv ratio of amylose at a given [NAF(56)]. The
parametei wasdetermined by assuming that théwm ratios obtained for RINAF(56) and Py
Amylopectin reflected those of a hexagonal array made of 37 helices, as was determined from the
analysis of theNbion™P-vS[NAF(56)] trends.a was found to increase sharply withcreasing

[NAF(56)], ascompared to the modest increaséjas shown in Figure 2.5A.

The a and b values at a given [NAF(56)] were applied to calculateltfie: ratio as a
function of [NAF(56)] for hexagonal arrays composed of different nusitifelnelices. Thee/Im
ratio increased with increasing [NAF(56)] as well as the number of hetiseshown in Figure
2.5B. Thelg/lm profiles of PyNAF(8) and PyNAF(20) showed good agreement with faéwm
ratios predicted for arrays of 4 and 7 heliCHse estimates based on 1aéy ratios, that NAF(8)
and NAF(20) were constituted of arrays of 4 and 7 helices, matched fairly wiHgbe&-based
predictions of 3 and 6 helices constituting the arrays of NAF(8) and NAF(20), respectively. The
agreementound between the trends obtained with gl ratios and\bion™® suggests that these

two sets of data obtained by SSF and TRF experiments and their analysis are internally consistent.
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Figure 25. Plots of the predictett/lmr at i o f @and ¢-AD, (B for hexagonal arrays

constituted of (from bottom to top) 1]Jeuw3, 4,
ratio for hexagonal arrays of Y 4, ) 7, and (') 37 helices compa
Ie/lm ratios obtained forQ) Py(4.2yAmylopectin, @) Py(6.7}NAF(56), (l) Py(5.8)NAF(20)

and O) Py(5.8)NAF(8).

Interparticle interactiors: Interparticle interactions were identified by plottikglm and Npiop™P
obtained for dispersions of RYAF(56) as a function of [PINAF(56)] in Figure2.6A and B and
comparing the profiles to those obtained as a function of [NAF(56)] in Figu2Bsand D. The
le/lm ratio andNpior™P obtained for PYNAF(56) as a function of [NAF(56)] and [RYAF(56)]
showed similar profilesexcept that the increase lig/lm and Npiou™P occurred at a lower [Ry
NAF(56)] in Figure2.6A and B. The onset of the increasedtv andNbion™P was observed at a
[Py-NAF(56)] of 6.5 wt% compared to 12 (£1) wt%, when NAF(56) was added to tHeAF(56)
dispersion. Since an increaselifim or Noiob™P such as the one observed in Fig2&A and B
suggested an increase in interparticle interactions, the frattatointerparticle interactiosi(finter)

was calculated by applying Equatid9. In Equation2.9, Ig/lu(high) was obtained with
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dispersions of PWNAF(56) only, whereak:/Im(low) was obtained with 0.0059 wt% of INAF(56)
and a large excess of unlabeled NAF(36g: was plotted as a function of [NAF(56)] in Figure

2.6C.

-~ _Ig/tyigh)- 1¢/1,,0ow) Ny (high) - N;gi(low 29)
neer I/1,, (high) NE® (high) '

0.3
C)
L)
4 (J
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Y— .O
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014 ° © oy’
. o.o 0.2 ’?@,/éoo
] X
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0 . . T 0 . . . 0 ~—: , —e 0 Boose—8B—
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[NAF(56)], wt% [NAF(56)], wt% [NAF(56)], wt% [Py-NAF(56)], wt%

Figure 26. Plots of (A) Ie/lm and (B) Nbiob™*? for Py(6.7}NAF(56) as a function of the
concentration of ®) unlabelled NAF(56) ancQ) Py(6.7}NAF(56). (C) Plot of the fraction of
interparticle interactiondifer) obtained with @) Npiop®™Pand(©O) thelg/Im ratio. (D) Plot of the
molar fractions of®) Pyitr, ©) Pyka, (X) P¥ge and ) Pykee for Py(6.7}NAF(56) as a function

of [Py(6.7yNAF(56)].

Thefinter trendsobtained in Figure 2.6C with tHe/lu ratio andNpio™P were similar finter
increased sharply from a value of 0.0 at a [NAF(56)] of 6.5 wt%, reached its maximum value of
0.22 (£0.03) at a [NAF(56)] of 15 (1) wt%, and decreased thereafter. Due to its branched structure,

amylopectin is expected to exhibit a behavior intermediatevden that of a hard sphere and a
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flexible chain, as illustrated by a study based on the osmotic motfillbe interparticle
interactions observed for amylopectin in Figure 2.6C might occur via partial interpenetration of
the NAF(56) particles anttheassociation of their side chains, particularly for those helices located
at the periphery of the particléeBhe penetration of helical side chainsthe outermoslayer of
NAF(56) would increase theumber of helicemside a clusteand decrease tlig.n. These changes
would lead to anincrease ine/lm andNoiob™® as Pylioc increases. On the other hamd)w and
Nbiob™® remainedconstant up ta [NAF(56)] of12 (£1)wt% in Figures2.4B and D, above which
compressiornf Py-NAF(56) was observed This observation suggests that the penetration of
helices from NAF(56) into the peripheral voids of R F(56) did not affectl.n up to a [NAF(56)]

of 12 (+1)wt%. Once the compression of the clusters of helices was trigdefieg Noiox®™", and
finterincreased up to a [NAF(56)] of 15 wt%. Above this [NAF(56)kr decreased indicating that
the particles dissociated from each other to adopt a more coagpdictmationle/Im andNpiop™P
continued to increase as the helices were brought closer to each ottes aad reduced. As the
helices were brought ever closer to each otl®j;of increased and the major pathway for PEF
changed from a diffusive gavay to a direct excitation of pyrene aggregatefziasas found to

decrease anfz increase for [NAF(56)] greater than 12 wt%.
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Table 22. lllustration of a helix surrounded by different number of adjacent helices and its correspdsdiagdIe/lv ratio

Name
(# adjacent lllustration Expressions oRiop"°for different arrays of helices le/lm
helices)
Single (1) O . 12Nti;|1<taf+ Nion (0, 0) +2Ny4 (303’_20) N, (0,60) Ry, (30,9 — a+l12b
Vertex(@) OO. LN 2o 0.0 +0 (G0.60) i, 0.50) By, (09 o
O O 12N + 3N, . (0,0) +6N,,, (30,60) .., (0,60) #,. . (30,9
Corner (3) O . blob blob ’ blob 1’2 blob ! blob ' _ a+12b
- O O | 12N + 4N, (0,0) +8N,,, (30,60) +8l,,, (0,60) By, (30,9 _
Side (4) O @ O 13 a+12b
O O |
Quasi, O . O 12NtIJT<t)rk)a+5Nblob(O’0) +10\Iblob (3011260) +1B‘Iblob (0160) mblob (30’9 _ a+12b
Internal (5)
O
O O
intra N o (O’O) 7a+12b
Internal (6) © @O Noios +% MNyop(30,60) My, (0,60) N, (30,9(
O O
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2.5 Discussion

Following the proposal of the CL modemylopectin was treated with different enzymes to
determine the size of a cluster of helié€Endoenzymes cleave long internal chains connecting
clusters and thereby release the clusters, whose composition has been determined by light
scattering®® microscopy**chromatography* and exeenzymatic treatment followed Bjd NMR
analysis>® The number of helices constituting a cluster in amylopectin has been reported to range
from 4.2 single helicéd to 17 double helice¥. The array of helices predicted by the PEF
experiments are expected to represent a single ¢lastdrit is thus noticeable that the latter
estimate of 17 double heligén a crystalline clust® would translate into a 34 single helices
cluster in an amylopectin dispersion, remarkably close to thebaE€d estimate of 37 helices
made in this study. The changedgéfim andNyion™® for a particular PYPS could beationalized

by assuming that the fluorescence response of tHeS3ywas the result of a constant number of
helices in the clusters for [NAF(56)] ranging from 0 to 40 wt%. These PEF experiments were
expected to probe the changes that occur in a singséecltather than changes resulting from
interactions between clusters. The number of helices constituting a cluster depended on the size of
the PS studied. This was reasonable as the NAFs were obtained through degradation of
amylopectin from waxy corn str, where random parts of amylopectin, including clusters of
helices, must have been cleaved off during the process. Since amylopectin from waxy maize is
constituted of oligosaccharides that are about 19 AGUs in Iefidita cluster with 37 helices 19
AGU-long would have amnof 1.1x 1 g/mol. TheMw of NAF(56),'° NAF(20), and NAF(8) were
determined to equd.4x1®, 1.9x16, and 2.6x1Dg/mol, respectively. NAF(8) and NAF(20),

constituted of clusters containing 3 and 6 helicespectively,would be &pected to contain
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degraded clusters where some helices were removed through debranching taking place during the
degradation of amylopectio produce the NAE<Lonsidering that the helices inside a cluster are
expected to be separated by ~ 3.2 nm in elitlispersions, such a cluster of 3 or 6 helices would
have a size of ~ 5 or 9 nm, which would fit within the internal volume defined dy»tb&8 and

20 nm for NAF(8) and NAF(20), respectively.

The Side Chain Liquid Crystalline Polymer (SCL&P}® has been proposed to
rationalize the hydration and gelatinization of amylopecimylopectin behaves like a liquid
crystalline polymer, where the helical side chains can be viewed as mesogens and the short chains
connecting the helix to the polysaccharide backbone act as a flexible spacer. In the SCLCP model,
the helices can be eitheriented in loose parallel lines or arranged in a lamella with their axis
perpendicular to the plane of the lamella, in a process that generates nematic or smectic phases
respectively The smectic orientation of amylopectin has been observed prekence of water,
which acts as a plasticizer and which facilitates the decoupling of the helices from the ba&kbone.
The assumption made to predilyion"°andlg/In"®°was that all the helices were ordered laterally
as expected in a smectic orientation. The good agreement between the theoretical and experimental
results shown in Figureéa4C and2.5C with, respectivelyNoion"° andle/Iv"®° suggests that this
assumption is valid. It is possible that DMSO might function as a plasticizer, in the same manner
as water does, which would allow the helices to take the smectic orientation. Consequently, the
PEF results appear to agree with ti@&SP model, assuming that the helical side chains adopt a
smectic phase in DMSO.

The Building Block Backbone Model (BBBM) was proposed based on the experimental
results of the enzymatic treatment of amylopetdii.From its design, the BBBM refuteseth

notion of cluster. The building block consists of the ultimate branching units, whose degree of
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branching varies from 2 to 10 for waxy maize amylopettiflhe building blocks are randomly
distributed along the backbone and separated by 6 AGUs on average in waxy maize amylopectin.
MMOs conducted with HyperChem showed that an AGU spans 0.78 nm. In this case, two adjacent
building blocks or side chains wiobe separated by 4.7 nm, and it has been suggested that these
side chains might adopt a single helix conformation, which would lead to the formation of
microcrystallites upon bringing the building blocks clo¥eFirst, if the side chains were so far

apart, no interhelical PEF would occur, since the MMO results shown in Figure 2.4B require two
helices to be separated by less than 3.6 nm for PEF to occur. The experimental results indicate a
substantial increase in PEF for dilute dispersions, which negjthat the helices be within ~ 3.0

nm from one another, much closer than expected from the BBBM. Furthermore, the BBBM
suggests that the number of helices involved in PEF would be expected to increask agdtse
smaller. However, the PEF resultsrevavell represented by assuming that the number of helices
involved in PEF remained constant inside a cluster upon compressing the-lpeled
amylopectin and NAF samples. Consequently, the PEF results presented in this report were better

explained byhe recently suggested Soluti@uster modéf than the BBBM.

2.6 Conclusion

The compressibilitypf amylopectinand three NAFsvas studiedy monitoring thdg/Im ratio and

Nbiob™® as a function of [NAF(56)]. The increase in NAF concentration above C* increased the
osmotic pressure in the dispersions, which triggered the shrinkage of these branched PSs. The
compression reduced tlden resuting in an increase irPy]ioc, Which translated into largég/Im

andNpion™*P values as [NAF(56)] increased. Amylopectin and the three NAFs showed evidence of
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compression at 12 (x1) wt% regardless of their size. The maxwaluasreachedoy thelg/Im

ratio andNoiob™® upon increasing [NAF(56)] showed a dependency with the size of the PSs.
Amylopectin and NAF(56) showed the largest increase, followed by NABR(RDNAF(8). These
observations suggested that PEF between pyrenyl labels was generated in finite domains, assumed
to be clusters of helices, whose size increased with the size of the corresponding PS. MMOs were
conducted to predict how thg/lu™° ratio and Npion"®°valueswould vary as a function of the
number of helices in a cluster and as a functiah-efComparison of the/Im™°ratio andNpion"e°
valueswith thelg/Im®*P ratio andNbion”P valuesled to the conclusion that a cluster of helices in
amylopectin, NAF(56), NAF(20), and NAF(8) consisted of 37, 37, 6, and 3 helices, respectively.
The number of 37 single helices in a cluster of amylopectin in a DMSO dispersion was in
surprisingly good ageement with reports stating that clusters of up to 17 double helices (i.e. 34
single helices), had been observed in the unit cell of amylopéc@onsidering how important

the notion of clusters of helices is in amylopectin and PSs derived fromatithg to probe the

size of these clusters by PEF experiments is expected to find numerous applications for the

characterization of amylopectin extracted from different organisms.
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Chapter3

Interior of Glycogen Probed IByrene
Excimer Fluorescence

75



3.1 Abstract

A glycogen samplerdm oyster (O) and another from corn (C) were fluorescently labeled with 1
pyrenebutyric acid to yield two series of pyrdabeled glycogen samples {&tycogen(O/C)).

The glycogen samplesere characterized at the macroscopic level by applying gel permeation
chromatography (GPC) and viscosity measurements to determine their number average molecular
weight Mn) and intrinsic viscosity @f]). The internal structure of the glycogen samples was
investigated further by conducting timesolved fluorescence (TRF) measurements to probe the
process of excimer formation between an excited and a giatel pyrene with the Py
Glycogen(O/C) samples. Global analysis of the TRF decays of the pyreneneroaiod excimer

with the fluorescenceblob model (FBM) yielded the maximum number Ngor™>) of
anhydroglucose units (AGUSs), that could separate two pyedreded AGUs and still allow
efficient pyrene excimer formation (PEF). Assuming th&grhelical PEF occurred in the denser
parts of the PyGlycogen(O/C) samples, where the helical oligosaccharide side chains labeled with
pyrene were assumed to form a hexagonal close packed (HCP) lattice, molecular mechanics
optimizations (MMOs) were condted on this lattice to determine the theoreti®ddss"> value
representing the entire glycogen moleculdpss™?> was compared toNgion™%> obtained with

two local density profiles across the glycogen particles, where the local density ofeglytoog

its maximum value either at the center or at the periphery of the particles. The local density profiles
found to yield a good agreement betwedlais>P> and Npion "% suggested that the internal side
chains of glycogen experienced a dense enwirent. This study further illustrates the ability of

PEF to characterize the interior of complex polysaccharide particles.
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3.2 Introduction

Glycogen is a major carbohydrateat animals and humaralike use for energy storagé&€he
structureof glycogen has been investigated for many y&af¥ 'Glycogen ismade oflinear
segmerg of anhydroglucose units (AGU@ined by a-(1,4) glycosidic bondsonnected to each

other bya-(1,6) glycosidic bond$? The general structure of glycogen is similarthat of
amylopectin, the major carbohydrateed for energy storage Ipjants.However the degree of
branching of glycogen is twickrger thanfor amylopectin. Over the years, several models
involving singlé- or multiple branche8 have been proposed to describe the structure of glycogen.
The application of enzymatic treatments to glycogen demonstrated that the internal structure of
glycogen involed multiple branches, where theanching pointsverear r anged i n Ati er
number of branching points incréagfrom the inner tier to the outer tigP!'Since the volume of

a glycogen molecule increases less quickly than the number of branches in each tier, the Tier
Model implied that a limit had to be reached, where steric congestiom e¢tiphery would block

further glycogen growth!?Theoretical calculations led to the prediction, tigtcogenwas
constituted of anaximum of 12 tier§“This prediction was further supported by mezeent
studiesaiming to better understand the glycogen turnover in thia bithe oxidation of glycogen

in various solvent&and the distribution of glycogen molecules in the fiteard in resting, human
skeletal musclé®!®The Tier Model has also been acknowledged in more recent refflews.
22However, recenonte-Carlo simulation of glycogen have led to the suggestion that the density
profile inside glycogen particles is opposite to that predicted by the Tier ¥fadhe.simulation

results show that the density of glycogen reaches its maximum near threofenéss and not at

the periphery as predicted by the Tier Model. These predictions have been supported by small
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angle neutron scattering experiments, that provide support to a dense core decorated with short
chains at its peripher.

To date, glycogehas been characterized at the macroscopic level by determining the size
distribution of a population of glycogen molecules, typically by microsé¢6py? size exclusion
chromatography’2%or scattering techniquédin contrast, a recent publicatidhas argued that
the internal structure of glycogen molecules is not fully understdodaddress this issue, this
study uses the fluorescence ofexcimer generated through the encounter between an excited and
a groundstate pyrene to examine the internal structure of glycogen. To this end, two glycogen
samples from oyster (O) and corn (C) were randomly labeled with different amounts of 1
pyrenebutyic acid (PyBA) to yield two series of Bg{Glycogen(O/C) constructs, where
represents the molar percentage of pylabeled AGUs, that ranged from 0.02 to 7.8 mol%. The
fluorescence decays of the RyGlycogen(O/C) samples were analyzed accordinght® t
fluorescenceblob model (FBM), which arbitrarily compartmentalizes the volume of a
macromolecule into identicéllobsrepresenting the volume probed by an excited pyrenyl label.
In turn, the FBM analysis yielded the numbiBk4**F) of AGUs encompassed ablob. In the
case of polysaccharides labeled with a PyBA derivatiidglacan be viewed asraonodisperse
sphere ofdiameter4.6 nntor 5.1nm (see Supporting Information (SI)) depending on whether
PyBA is attached on a €8r C6-hydroxyl, respedvtely.

The short length scale, over which an excimer between an excited and a-gfiatend
pyrene is formed, implies that fluorescence only senses the space occupied by the polymeric
segments inside the macromolecular interior, where the pyrenyl labels areestljficlose to

interact with each other and form an excimer. Consequently, pyrene excimer
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fluorescence/formation (PEF) offers a means to probe the spacing between the oligosaccharide
branches of the Py(-Glycogen(O/C) samples, an information, which campplied to predict the

local density £) of glycogen. This is accomplished in the present study by compaxing <>,
obtained after averaging over all pyrene content$ a given PyX)-Glycogen series, with the
theoretical fpion"*® value, obtaing by conducting molecular mechanics optimizations (MMOS)

on pyreneabeled oligosaccharide helices arranged in a hexagonal close packed (HCP) lattice.
These MMOs were carried out to determine the nurNpgf"°of AGUs on different helices, that
could be labeled with pyrene and would lead to PEF, as a function of the interhelical dtance (

in the HCP lattice. Thewn was converted into the local densityTheNyiop"*%vs 7 relationship
allowed the caldation of <Npion"®%> taken as the weighed average of all Kag,"*qr) values
obtained by considering two(r) profiles as a function of the distancé&om the center of the
Glycogen(O/C) molecules. Thér) distributions assumed thateither increases or decreases from

the center to the periphery. The former distribution is that predicted from a mathematical
representation of the Tier Model by Meléndéevia et al'® referred to as the Meléndésevia

model, and the latter distribution was assumed to obeyadexp¢ ar?) function, which was
referred to as the Gilbert mod€IThe r(r) distribution based on the Meléndelevia model
underestimatedNpion"®% compared to Myios™P>, which led to the suggestion that the side chains

in the interior of glycogen must experience a much larger local density than that predicted from
the MeléndezHevia model. Assuming amaé expt ar®) profile for ther(r) distribution, thermax,

a, and b parameters could be determined frdria and the hydrodynamic radiug.j of the
glycogen particles, that yielded aison"% value, that matchedNgior™">. Consequently, the

PEFRbased methodology described in this study suggests that the side clgyto®gén located
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in the interior of the particles experience a high density, in agreement with the Gilbet®randel

a recent SANS studf/.

3.3 Experimental

Materials Glycogen from oyster (Type Il) was purchased from Sigma Aldrich and phytoglycogen
from cornwas generously donated by Mirex{@uelph, ON, CanadaPextran(My= 1.07x10
g/mol; PDI=1.5)was purchased fronBiosynth CarbosynthAll polysaccharideswere first
dispersed in dimethylsulfoxide (DMSO) before being precipitatedhianol.The precipitate was
collected through suction filtration, rinsed with a large amount of ethanol to wash away any
remaining DMSO, and finally air driedll other chemicals wereyschased from Sigmaldrich

and used without purification.

Characterization of Glycogdny Gel Permeation Chromatographyhe number M») and weight

(Mw) averagamolecular weight otheglycogensamplesvere determinedith aTOSOH EcoSEC

high temperaturegel permeation chromatograph@RCO instrumentequipped witha triple
detection systema guard columnpanda 300 mmx7.8 mm ID TSKgel Alphil column This
columnhad an uppetheoreticalcut off of 10 Da based on the hydrodynamic volumdinéar

PEGs in water The triple detection system inclutian inline differential refractometes multi-

angle laser light scattering detectanda viscometer A flow rate of 0.6 mL/min of DMSO at 60

°C was used. The system was calibrated wittDay/LL solution of apullulan standarih DMSO

with anM, of 47.1 kg/moland PDlof 1.07.The Glycogen(O/C) samplegere dispersed in DMSO

at aconcentration of 1.0 g/LThey were kepat 80°C until the dispersions were clear, before being
left to cool to bom temperatuteThe dispersions were gently filtered through a Gm@2syringe

filter twice before injection into the GPC instrument
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Intrinsic Viscosityof Glycogen Samples in DMSTheintrinsic viscosity oftheglycogensamples
was determineth DMSO at 25°C with an Ubbelohde viscometérhe dycogensamples were
dispersed in DMSO by stirrinthe dispersionst 80°C for two hours.The dispersions were
preparedvith polysaccharideoncentratioarangingfrom 0.02 to 0.05 g/mL.

Labeling of Glycogen with-Pyrenebutyric Acitl-Naphthelene Acetic Acid he esterification,
purification, and characterization thfe pyreneor naphthalenéabeled samples @lycogenfrom
oyster or corn (Py/Npj-Glycogen(O/C)) or dextran (Py/Np¢Detran) wereconducted in the
same manner ggesentedn anearlierpublication, wher@anosized amylopectin fragmemere
labeled with 1pyrenebutyric acid (PyBA)® The synthesis oflycogen from oystelabeled with
8 mol% pyrene (PY8)-Glycogen(Q) is described in detail hereaftdihe purified glycogen (1.00
g, 6.2 mmol of AGU)wasdispersed in 3 mL of DMSO at 80°C and the solution was placeda
threeneck round bottom flaskRBF). PyBA (1.0 g, 3.5 nmol) and4-dimethylaminopyridine
(DMAP) (67 ng, 0.5 nmol) were added into thRBF, afterglycogenwasfully dispersed. Then,
10 mL of DMF was added to the mixture. The flasks sealed with a rubber septubhe purpose
of DMF was to prevent the mixture from freezing in the next step,eniemixture waskept in
an ice bathundernitrogen. Afterl5 minutesN , Mi&opropylcarbodiimide (DIC)Q.8 mL, 5.3
mmol) was added dropwise into the solution with a syringe. The flask wasethered from the
ice bath andovered with aluminum foil taninimize degradation gdfyrenefrom exposure to light
and the mixture was left to react at room temperature for 48 hfterwards, the reaction mixture
was precipitatefour times into THF to remove unreacted figBA.

Dye Content DeterminatianA stock disperson of the Py/Np(x)-Glycoger{O/C) sampleswas

preparedn DMSO with a known mass concentratidine dispersiowasstirredat 80°C for about
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two hours The stockdisperson was diluted with DMSO tgield a minimum of five diluted
dispersions, whose absorbance at 346 nm for y-Blycoge{O/C) samples or at 284 nm for

the N{(x)-Glycoger{O/C) samples wergelected to be lower than 2.0 to not saturate the detector
The absorption spectra tife Py/Ngx)-Glycoger{O/C) dispersionsvere acquired with &.00 cm

path length I{) quartz cuvetteusinga Cary 100 bidJV-Vis spectrophotometelRlotting the
absorbancat 346 nm or 284 nm of the dispersions as a function of their mass concentration
yielded a straight line, whose slopm)(equaled&yng L3 /pying, Where eynp is the molar
absorption coefficient equal #1,400 M X.cm! at 346 nm and 6,148 1.cm® at 284 nm for 4
pyrenebutyric acié’and napthalene acetic aéitlin DMSO, respectively, and pynp is the
pyrenénaphthaleneontent, expressed in moles of pyrene per gram okpobtharide/ py/np Was

determinedrom Equation 1 after rearranging the expssion ofm.

(3.1)

Py/Np —
e Py/Np3 L
The molar fractiorx of AGUs labeled with pyrene or naphthalemea givenPy/Np(x)-
Glycoger{(O/C) samplawvas calculated by applying Egtion3.2, whereMacu is the molar mass
of anunlabeled AGU (162 g/mol),Mx (with X = Py or Np) represents the molar mass of pyene

labeled (432 g/mol) or naphthalelabdeled (330 g/molAGUs, respectivelyand/ x is the pyrene

or naphthalene content of the Py/Np&lyogen(O/C) samples determined with EqoiatB.1.

MAGU
MAGU’ Mx 'V;<1

(3.2)
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The dye contents of they/Np(x)-Dextran samples were determined in the same manner as
described foPy/Np(x)-Glycoger{O/C), except that the solutions Bf/Np(x)-Dextran in DMSO
were prepared by stirring at room temperature instead 4 80
Preparation of Samples fdfluorescence Resonance Energy Tran&eperimentsAll Py/Np-
Glycogendispersionsand Py/NpDextran solutions in DMS@ere prepared in a similar maer
asdescribed in more detail hereafter for the glycogen sample. Np@I26pgen andPy(6.8}
Glycogenweredispersedseparatelyn DMSO at 80°C to obtainthe samebsorbance of 0.5 at
284 nm forthe Np(126)-Glycogendispersiorand at 346 nm fathe Py(6.8}Glycogen dispersion,
corresponding to a concentration of 31.8 and 24.3 mg/L foPy#i@.8)}Glycogenand Np(126)-
Glycogen respectively. A mixture of the twdispersios was prepared by mixing g of the
Py(6.8}Glycogen dspersionwith 2.7 g of the Nap(126)Glycogen dispersion. Two 1 g aliquots
of the mixture were placed in two vials. In one vial, 9 g of water was added, whereas 9 g of DMSO
was added to the other vial, to generate two dispersions of NpGlgé&dgen and P8}
Glycogen mixture in a 10:90 DMSO:water mixture and in pure DMSO, respectdisfyersions
of 2.2 mg/L Np(126)Glycogen and 0.3 mg/L Py(6-&lycogen were preparedith different
water contents by mixing different rasimf the two stock dispersiongrepared in a 10:90
DMSO:water mixture and in pure DMSThe emission spectra were excited at 29%grexciting
the naphthalene labeter the FRET measuremerdnd at 346hm to solely excite the pyrenyl
labels for the PEF measuremenifie same procedukeas applied to prepammlutions for the
FRET and PEF measurements with 2.1 mg/L and 0.2 mg/L of the NpQE3@an and Py(12.8)
Dextran samples, respectively, the only differences between the glycogen dispersions and dextran

solutions beinghat thedextransolutions were stirredt room temperatur®r two hours and that
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the Py(12.8Dextran concentration was smaller than that of the Py(BIyogen dispersion,

since its pyrene content was twice larger

Deformability ofthe Rolysaccharide: The sample ofPy(5.5-Amylopectin, which had been
prepared in Chapter 2, and the Py(833ycogen(O) sample were dispersed in DMSO by stirring
overnight at 9%C and 80°C, respectively. The polysaccharide dispersions were prepared so that
the final concetration of pyrene was about 2.4x3®, which corresponded to an absorbance of
~0.1. Samples of poly(ethylene glycol) (P&} whereX represents aNl, value of 0.2, 0.4, 2.0,

and 10 K), were added to the polysaccharide dispersions. The PEG concentration ranged from 0
to 36 wt% for PEG(0.2K), PEG(0.4K), and PEG(2K) and to 22 wit% for PEG(10K). The
polysaccharide dispersions in DMSO with PEG were stir@@ &C for an hour. The steadtate
fluorescence spectra of the dispersions were acquired immediately after cooling the samples to
room temperature. The samples were visually inspected to check for any possible crystallization
of PEG at high concentratidoefore acquiring the spectra.

SteadyState Fluorescence Measurengeiihe seadystate fluorescence spectra were acquired on

a Horiba QM400 spectrofluorometer equipped with a xenon arc ladgpersios of the PyX)-
Glycogen(O/C) samples in DMS@ere preparedvith a pyrene concentratiomf 2.4 mv
(equivalent to an absorption of 0.1)woid intermacranolecular interactiomas well aghe inner

filter effect Thefluorescencespectra were acquirday scanning the fluorescence intensity from

360 b 650 nm and usingn excitationwavelengthof 346 nm.The width of the excitation and
emission slits was set at 1.0 nm for the fluorescence experini@etsontributios of thepyrene
monomer(lm) and excimer(lg) to the fluorescence spectngere quantiied by integrating the
fluorescence spectfeom 376 to 382 nnfior the pyrene monomeand from 500 to 530 nifor the

pyrene excimerThey were used to determine thglv ratio to assess the PEF efficiency of a given
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Py(x)-Glycogen sampleAn excitation waelength of 293 nm was selected for the FRET
measurements, where the glycogen and dextran solutions had an absongtien than 0.for
wavelengths greater than 290 nm. The fluorescence spectra were acquired from 310 to 570 nm.
TimeResolved Fluorescence Measurersehhefluorescencelecayf thepyrene monomer and
excimer were acquired with a tinmesolved fluorometer fronBH. Theexcitation wavelength was

set at 346 nmvith an excitation monochromator using a 340 nm nanalA&Dudox suspension
was employel to obtain the instrument response function (IR¥)exciting and collecting the
scattering responsat the same wavelength 846 nmas for the excitatianThe fluorescence
decay of the pyrenanonomer and excimer were collected at 375 nm with a 370 moffcliiter

and 510 nm witla 470nm cutoff filter, respectively. The cut off filtampreventedstraylight from
reachingthe detector. Fluorescence decays were obtained with ap@mrehannel of 1.02 reh
andat least 20,000 counts at the decay maximum.

Analysis of the Fluorescence Decayish the Fluorescence Blob Model (FBM)he FBM was
applied tofit the fluorescence decaystbk Py(x)-Glycogendispersionsn DMSO. Details of the
FBM analysis can be found in earlier publicatiéhs® A brief summary of the FBM is provided
hereafter. The FBM acknowledges that an excited pyrenyl label covaletdbhed onto a
macromolecule can only probe a subvolume of the macromolecule, while it remains excited. This
unit volume referred to asldob can be used to compartmentalize the macromolecular volume
into a cluster oblobs Random labeling of the macroreolule with pyrene derivatives ensures
that the pyrenyl labels are randomly distributed among kileds according to a Poisson
distribution.Four excited pyrenepecies are consideréa the FBM analysis Pyres® represents

the excited pyrenethatcannot form excimer, because they are isolated in the macromolecule and
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relax back taheirground state by emittirgphoton with theinatural lifetime /. Excitedpyrenes,

that are aggregated with groustate pyraes, are referred to &/agg* and form excimer quasi
instantaneously upodirect excitation.The Pyagd* pyrenes can generate two types of excimer,
namelyEO* andD*, which are dimers made of two pyrenyl units, that are well or poorly stacked
and emit withtheir lifetime feo and o, respectively.

The two other excited pyrene species lead to PEF according to a sequential process. First,
an excited pyren®yqir* bound to an AGU diffuses in solution based on the internal dynamics
experienced by the macromoige. The diffusive motions of the AGUs are captured by the rate
constanksiob, Which describes the rate of encounters between two AGUs. Upon encounter of one
AGU bearingPyuit* with another AGU bearing a groursdate pyrenyl labeRyuir* turns into the
speciePyk>*, which rearranges rapidly with the groustiate pyrene to forran excimer with a
rate constanko, that is ~10 times larger thd®on. Finally, a short decay time of ~3.5 ns was
detected in the pyrene excimer decays. Such a contribution has often been observed, when PEF
occurs in hindered environments such as thapereenced in rigid macromoleculeBhis short
decay timewas accounted for by adding an exponential to the excimer equation and fixing its
decay time to 3.5 ns in the analysis.

The pyrene monomer and excinferorescence decays were fitted globadlycoding to
the FBM with Equations S3.1 and S3.2 given in Supporting Information W&h the
globmis90Ibgandglobmis90rbgorograns, depending on whether ori€0¢) or two (EO* andD*)
excimer species were required for the decay fits. BOttandD* are viewed as aggregated pyrene
species and their combined contribution is referred tByagf. The fluorescence decays were
fitted first by allowing the rate constark) to float. Thek> values obtained from the decay fits

were then averaged and fixed in @@®d global analysis of the fluorescence decays with the
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programsglobmis90obgr globmis90sbdo handle one or two excimer types, respectivéhe
decay fits yieldedhe average numbek(>) of pyrenyl labels in &lob andkpion. <n>was used to
calculatethe numbefNoiop™P) of AGUs in ablobaccording tdEquation3.3. fufree in Equation 3.3

represents theolarfraction of Pyiec® speciesn the monomer decays

1- f
Nier = XM”ee N (3.3)

Among other parameters, the global FBM analysis of the monomer and excimer fluorescence
decays acquired with the ftycogen(O/C) samples also yielded the molar fractiaSagg fuit,
andfiz of the pyrene specid®yes*, Pyagg®, Pyuit*, and Pyk2*, respectively. Optimization of the
parameters used in Equations S3.1 and S3.2 for the decay fit was conducted according to the
MarquardtLevenberg algorithm? The decayfits were deemed satisfactory when @fevas less
than 1.3 and theesiduals and autocorrelatioof the residuals wereandomly distributed around

zeroas shown in Figure S3.1 in SI.

3.4Results and Discussion

Mathematical representation of tiéer modelby MeléndezHevia et al - Intrinsic Viscosity([ /])

and Gel Permeation Chromatograp{yPC) The mathematical representation of the Tier model
for glycogen byMeléndezHeviaet al., referred to from here on as the MelénHexia model,
provides several relationships, that can be applied to relate a nahegrerimental parameters
to the propertie®f glycogent® For instancethe molecular weight o& glycogen moleculés

expected to be well described Bguation3.4,where 162 g/mok;,, andt represent the molar mass
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of an AGU, the degree of branching, and the number of tiespectivelyBased on Equation 3.4,
degres of branchinggreaer than 2would result inimpossibly largedensites for glycogenin
contrast, alegree of branching of 2 (i.e= 2 in Equation3.4) yields anoptimum structurdor

glycogen thatmaximizes storage of AGUs the smallestpossible volumé?

M =162 35— GL 3.4
n gel_r (3.9

Considering that each AGI an oligosaccharide helixcreases the tier thickness) (by
0.126 nm¢that the side chains of glycogen from oy$teand cor®are constituted af0 and 2
AGUs, respectivelyandthatthe branching point gersted by am-(1,6) glycosidic bond adds

0.35 nm tathe tier thicknes#,* tt could be calculated according to Equati®
tt=0.126 SCL + 0.35 (3.5
The density(r) of glycogen ould be calculated bgombiningEquation3.4andEquation 3.6,

which defines the volume of a glycogen molecule based on its number of)tems the thickness

of each tiertt), into the ratior = Mn/volume

LEBOBQO T 00 (3.6)
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In turn, s andM, predicted from th&leléndezHeviamodel could be related to the intrinsic
viscosity (Ji] = 2.5/r, determined in Figure S3.2 in Sl) and thle values of the glycogen
molecules in DMSO obtained experimentally by viscometry and GPC experiments, respectively,
which were reported in Table 3.Ik.is worth noting that the Glycogen(O/C) particles have a
polydispersity index (PDI), that is close to unity, so that the PDI should not affect the results much,
when different types of molecular weights are being used. The experimkraatl 2.5/] values
were compared in Figure 3.1 and Figure S3.3 for glycogen from oyster and corn, respectively, to
their predicted values based on Equationsi336. Based on this analysibie glycogen from
oyster and coroonsistedf 11.3 and 122 tiers, respectivg. Taking advantage of the fact that
can be approximated a&]f Mw/(2.5Na), whereNa is the Avogadro number amd, is the weight
average molecular weight of a glycogen molecule, 11.8 and 12.8 tiers were obtained for the oyster
and corn glycogen molecules, respectively, by equating the hydrodynamic rgius the
productt? tt. The numbers oftiers obtained for theglycogensamplesfrom the experimentally
determinedMn, My, [/1], andR, valuesare listed inTable 3.1 The good agreement found for the
number of tiers pertaining to one type of glycogen molecules obtained from different experimental
parameters suggestsat the glycogen molecules from oyster and corn were made of 11.5 (£0.3)

and 12.3 (£0.4) tiers, respectively.
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Equations 3.4 3.6 and experimentally for glycogen from oyster.

14
1(A) 0.6
3. 0.5 {(B)
g ] R
"5\? ] \a 0.4 A
g 6 < 0.3 -+ Q
X 4 A 0.2 -
= 0.1 4
0 T | — T T T 00 T T T T T T
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
# Tiers # Tiers
Figure 3.1. Plots ofA) M, and B)r (= 2.5/[h]) obtained( ....... ) theoretically based on

Table 3.1. Molecular weight, polydispersity index (PDI), intrinsic viscosity, hydrodynamic

radius Rn), number of tiers, side chain length (SCL), tier thickn&¥sand glycogen molecule

radius R) taken from the center of the outer tier.

Glycogen

- Oyster Corn
origin
SCL
(# of AGUs per 10 12
side chain)
tt (nm) 1.61 1.86
M4 110 | g1 | Ry=181| M™85X10 1 1y 78 | Ry=235
g/mol mL/ nm g/mol mL/ nm
(PDI=1.02) 9 (PDI=1.15) 9
# of tiers 11.3 11.3 11.8 12.0 12.2 12.8
R=(1 050 | 474 174 | 181 21.4 21.8 235
(hm)

Dye Distribution in Fluorescently Labeled Glycogen molecUiésorescence resonance energy
transfer (FRET) experiments were conducted to assess the distribution of the dyes resulting from

the labeling of Glycogen(O) by-dyrenebutyric acid or -hapthalene acetic acid. Since the
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fluorescence emission of naphthal@verlaps the absorption of pyrene, naphthalene and pyrene
are often paired up as a FRET donor and acceptor, respectively, to study intermacromolecular
interactions®*¢The efficiency of FRETHgrer) increases strongly, when the distance separating
the acceptor from the donor decreases. FRET was applied to investigate how naphthalene and
pyrene covalently attached to glycogen were distributed in the glycogen molecules. Since glycogen
molecules are kown to be very dense, dye labeling might not occur throughout the interior of
glycogen but might be limited instead to the periphery of glycogen due to its compact nature. To
assess whether the dyes were confined to the surface of glycogen, a mixtuemefgheled (Py
Glycogen) and naphthalefebeled (NpGlycogen) glycogen molecules were dispersed in DMSO

and induced to aggregate by addition of water, which is a poor solvent for naphthalene and pyrene.
Upon aggregation of the particles, a low and Iigker was expected, if the dyes were distributed
throughout the interior or confined to the surface of glycogen molecules, respectively.

Dextran was selected as a control for the FRET experiments, since dextran adopts a random
coil conformation in DMSG/where all AGUs should be accessible for esterification. A dextran
sample was labeled withdyrenebutyric acid or-haphthaleneacetic acid to yield the Pgxtran
and NpDextran samples, respectively. Aggregation of the fluorescently labeled dextraesampl
induced by adding water to the dextran solutions in DMSO should result in &kargesince all
dyes should be able to interact with each other, thus providing a benchmark against which the
Errer Of the glycogen samples could be compared.

Solutions of 2 (+0.1) mg/L naphthalendabeled polysaccharides (Np5) and0.3 (x£0.1)

mg/L pyrenelabeled polysaccharide (FBS) were prepared in DMSO and the solvent quality was
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adjusted by progressively changing the solvent composition of DMSO:watéures from a
100:0 to a 10:90 ratid he severfold larger concentration Mp-PScomparedo Py-PSwasmeant

to maximize interactions between MRS and PyPS, while minimizinginter-particular
interactionsbetweenPy-PS In pure DMSQ where both dyes d@nPSs were soluble, the
macromolecules were solvated and were not expected to show any interactions at the minuscule
mass concentrations used for the FRET experiments. The fluorespeute obtained for two
separatalispersios of 0.3 mg/LPy(6.8)Glycogen(O) and 2.2 mg/L Np(12&lycogen(O) in

DMSO excited at 293 nrare shown in Figure 38
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Figure 3.2. A) Fluorescence spectra of the individual dispersiol == ) Np(126)}Glycogen(O)
and ¢--) Py(6.8}Glycogen(O) in DMSO and B, = ) the fluorescence spectra of the mixtu
of 2.2 mg/L Np(126)Glycogen(O) and 0.3 mg/L Py(6-8lycogen(O) in DMSO with-{-) the

sum of the two individual spectra shown in Figure 312A= 293 nm.

The very low pyreneontent of Py(6.AGlycogen(O) and its sevenld lower concentration
compared to Np(126%lycogen(O) with a much higher naphthalene content and concentration
resulted in the very weak fluorescence observed for the Py&by8pgen(O) sample in Figure

3.2A. Summing the individual fluorescence spectra of Np(@2Krogen(O) and Py(6.8)
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Glycogen(O) shown in Figure 3.2A resulted in #anefluorescence spectrum as that obtained

for a mixture of 2.2 mg/L Np(126klycogen(O) and 0.3 mg/L Py(6-8lycogen(O), onfirming

the absence of FRET between the two samples. Similar results were obtained for the fluorescently
labeled dextran samples as shown in Figure S3.4 in the SI.

As water was added to the M& and PyPS mixtures, the hydrophobic naphthyl and pyrenyl
labels became less soluble leading to the aggregation of #HRSNmd PyPS samples, which
promoted interactions between the naphthyl and pyrenyl labels, that resulted in FRET. This was
indeed observed in Figures 3.3A and B for the dextran and glycog@tesanespectively, where
the strong decrease in the fluorescence of naphthalene between 330 and 345 nm was accompanied
by a strong increase in the fluorescence of pyrene between 370 and 410 nm as water was added to
DMSO. It is worth noting that the condeattion used for the NPS and PyPS samples, whose
spectra are shown in Figures 3.3A and B, were the same as those used in Figures 3.2 and S3.3,
where the fluorescence of &6 was hardly visible. In order to assess the efficiency of FRET
(ErreT), theintensity at 340 nmifs0) and 379 nmlgrg) were selected to represent the fluorescence
of the naphthalene and pyrene monomer, respectively. The 340 nm wavelength was chosen for
naphthalene, so that it would not interfere with the Raman scattering peadtesfat 330 nm.

Upon aggregation of the fluorescently labeled polysacchaligie®f the NpPS decreased with

increasing water content, whilgrgincreased as shown kigures 3.3A and B.
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Figure 3.3. Fluorescence spectra of A) the mixture of 2.1 mg/L of Np([3¥tran and 0.2
mg/mL Py(12.8)Dextran and B) the mixture of 2.2 mg/L Np(1ZBlycogen(O) and 0.3 mg/L
Py(6.8}Glycogen(O) in different DMSO:water mixtures. C) Plots of FRET efficiency fo(@®he

dextran and@) glycogen samples as a function of the water content. The lines were drawn to

guide the eyes.ex= 293 nm.

Like pyrene, naphthalene can also form an excimer, whose fluorescence centered at 390 nm
is broad and structureless (see Figu@AR Upon addition of water to the DMSO solutions,
aggregation of th&lp-PSled to increased excimer formation, which overlapped the emission of
the pyrene monome€onsequently, the emission of the naphthalene excimer interfered with the
emission ofthe pyrene monomer at 379 nm. Equation 3.7 was introduced in an effort to account
for this interference, where the ratigzp/134q"* is obtained for the NfS solutions and the ratio
[137d1340] RET is obtained for solutions of the NpS and PyPS mixtues. Due to the much lower
absorption of the PPS sampledgso takes a same value for solutions with or withoutHS/and
is used to normalize the fluorescence intensity at 379 nm after accounting for small experimental

variation in the absorbance of thelutions. If no FRET occurslsfdlzad ™ ET equals [379/13a0]"P
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and Errer equals 0, whereas strong FRET vyields ratles/[3ad ™" >> [I37d/13aq P resulting in

Errer~ 1. The results of this calculation are shown in Figure 3.3C.

?|379 g
€ y RET
E = e|34o u ébggs (7)
FRET — N FRET Ab%\]p
€l 479 93
& u
e'za0 U

A large increase ikrreTWas observed in Figure 3.3C, when the water content increased past
20 and 30 wt% in the dextran solutions and glycogen dispersions, respeé&iwehapproached
90 % for dextrann a 10:90 DMSO:watemixture, whileit remained at 20 % for glycogen. The
much lower Erret Obtained for glycogemeflects the structural difference betweehe two
polysaccharidesSince @xtranis randomly coiled in DMSO and wat&rall dyesfrom the
fluorescently labeled dextran sampltEsuld undergo hydrophobic associations with each other
upon addition of water, resulting in strong FRIEN the dber handpnly thefluorophoreslocated
at the periphery othe glycogen molecules were expected to undergo hydrophobic associations,
while the fluorophores inside the glycogen moleculesould not. This explains the loweErrer
obtained for the glycogenspersions compared to the dextran solutions.

The much weaker FRET observed for glycogen could also be the result of having glycogen
undergoing some larggcale rearrangement to bury some of its peripheral hydrophobic dyes into
its interior, where they wodlbe inaccessible for FRET. While these lasgale rearrangements
would reducderreT, they would also suggest a fairly mobile peripheral tier, that would easily allow
penetration of the glycogen interior by the much smaller dye derivatives used footiesdence
labeling. Consequently, th&ret results shown in Figure 3.3C suggest that the fluorescent labels
of dextran are fully accessible resulting in a 98&%erfor a 10:90 DMSO:water mixture, whereas

the same solvent composition results in a 2B/t for the glycogen samples, indicatingtta
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substantial fraction of the dyes are located in the interior of glycogen and that the glycogen
molecules were fluorescently labeled throughout their interior.

SteadyState Fluorescence of Rylycogen SampledAfter having established that the pyrene
labels of the PyGlycoger{O/C) samples were randomdistributead throughout the interior of the
particles, their fluorescence spectra were acquiree normalizedluorescencepectra of the Ry
Glycoger(O) and PyGlycogen(C) dispersionisa DMSO are showin Figures 3.4A and S3.4 in
SI, respectivelyThe typicalspectraffeatures expected from the fluorescence of a py+aheled
macromolecule in solutiomre observedor the Py-Glycoger{O/C) dispersionsThe pyrene
monomeremitted sharp bands between 370da420 nm while the excimershoweda broad
structureless fluorescencentered at 480 nnThe emission of thexcimer relative tdhat of the
monomer increaskwith increasingoyrene contenn Figure 3.4A due to increased pyrgngene
encountersThese effects could be quantified by plottingligiby ratio obtained for both glycogen
samples as a function of pyrene content in Figure 3.4B.

The Ie/lm ratios for the PyGlycogen(O/C) samplesverlapped suggesting that both
glycogen samples generated excimer with the same efficiency. The incre&gby invith
increasing pyrene content has already been reported forpyttegrelabeleda-(1,4) polyglucans
such as amylosand amylopecti#f and thdg/Im ratios of these samples are also shown in Figure
3.4B. For a same pyrene content, the RHi€iency increaseth the order of amylose, amylopectin,
and glycogen Interestingly, this trend parallels the known degree of branching of these
polysaccharides, with linear amylose having the lowest PEF efficiency, amylopectin with a
branching frequency of one branch point per ~20 ABuislding an intermediate PEF effagicy,

and glycogen with a branching frequency of one branch point per ~108%f@blsrating excimer
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most efficiently. The trends shown in Figure 3.48r the different PyPSs suggest that PEF is
sensitive to the internal structure of a given polysaccharide, which could be a valuable feature to
assess the nature of polysaccharides from their PEF response after pyrene labeling. However, PEF
appears to rtdoe sensitive enough to distinguish between two polysaccharide samples of different

origin such as the glycogen samples obtained from corn and oyster.
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Figure 3.4. A) Fluorescence spectra of ¥8tycogen(O) in DMSO and B) plot of the/llv ratios
of (solid line) PyGI ycogen from (0) oyst er -Amylopectih,z:nd
(T, dot t-Aanglose in DMSPD asPayunction of pyrene content. Lineseveeided to guide

the eyes[Py] = 2.5x1F M, e 2346 nm.

All Ig/lm-vs-pyrene content profiles showed substantial curvature, when extrapolated to the
origin. This curvature reflects the fact that PEF is a localized process, that requires that two pyrenyl
labels be within ~ 2.5 nm from each other. At low pyrene content, pyaenyl groups are isolated,
do not form excimer, and the resultirgm ratio is lower than expected. Consequently, a minimum
pyrene content must be reached to allow all pyrenyl labels to undergo PEF. Above this critical
pyrene content, a more linear iease in thég/Iv ratio is obtained as a function of pyrene content.

This behavior is a direct consequence of the Poisson distribution of the pyrene labels among the
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blobsdefining the macromolecule, which is better handled by analyzing the fluoreseaayes d

of the PyPS samples as described in the following section.

Timeresolved fluorescenc&he analysis of the fluorescence spectra shown in Figure 3.4 provided
some valuable, although qualitative, information on the PEF efficiency for the different
polysaccharides. Howeveryantitative structural and dynamic informatiamoutpyrenelabeled
glycogen molecules can only bbtained by applyinthe FBM to the analysis of the fluorescence
decays acquired with dispersions of the®ycogen(O/C) samples IDMSO. The global FBM
analysis of the decays resulted in good fits as can be seen in Figure S3Asidé&dcribed in the
Experimental section, the FBM analysis of the decays yieNggsi*® andfagg Which were plotted

as a function of pyrene contentkigures 3.5A and B, respectively, for the-Blycogen(O/C),

Py-Amylose, and PyYAmylopectinsamples in DMSO.
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Figure 35 Plots of A) Nuob™*® and B) fggas a function of pyrene content.-Bjycogen samples

from (f ) oyster andi( ) corn, ¢ ) Py-Amylopectin and{ ) Py+-Amylose.

Within experimental erroMlwior™® remained constant as a function of pyrene content for
the four polysaccharides, yielding a vakon™P>, after averaging over all pyrene contents of a

given PyPS series, equal 84 (+2), 33 (£2), 18 (x2), and 10(x1) for Py-Glycoger(O), Py-
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Glycogen(C), Py-Amylopectin®® and PyAmylose3® respectively. As earlier studies have
indicated?®393%N,u>P> represents the maximum numbeA@GUs separating two pyrenyl labels,
while still allowing PEF. The Mion™> value of 10 AGUs found for the PAmylose constructs
demonstrated that linear amylose adopted a helical conformation in DMSO and represented the
number of AGUs, that were involvéar intrahelical PEF? The larger #bion®®> value of 18 found
for amylopectin was attributed to interhelical encounters between pyrenyl lalzelkedtton
different oligosaccharide helices close enough to enable PEF. This observation led to the proposal,
that the arrangement of the oligosaccharide side chains of amylopectin in solution obeyed the
SolutionCluster model, whereby clusters of shorgoBaccharide side chains were connected to
each other by longer oligosaccharide segm@rithiese conclusions were drawn by conducting
molecular mechanics optimizations (MMOs) with HyperChem to determisiéico the number
(Nbion™®9) of AGUs separating two pyrefabeled AGUs, that would result in good pyrgneene
overlap, and thus efficie®EF. Assuming that the single helices generated by amylopectin would
form clusters in solution corresponding to an array of 37 helices arranged in a HCP lattice, an
interhelical distancedg-n) of 3.2 nm was determined in ChapteBased on these eanlgsults, the
much larger &iop™P> value of 34 (x2) found for both glycogen samples in dilute dispersions
suggested that their helical oligosaccharide side chains would be even closer than for amylopectin
with <Npiop™P> equal tal8 (£2), thus resultingri stronger PEF between pyrenyl labels located on
different helices. This conclusion agrees with the trends obtained with/ltheatios in Figure
3.4B, which indicated that the most efficient PEF was obtained for the glycogen samples.

The higher degreefdranching in glycogen results in a denser interior for glycogen

compared to amylopectin. Using the MHS parameiers 0.22 mL/g anda = 0.34 found for
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amylopectin in DMSG® an amylopectin sample having the saMg of 4.1310° g/mol as
Glycogen(O) would have ami] value of 39 mL/g compared to that of 9.1 mL/g found for
Glycogen(O). The much largefy][ value foundfor amylopectin illustrates how much denser
glycogen is compared to amylopectin and rationalizes vMye2*> takes a much higher value

for the glycogen samples. Furthermore, macromolecules, that adopt a helical conformation like
amylose in DMSO, have ba shown to produce more pyrene aggregates upon ghategieng

due to the more compact substrate provided by the polysaccharid® AglexPyGlycogen(O/C)
samples were found to generate pyrene aggregates in the same manner as amylose and amylopectin
in DMSO as illustrated by the molar fractigg of aggregated pyrenes pied as a function of
pyrene content in Figure 3.5B, which was similar to that of amylopectin and amylose. This result
was attributed to the compact helical nature of the side chains of glyedgeh,brought pyrenyl

labels closer to each other.

Molecular Mechanic Optimizations In order to relate the Npion™> values obtained
experimentally for the Rglycogen(O/C) samples to the conformation of their inteMiviOs

were performed with HyperChem on short dodecaglucose oligomers, that were labelecowith tw
PyBAs. The published structure of a single maltoheptaose hatix 6-7 residues per turn
complexed withglycogen phosphorylasé‘avas imported in HyperChem and was used to build
oligosaccharide helices wifl and 2 AGUsto match the side chain length (SCL) of giygcogen

from oyster and corn, respectiveRheside clainsof glycogenare unlikely to form double helices

in solution as they are considered to be tsbort?°Since the primary G8ydroxyl was less
sterically hindered and is more nucleophilic than theh@@oxyl,** PyBA was covalently

attached to the CGBydroxyl of the AGUs, when it was accessible in the oligosaccharide helix.
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When the Céhydroxyl was not accessible for pyreladeling, the Czhydroxyl of the AGUs was
labeled with PyBA, since it has been found tonb@re reactivehan the Caydroxyl*? These
MMOs differed from those conducted earlier with amy®se with the side chains of
amylopectir?® where the PyBA label was solely attached to theh@®oxyl of the AGUs, as the
C6-hydroxyl was found to point toward the center of these long helices. In the much shorter
oligosaccharide side chains of glycogen, theh@éroxyls of the top 8 AGUs in theshort helices
were accessible, which justified the selection of theh@roxyl for PyBA labeling.
IntramoleculaPEFwasfirst consideredvith an oligosaccharide helix made of 12 AGUs
The reference pyrene was attachethw C6hydroxyl of the first AGU located at the top of the
helix. The secondary pyrene was attached onto the next AGU on the same helix. The two pyrenes
were induced t@ome within 0.34 nm from each other amcerlapand the number of carbons of
one pyrene overlapping the frame of tekeand pyrene was determined to equal 8 and was reported
in Figure 3.6A for residue #2As mentioned earlier, successful PEF occurs when 7 or more
overlapping carbons are obtain®d® The largest number of AGUs separating two pyrene labels
while still allowing PEFwas taken ablpiob,intra"®°. Based on the plot shown in Figure 3.6A, where
the reference pyreneas attachetb the Céhydroxyl ofthe first AGU the reference pyrermmauld
form excimersuccessfullywith a numbeiN, = 8 AGUslocated on the same side of the reference
pyrene In this caseNbiob,inra"® was thereforeNo+1 = 9, whereone AGU was added th, to
accountfor the AGU bearing the reference pyrenehe MMOs were repeateldy changing the
position ofthereferenceyrenylfrom the first to the last AGElong the helix, one AGU at a time
andNinra piot"°was determined for all the residues along the oligosaccharide helix and plotted in

Figure 3.6BThis plot indicated that the location of the reference pyrene did not have much impact
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on theNbiob Value. Consequently, thdio,inra"° values were averagl for all the positions of the
reference pyrene to yieldNgiob,inra"*%>, whose value depended on the SCL of the oligosaccharide
helix as shown in Figure 3.6CNgiob,inra"%> did not change much with helix SCL, taking values
of 8.3 (x1.3)and9.1 (x1.5) AGUs for SCLs made of 10 and 12 AGUs corresponding to the side
chains of glycogen obtained from oySt€rand corn;® respectively.

The Noiob,inra™® values of 8.3 and 9.1 AGUs for SCLs made of 10 and 12 AGUSs,
respectively, were shorter than those obtained for an infinitely long helix such as for amylose,
where PyBA was attached onto the-B&iroxyl for which Noiobintra™® equaled 1F° This
difference inNbiob,inra™°is substantial, since PyBA was mostly attached onto they@foxy! of
the short helices used for glycogen, and thus had a longer 5.1 nm reach compardd6tarie
reach for PyBA attached onto the-@¢droxyl for the longer helices used for amylopectin (see
Figure S3.6). This difference Moiob.intra"*°also illustrates how end effects afféion for shorter
oligosaccharide helices, where a pyrenyl labehted at one end of the helix senses fewer pyrenes
than a pyrenyl label located at the helix center, thus resulting in a sMaflesra"*°value. Since
intrahelical PEF resulted iNbiob,inra®° of ~8.7 AGUSs, interhelical PEF must be substantial in
glycogen for #pion”®> to equal 34 AGUSs.

Additional MMOs were conducted to assess the contribution of interhBlEalTo this
end, an hexagonal array of 7 oligosaccharide helices was createdvasirsiiagure 3.7A with a
primary helix(O) at the centesurroundedy six adjacentelices(l i VI). The position of the six
adjacent helicewas defined by the anglesand 7 and the distanceén.n as shown in Figure 3.7A.

d representedhie anglebetween thec-axis defined by the line joining the centers of Helices IV
Oi I and the line joining the centers of Helix O and Helixltepresentede relative orientation

of anhelix with respect to the theaxisanddnn was the interhelicalistanceseparating two helix
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centersThe six helices were placedaat anglef= 0, 60, 120, 180, 24@nd 307 and at a distance

dn-n from each other
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Figure 3.6. A) Plot of the number obverlapping carbons as a function of the position of the
AGU bearing the secondary pyrene label away from the reference pyrene attached on a single
oligosaccharide helix made of 12 AGUs. The dash linagiqdicates 7 overlapping carbons
reflecting succesful PEF. Plot of <Nob,inra"°> as a function of B) the position of the reference
pyrene when SCL=12, where the dotted line indicates thessNa"*> values after averaging

over all positions taken by the reference pyrene, and C) the SCL bfjasagccharide helix.

Nbiobintet"°Was determined as a functiondaf by considering thaPEF occuredbetween
two pyrenyl labels attached on two different helices. The reference pyrene was attakletid on
O of the hexagonal array and the second pyrene was attached on one of the adjacent helices. The
first series of MMOswas conductedt f = 0° with adn.n of 1.8 nm. The paition of the reference
pyrene vaschanged fronthe first to the twelfth AGU of the helix, one residue at the tiRoe.
each reference pyrene attached on Helixh® secondary pyrene wattachednall the AGUs of

one of the sixadjacent heties, one AGU at a time. The primary and secondary pyrenes were
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induced to overlap and the extent of overlap between the two pyrenyl labels was determined. Those
pyrene pairs, that would yield seven or more overlapping carbons, were inclubdedalculation
Of Niiob,intef™®° Nbion"®°was calculated by addintNsiob,inra"®%> provided in Figure 3.6C for a given
SCL and Nbiob,intei™®, after averaging th&lion,intef"*® valuesobtained for all reference pyrenyl
labels As long as the reference pyrene was attached to a sarne CBhydroxyl, Noion"*(C2/C6)
remained more or less constant regardless of the location of the reference pyrene as shown in
Figure 3.7B.

The results obtained in Figure 3.7B had the followinglicagion. If the Xpyrenebutyroyl
group was attached onto a-@gdroxyl for the first 8 AGUs and the $AGU, Npior"®qC6) took
a similar value of 39.6 (£2.5) regardless of the reference AGU. Similarly, ifplyeehebutyroyl
group was attached onto t@&@-hydroxyl of the &', 10", or 12" AGU, Npion"*{C2) equaled25.3
(x3.1) regardless of the reference AGU. ConsequeMtiOs were conducted as a function of
dn-n where the referencefdyrenebutyroyl group was attached on thet@@roxyl of the first AGU
at the top of the oligosaccharide helix and on thén@®oxy! of the 9 AGU on the middle of the
oligosaccharide helix. As shown in Figures 3at@ S3.7A in SINpiox"®(C2)was substantially
lower when the reference pyrene was attached on tHey@®xy! of the 9 AGU compared to
Nbion"®{C6) when the reference pyrene was attached on tHey@®xyl of the  AGU at the
lower dhn values forSLC = 10 and 12, respectively. TNgion"®(C2/C6) valuewas affected by
the nature of the hydroxyl used to attaloh pyrenyl label, since attachment on theh@gdroxyl
resulted in a shorter reach for the pyrenyl label than attachment on-thel@&yl. Furthermore,
shorterdnn led to thesegregatiorof the pyrene labelsattached to the CRydroxyls of the short
oligosaccharide helicebgtween the interhelical voids of the lattice, which preveNigg"®qC2)

from increasing past 30 AGUm contrast, the pyrenyl labeddtached to a GBydroxylat the end

104



of the helices could not be segregated and smdlerfavored interhelical pyrempyrene
encounters, thus resultingtime continuougncrease ifNbion "*(C6) with decreasingh.n shownin

Figure 3.7C In fact, a reference pyrenyl label located at the tip of a short oligosaccharide helix
could interact withsecondary pyrenyl labels attached on all six adjacent kelioecontrast, a
reference pyrenyl labelttached to the GBydroxyl of the ' AGU of the Ghelix experienced
limited number ofinter-helical interaction, asit could onlyinteract withpyrenyl labels attached

to four neighboringhelices at the shortedh-n. Figure 3.8illustrates these considerations by
comparing the enhanced reach of a pyrenyl label located at the end of a helix with that of a pyrenyl
label locatedn themiddle of a helix. Attaching the reference pyrenyl at any of thehgéroxyls

of the 8 accessibleGUs at the top of the helix iigure 3.& favors its encounter with secondary
pyrenyl groups located on the othezlices A good overlap between two pyrenyl labels is more
difficult to achieve in Figure 3.8B, when the pyrenyl labels are attached 2#hgdtoxyl, as they
meander their way around the oligosaccharide heligs ™ of glycogen was calculated by
averaging thé\pion"*q{C2/C6) values in Figures 3.7C and S3.7A over the contributions of the C2
and C6hydroxyls generated by the AGUs islaort oligosaccharide helixirge the side chain of
Glycogen(O) particles were made of 10 AGUs, with tweh@8roxyls on the 9and 16" AGUs

and eight Cénydroxyls on the 8 other AGUs\bion®° reflected the contribution of the €6

hydroxyls more thathat of the Czhydroxyls in Figure 3.7C.
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Figure 3.7. A) lllustration of an array of 7 hexagonal close packed hel@eBlot of Nyion"®°at /

=0Pas a function of the position o-fantdh g-0r) e fCebr
hydroxylsfordnn=1. 8 nm. Qoo | Ca2t) Nnod TS Where the reference pyrene

is attached at the G2ydroxyl of the 9 AGU and at the Giydroxyl of the F*'AGU, respectively,

and (solid line)Npion"° averaged over the eighlbion"*{C6) and twoNu0n"®YC2), for glycogen

with SCL=10, as a function af.n D) Plot of Npiou"° as a function ofihn for glycogen with
SCL=10 (0, solid lIline) and (3, dashed | ine) a

Lines were added to guide the eye. E) Pldugd"*{C6)as a function oflh.» for glycogen with

SCL=10,aland(3)) =30C.The line represents tiyon"*°averaged for thBlyo"{C6)

values obtained with the Helix #0 orientaty = 0° and3CF.
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The MMOs for amylopectin were conducted with pyrenyl labels attached on the C2
hydroxyl of the AGUs as th€2-hydroxyl is more accessible for labeling with PyBA than the C6
hydroxyl, which pointed toward the helix interior. A consequence of dealing with a HCP lattice
of infinitely long helices, as was used for amylopectin, was that the reference pyrene ¢puld on
interact with a secondary pyrene attached on 3~4 helices. Although interhelical interactions
involved a smaller number of helices for the MMOs conducted for amylopectin compared to
glycogen, the twice longer helical side chains of amylopectin compartémbse of glycogét!
implied that eneeffects were more prominent for glycogen than for amylopectin. Sinceféaul
reduce the number of interactions between pyrenyl labels, it explainSpwkff°was smallefor
glycogen than for amylopectin in Figure 3.7D.

The influence othe anglef on Npion"®° was investigated for values of @nd 30, while
keeping the reference pyrene on the-t@6roxyl of the first AGU of Helix O.Npion"®° was
determined for th&lycogen(O) samplavith a SCL=10using f values equal t® and 30 and it
was plotted as a function ofln in Figure 3.7E The plot of Nuon™° representative of the
Glycogen(C) samplerith aSCL=12 was also determineat f =0 and 30and was plottedh Figure
S3.7Bin Sl. TheNuon"°values obtained fof = 0 and30° weresimilar suggesting thatipion"s°

did not depend much on tifeangle for these short oligosaccharide helices
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Figure 3.8. lllustration of the ability of two pyrenyl derivatives to overlap when they are

attached on one AGU located in the F'turn or B) the middle of an oligosaccharide helix.

Density Distribution ofhe Glycogennterior: As confirmed by the FRET experiments, the pyrene
labels were most likely distributed throughout the glycogen interior. ConsequentlipEffe
experimeits were expected to probe the entire glycogen molecules. The average number of
groundstate pyrenes pdilob, <n>, which was retrieved from the FBM analysis to determine
<Nbiob P>, reflects the local concentratioRy]ioc Of groundstate pyrenes experienced by an
excited pyrene throughout the entire glycogen molecule. However, since the local density (
changes substantially with the distance from the center to the periphery of the glycogen particles
whether one uses tideléndezHeviamodel® or the Gilbert® model, Py]ioc changed also with

the distancer] from the centre of mass. As a resultls,™"> represents thiiob value averaged
throughout a glycogen molecule for the differe(r) values obtained at different distances from
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the center of mass of the glycogen particle. To reldlig2*> to Npion"®Ydn-n) in Figures 3.7E

and S3.7B in the SNbiov"Ydhn) had to be first converted to the functiblpon"*q7). This was
accomplished by changind.n into r by using Equation 3.8, derived for a HCP lattice of
oligosaccharide helices resulting in the functidn,"®Yr) shown in Figures 3.9A and S3.8A for
glycogen with SCL=10 and 12 AGUs, respectively. The empirical Equations S3.14 and S3.15 were
then applied to express the functiNpo,™Yr) for glycogen with SCL=10 and SLC=12 AGUs,
respectivelyA single helix with 7 AGUs per turn was used to represent a side chain of glycogen

and the heighty, increased by 0.88 nm per turn, as determined by the MMOs.

o 2,
n,.,3M al ¢

/= AGU 0 3 . 38
sin(60 ¥ h °N, od , - (38)

<Nbiot?®> could then be compared td\sn"®% after integratingNoion"*{7) over the entire

glycogen particle volume according to Equation 3.9.

R
Y (1) Ny ( 5 % rpdr
<Nygy > & (3.9)

R

iy ()3 4 pidr

Two possibler(r) profiles were considered in Figure 3.9B. The first profile was based on
theMeléndezHeviamodel, whereby (r) increased continuously from the center to the pheriphery

of the glycogen particles.
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Figure 39. Plots of (A) Nuiot™q7) as afunction of local density {) when SLC=10 and (B)
r profiles and (C)Npion™°of a glycogen molecule as a function ofaccording to de == ) the
MeléndezHevia model, (=) the modifiedMeléndezHevia model, and =) the function

I mad explar) with rmax= 1.1 g/mL, a= 4.3x1® and b=5 in Equation 3.10.

TheMeléndezHeviamodel is a mathematical representation of the Tier model, which predicts
an increase in(r) from the core to the periphery of a glycogen particle, and provides a theoretical
means to describe(r) with r representing the distance from the center of the glycogen particle
assumed to adopt a spherical geom&ttyThe local density in each tiewas calculated by taking
the mass in each tier and dividing it by the volume of the tier. Talfioigeach tier a¢ tt, where
tt is the tier thickness defined in Equation 3.5 and equal to 1.61 and 1.86 nm for glycogen from
oyster and corn, respectivetire functions (r) could be determined, which led to th@) profiles
shownin Figures 3.9B and S3.8B, which were plotted according to the empirical Equations S3.14

and S3.15 in the Sl for the glycogen patrticles with SCL=10 and SCL=12 AGUSs, respectively.
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According to ther(r) profiles in Figures 3.9A and S3.8A(r) values lower than 0.2 g/mL would
result in adnh larger than 3.4 nm, where interhelical PEF could not occuNagi®°took a value
of 8.1 and 9.1 for glycogen from oyster and corn, respectively, which corresponded to
intramolecular PEF.

Now thatNpion"®q7) andr(r) had been determined for theeléndezHeviamodel, the radius
(R) of the glycogen particles needed to bireated in order to calculatéNsion "% with Equation
3.9. The determination dR required special care due to the exponential growthr efith
increasing . AlthoughR» was reported in Table 3.1 to equal 18.1 and 23.5 nm for glycogen from
oyster and cm respectively, an error of 1.61 or 1.86 nm in thesealues, equivalent to a tier
thickness t) and representing less than 10 %=efcould be viewed as reasonable at first glance.
Yet it would represent a much more significant 100 % errdvlinsince half of the mass of a
glycogen molecule is located in the outer tier according td/fsiéndezHeviamodel. InsteadR
was determined with Equation 3.10, whteequaled 4.1 and 830° g/mol for the particles of
glycogen from oyster and corn, respectively. According to the func{rgrshown in Figures 3.9B
and S3.8BR was found to equal 18.1 nm and 22.1 nm for glycogen from oyster and corn,
respectivelyThese values were close t@f, of 18.1 and 23.5 nroalculatedwith [/4] andMnfor

glycogen from oyster and coamd reportedh Table 1 respectively

M. :r:ﬁr(r) % pdr (3.10)

r=0

With Noios™9(r), 7(r), andR known, Nsiov™®% could be calculated with Equation 3.9 and was

found to equal 24 and 27 for glycogen from oyster and corn, which was significantly lower than
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<Nbio™**> equal to34 (+2) and33 (+2), respectively. While this analysis according to the Tier
model yields 0%, that is significantly lower thanNgio,™P>, a number of other factors would
need to be taken into further consideration before concluding thaflélendezHevia model
canrot rationalize the PEF measurements.

One possible reason for the discrepancy betwégpp2e®> and Npios™"> could be thar (r)
predicted by thMeléndezHeviamodel in Figure 3.9B represents an apparent deingitye lower
tiers, that underestimates the actual density experienced by the branched oligosaccharide side
chains, and thusPjyjioc, Since the pyrenyl labels are attached onto the side chains, arg final
Nbion®°. For instance, Figure 3.9B shows that @3 approaches 0.2 g/mL &t 15 nm Npion"*qr)
forr < 15 nm in Figure 3.9C equals 8.1 corresponding to intrahelical PEF. HoweiXgsaf(r)
of 8.1 wherr(r) < 0.2 g/mL for a given tier is based on the assumption, that the side chains in that
tier are homogeneously distributed throughout the volumehef tier. Unfortunately, this
assumption is unlikely to be obeyed since all the side chains are connected to each other via
multiple branching points and tlala.n experienced by the side chains is likely to be shorter than
thednn predicted by Equation.8 for an apparent(r) being less than 0.2 g/mL. Instead, the side
chains in the inner tiers of a glycogen molecule are clustered wiith, #hat is shorter than 3.4
nm, and result in a larg&bion"q7) in these tiers due to interhelical PEF. A largon"q7) in
the inner tiers, than that represented in Figure 3.9C, would result in a Ibeggl> for glycogen.

While the density experienced by the clusters of side chains in the inner tiers of a glycogen
molecule might be larger than the apparen}, which would lead to largerNson"®® values, the
clusters will also create edge effects, whereby the pyrehglddocated on the peripheral side

chains of a cluster will not be able to undergo interhelical PEF, thus red\gdefY(r) in that

tier. The decrease MNwion™q ) due to edge effects can be accounted for by applying a reduction
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factor, that wouldlecrease with decreasing number of side chains in a cluster, by considering the
edge effects identified earlier in Chapter 2 for clusters of side chains in amylopectin.

In an attempt to assess how the clustering of side chains and the tiedéfectgegenerated by
these clusters in the inner tiers of glycogen molecules might affég,%%, the following
procedure was applied. The clusters were assumed to be constituted of a nggtpenlculated
with Equation S3.18 in each tifrof oligosaccharide helices with a fixédn, whose values are
listed in Table 2. Thesedhn were associated with a@bion™° obtained for an infinite array of
oligosaccharide helices in Figure 3.7E. In tiNpen"° decreased with decreasing tier numhee d
to the edge effects of the clusters, which became more importagt(§sdecreased toward the
center of the glycogen particles. Plots of the corresponiimg™qr) functions obtained by
assuming differentl.n in the clusters are provided in FigsrS3.10A and B in Sl for glycogen
from oyster and corn, respectively.

Decreasingl.» in Table 32 led to increasing Mpion "% values approachingNgios™"> for dn-
equal to 2.2 nm, which would correspond to a density of 0.51 g/mL, that would be experienced by
the side chains in the inner tiers of the glycogen parti€less (r) predictedwith adn.n of 2.2 nm
in the lower tiers, referred to a@s(r) and plotted in red in Figure 3.9B,significantly higher than
ther(r) of the MeléndezHevia model in Figure 3.9Bor r values smaller than 15 nrivhile
ro(r<15 nm) would equal 0. 51 g/mL fodan equal to 2.2 nm anaould belarger than theensity
of 0.28 g/mL found earlier forclustersmade of 37oligosaccharide helad side chainsn
amylopectir?® the densityof 0.51 g/mL found for glycogen particleis reasonableonsidering
that the degree of branching of glycogen is twitat of amylopectif In fact, the plot of the

densityro(r) predicted from a combination of PEF measurements and the MelEledez model
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suggests that the density experienced by the side chains in the interior of the glycogen particles is

significantly larger than the predicte¢r) at the center of the glycogearticles.

Table 3.2. The <Nbiot™% resulted with different.n.

glycogen from oyster Phytoglycogen
(SCL=10 AGUs) (SCL=12 AGUs)
dn_n, NM r, g/mL Nblob, r <Npiob"*%> Nblob, 7 <Npiop "%

3.4 0.21 8 24 9 27
3.2 0.24 11 25 12 26
3.0 0.27 14 25 15 27
2.8 0.32 17 26 18 28
2.6 0.37 21 27 22 29
2.4 0.43 28 30 29 32
2.2 0.51 31 32 32 33
2.0 0.62 34 34 35 35
1.8 0.76 37 36 38 37
1.6 0.97 42 40 43 41

Contrary to théVleléndezHeviamodel, recent Mont€arlo simulations have suggested that
r(r) for glycogen reaches its maximunrat O nm near the center of the glycogen parfitEhis
representation of the glycogen particles is referred to as the Gilbert model. Equation 3.11 was
considered to represent this differert) profile, that would decrease from the centeithe
periphery of a glycogen particle. Assumingnaxvalue of 0.8, 0.9, 1.0, and 1.1 g/mL led to a set
of a andb parameters, that would satisfy the condition given by Equation 3.10, Whered R,
took the values listed in Table 3.1 for the GlycogefQdarticles. Errors oR, are much less
critical with the Gilbert model, where(r) takes its smallest value close to the periphery of the
particles. The boundaries of 0.8 and 1.1 g/mL were set.fgs sincermax values lower than 0.8
g/mL would fail to yield dNpior"*% values that would matchNsioe™">, and armax of 1.1 g/mL

represents adnhn of 1.5 nm, which is the closest distance, that single oligosaccharide helices can
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reach before distorting each otheorthe different fmaxa,b) combinations tried with a givemnax,
only one combination would result ifNsio,®%> calculated with Equation 3.9, that would match
the Npiob™P> values asshown in Figures S3.11B and S3.12B. These uniqugada,b)

combinations are listed in Table33.

F(1)= fu ®XP(ar°) (3.12)

The optimizedr(r) profiles obtained fothese fmaxa,b) combinations were plotted in
Figures S3.11C and S3.12C, of which the profile obtained with.af 1.1 g/mL for Glycogen(O)
is shown in Figure 3.9B. The correspondigynqr) obtained by combining Figures 3.9A and
B is shown in Figte 3.9C. The (r) profiles shown in Figure 3.9B and S3.8B describe the glycogen

particles as having a dense core with a much lesser dense corona as suggested by the Gilbert

modef? and found by SANS experimertts.

Table 33. (rmaxa,b) combinationgielding <Npion"%> matching piop™>.

Glycogen from Oyster Phytoglycogen
Mn=4.1x 10 g/mol n=8.5x16 g/mol
"' max, g/ml_ b a a
0.8 12 4.00E14 2.15E15
0.9 8 1.51E09 2.17E10
1.0 6 3.00E07 7.00E08
1.1 5 4.30E06 1.29E06

In summary, two density distributions for the interior of glycogen particles were considered
and optimized to yield Moon"®% values, that would matchNgios™">. The two optimized density

distributions are similar with both suggesting that the density experienced by the side chains
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located at the center of the glycogen particles should be much higher than the density inferred from

the MeléndezHeviamodel.

Effectof osmotic pressuré\s mentioned earlier, theé] value of 9.1 reported in Table 3.1 for the
Glycogen(O) particles was much lower than thipvalue of 39 mL/g expected for an amylopectin
sample of similar molar mag$This observation suggested that the glycogen molecules were
much denser in DMSO than amylopecfiime glycogen molecules would be expected to exhibit
much less free voluathan amylopectin, and consequently, to be much less deformable compared
to amylopectin. As it turns out, PEF has been successfully applied to probe the deformability of
polymeric particles such as amylopediiThis was accomplished by monitoring laéim ratio of

a sample of PAmylopectin as poly(ethylene glycol)s (PEGSs) of different molar masses were
added to the dispersion and by relatisy to the produckair® [Py]ioc as described in Equation

3.12. Whereas the addition of PEGs to the dispersion increased the dispersion viscosity and thus
decreasedqir, only the shorter PEGs induced a reductioheihs as would be expected from a
diffusion-controlled PEF process. Therger PEGs were unable to enter the amylopectin interior
and applied osmotic pressure to amylopectin, which brought the pyrenyl labels closer, thus
increasing Pylioc and resulting in an increase ligllm with increasing PEG concentration. These
experimats have been duplicated in Figure 3.10A with a Py{Ar8ylopectin sample, which was
labeled with 5.3 mol% PyBA. THe/lu ratio in Figure 3.10A decreased with increasing PEG(0.2K)
and PEG(0.4K) concentration due to an increase in dispersion viscosity,itcreased with

increasing PEG(10K) concentration due to an increase in osmotic pressure.

IE/I M ’ kdiff 3[F)y]loc (312)
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Figure 3.10. Plots ofle/lm as a function of PEG concentration for A) Py(528)ylopectin, B)

Py(5.5)Glycogen(O). PEGs witM,of (06) 0.2, (3) 0.4, (Yy) 2.0,

These experiments were repeated with a PyBI$yogen(O) sample. As for Py(5:1)
Amylopectin,le/lm decreased with increasing PEG(0.2K) and PEG(0.4K) concentration. On the
other hand|g/Im remained constant upon the addition of PEG(2K) and PEG(10K)thwesame
PEG(10K) concentration range, where Py(M)ylopectin had shown a sharp increasé:ihv.

This result strongly suggested the glycogen(O) particles were much less deformable than
amylopectin, since the osmotic pressure generated by 20 wt% RE&AWd bring the pyrenyl
labels, and thus the oligosaccharide side chains, closer to each other in-Ry(@dpectin but

not in Py(5.5Glycogen(O). The entb-end distancerfe) of PEG(2K) and PEG(10K) in water
equal 3.8 nm and 8.4 nm, respectivelgséd on the relationshipe = 0.119 M>% 0.707 reported
earlier®® Since the 12 outer tier of a Glycogen(O) particle would be populated by oligosaccharide
helicesseparated bghn = 1.6 nm(see Figure 3.9A), it is reasonable that PEG(2K) and PEG(10K)
with their relatively large hydrodynamic sizes could not penetrate the interior of glycogen(O), thus
fully excluded from the interior of the glycogen molecules and maintained thelgduneatio.

On the other hand, the peripheral chains of glycogen, with the maximum density near the core,
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would expose to the network of PEG(20K) and PEG(10K). The high viscous environment
decreases thkyirt of pyrene labels on the peripheral chains, thugh8ii lowers thelg/lm. The

constante/lm can be explained better with Tier Model.

3.5Conclusions

This study represents the first example in the literature, where a combination of PEF, FBM, and
MMOs was applied to probe the interior of two glycogen mokscalt the molecular level. The

FBM was taken advantage of to determine the maximum nunit@e™> of AGUs separating

two pyrenelabeled AGUs, while still enabling PEF to occur in two serieByGlycogen(O/C)
samples. The largeNsion > values found for both glycogen particles indicated that the side
chains of glycogen experienced a much densdara@mment than that of amylopectin. This insight

led to the idea thatNpior™P> could be used to characterize the density profile experienced by the
side chains across the glycogen particles. To this end, two density profiles for the interior of
glycogenwere considered, one based onMeéndezHeviamodel® and the other on the Gilbert
model?® Optimization of both density profiles led to the conclusion that the density experienced
by the side chains inside the glycogen particles must be much higher than that suggested by the
MeléndezHevia modet in agreement with the simulations on which the Gilbert nfdéebased

and results from SANS experimeifsConsequently, this study has illustrated how PEF

measurements can be applied to predict the density of complex polysaccharide particles in solution.
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Chapterd

Random Coll Conformationfd’yrene
Labeled Dextran in DMSO Characterized
by Pyrene Excimer Fluorescence
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4.1 Abstract

Dextran was randomly labeled withpyrenebutyric acid to yield a series of-Bgxtran samples,
whose ability to form an excimer from the encounter between an excited and a gtatenu/rene
was applied to characterize the conformation and internal baekdlynamics (IBD) of dextran in
solution. The efficiency of pyrene excimer formation (PEF) in theDBytran samples was
assessed from the fluorescence intensity rafi@ of the pyrene excimer over that of the mongmer
and it was compared to that of -Rynylose and PyAmylopectin. Ig/lw took the highest,
intermediate, and lowest vakiéor Py-Amylopectin, PyAmylose, and Pypextran in DMSO,
respectively. This trend agreed with the known conformation of these pateried
polysaccharides (PRSs) in DMSO, since randomly coiled-Pgxtranis the least dense, helical
Py-Amyloseis denser, and highly branchedRmylopectin hathe highest internal density. The
fluorescence decays of Bextran were analyzed with the Fluscence Blob Model (FBM) to
yield the numbeNwiox™® of anhydroglucose units (AGUs) found irbkbb, which is the volume
probed by an excited pyrene attached onto dextranksyadwhich is the rate constant for the
diffusive encounter between two AGUwearing an excited and a groustate pyrenyl label
located inside hlob. Comparison olior*? obtained by PEF arigion"®°obtained from molecular
mechanics optimizations (MMOSs) féty-Dextran demonstrated that a dextran segment located
inside ablob was extended. Comparison of the prodidiss™™ |su andkpiobXNbiob™ Isu, where

Isu is the length of a structural unit (SU) obtained for dextran and a series of {igioeted
poly(oligo(ethylene glycol) methyl ether methacrylate)s (RE&) in DMSO, showed that
dextran was more extended and stiffer than adREGample having a hypothetical SU of similar
molar mass as dextran. In summary, thisB&sed study provides a methodology for gauging the

conformation and IBD of linear polysaccharides like dextran in solution.
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4.2 Introduction

Over the past five yeardd fluorescence of the dye pyrene and its ability to form an excimer have
been applied to monitor the interactions between pylaeled amylopectin and surfactants in
water! probe the compressibility of amylopectin in dimethyl sulfoxide (DM3®)haracterize

the helical conformation of amylose in DMS@nd quantify the extent of hydrophobicity of
nanosized amylopectin fragments (NAFs)pdified with propionyl and hexanoyl group$The
fluorescenceblob model (FBM) analysis of the fluorescence decays acquired with the pyrene
labeled polysaccharides (®5s) has proved instrumental in probing the interior of highly
branched amylopectin and NA¥snd the conformation of amyld$én DMSO. The FBM works

by dividing the macromolecular volume intdentical blobs where eactblob represents the
volume probed by an excited pyrene. The randomly attached pyrenyl labels distribute themselves
among théolobsaccording to a Poisson distribution. The FBM analysis of the fluorescence decays
yields keiob, the rate constant for encounters between two anhydroglucose units (AGUs) bearing
one excited and one grousthte pyrene, and the average number &f pyrenyl labels peblob,

which is used to determine the parameétes,”, representing the number dfectural units
encompassed in the volume dflab. Comparison o0 to its theoretical counterpaitigon"®9),
obtained by conducting molecular mechanics optimizations (MMOs) with HyperChem on the
assumed conformation of the pyrdabeled macromecule, enables one to assign the
conformation of the macromolecule in solution. Beside its application to PSs in solution, the
random coil’® a-helical®>® and 3o-helical® conformation of several polypeptides randomly
labeled with pyrensvas also characterized in solution with FBM analysis. These studies on PSs

and polypeptides confirmethhat the FBM is a valuable experimental tool to characterize the
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conformation and internal backbone dynamics (IBD) of macromolecules in solution. Since
amylose, amylopectin, and a series of NAFs are the only PSs to have been examined with the FBM
to datethe present study was conducted to widen the ability of the FBM to probe PSs in solution
by characterizing the IBD and conformation of pyrateeled dextran (Ripextran) in DMSO.
Dextran is a bacterial homoglycan, whose main chain is constituted of AGUs joiaed by
(1,6) glycosidic bondswvith some branches generatedatious hydroxyls of the AGUS: 13 The
degree of branching of dextran has been reported to increase with increasing moleculdf-®eight.
The side chains are usually reported to be fairly short and often made of one or two°AGEs.
extra chain mobility afforded by tree(1,6) glycosidic bond increases the solubility of dextran in
a variety of solvents like water or DMSOThe good water solubility of dextran has resulted in
its use in the pharmaceutical industry as a blo@dmb expandé?f.Its applicability for drug
delivery is being actively research&cand it is used in cosmetics and bakery prodtfcts.
Measurements conducted by calorimétryntrinsic viscosity??> nuclear magnetic resonance
(NMR),% and dynanic light scattering (DLSY suggest that dextran adopts a random coil
conformation in DMSO or water. Compared to the earlier-B&$ed studies on highly branched
amylopectif®*® and helical amylos#, probing the conformation of dextran in DMSO by PEF
would repraent the first example of a PHRsed study on a linear unstructured polysaccharide.
As a result, this report describes the study of the IBD and conformation of a low molecular
weight dextran sample. The random coil conformation of this dextran sam@®BO was
confirmed by intrinsic viscosity measurements. A seriddydbextran samplewereprepared and
their fluorescence decays were acquired in DMSO and analyzed with the FBM. The FBM

parameters obtained for tiy~Dextran samples were different from those obtained earlier for
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pyrenelabeled amylose (PyAmylose) and amylopectin (P&mylopecin).***’ The FBM
parameters indicated that dextran ad@pt extended conformation ahdsa stiff backbone in
DMSO, as would be expected from this polydwride. The FBM parameters were also compared
to a calibration curve established with a series of pylaimeled poly(oligo(ethylene glycol)
methyl ether methacrylate)s (EGMAS), that supportedhe extended and stiff nature of
dextran. Together, thesxperiments confirmed that PEF can be used to probe the conformation
and IBD of polysaccharides in solutiaand that it is sensitive enough to distinguish between the

conformations and IBD of different F§Ss in solution.

4.3 Experimental

Materials Dextranfrom Leuconostoc mesenteroidems purchased froBiosynth Carbosynth
and wasprecipitatedin cold ethanolfrom DMSO before useAll the other chemicals were
purchased from Sigma Aldrich and used without purification.

Characterization ofdextran by gel permeationchromatography A TOSOH EcoSEC High
Temperature gel permeation chromatography (GPC) instrumastequippedwith a guard
column a 300 mm x 7.8 mm ID TSKgel Alphd column andatriple detection systernmcluding
a differential refractometerviscosity, and Wyatt DAWN HELEOS multianglelaser light
scattering (MALLS, | = 660 nn) detectos. Thelower and uppetheoretical cubffs for the GPC
columncorresponded tanacromolecules having leydrodynamic diametezquivalent to thaof
linear PEG in waterwith a molecular weight af0® and10’ Da, respectivelyThe instrument was
operated with #low rate of 0.5 mL/min of DMSO at 6%. A pullulan standard with lsl, of 47.1
kg/mol and PDI of 1.07 was used to calibrate thstrument A dextran solution with a

concentration of 1.0 mg/mL in DMSO was prepared by stirring at room temperature until a
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transparent and homogeneamutionwas obtained. Theolutionwas geny filtered through a
0.22mm syringe filterbefore injecting it into the GPC instrument

Labeling of dextran with 1pyrenebutyric acid: The dextran sample was labeled with
pyrenebutyric acidPyBA) in the same mannexs previously described fohe preparation of
pyrenelabeled amylopectifPy-Amylopectin)*® The reactionfor the preparation ofa dextran
sample labeled with 8.0 mol % pyrefiey(8.0}Dextrar) is described in detaiA 3 wt% dextran
solutionin DMSO was prepared gravimetrically ateft to stir at room temperaturentil a
homogenous solution wabtained PyBA (0.644, 2.22 mmoljand 4dimethylaminopyridine (47
mg, 0.38 mmol) were added to thelution N,N-Dimethylformamide(10 mL)wasadded to the
mixtureto prevent thelextran solution in DMS@om freezing when it waglaced in an ice bath
and capped with a rubber septurhereaction mixture was purged with nitroggas (., Praxair)
for 30 minand kept undea No atmosphera\,NNpiisopropylcarbodiimide (0.59 mL, 3.8hmol)
was added dropwise into tls®luion with a syringe under N After 20 min, thesolution was
removed from the ice bath and covered with aluminium foil to predegptadation of thpyreryl
labels by exposure tiight. The reaction was letb stir at room temperature for 48 hours. The
product was precipitated in cold ethanol more than three times to rehereenaining reagents,
especially unreacteeyBA.

Pyrene content determination The mobhr fraction (x) of AGUs bearing gpyreryl label was
deternined by absorption measurements conductedth a Cary 100 bidJV-Vis
spectrophotometer. A stock solutionRy-Dextran was prepareslith a known concentratiorit
was diluted with DMSO tageneratdive dilute PyDextran solutionsThe absorption spectra of
the five dilued samplewere acquired with a 1.0 cm path lendthquartz cuvette. Thabsorbance

was kept lower than 1.5 to prevent the instrument freaturating A plot of absorbancas a
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function ofthemass concentration tfe PyDextransolutions yielded a straight line, whadepe
(m) equaéd e? L3 / py, with @y being he molar extinction coefficient dfyBA equalto 41,400
M-tcm tat 346nm, and/ py being he pyrene contemtf the PyDextran sample expressigdmole

of pyrene per gram afample. Equation4.1 was then applied to determihg,.

[y = (4.1)

The mobér fraction ) was calculated with Equatigh2, whereMacu (= 162 g/mol) and

Mpy (= 432 g/mol) were the molanass of unlabeled and pyreladeled AGU, respectively.

M
X= AGU v (42)
Py AGU Py

Steadystate fluorescenceSteadystate fluorescence (SSF) spectr&piDextran solutions with a
2.5mM concentration of pyrenyl labels, equivalent to a 0.1 absorption at 346 nm in DMEBO,
acquired with the rightingle geometrgna Horiba QM400 spectrofluorometer equipped kvin

Ushio UXL-75xenon arc lampThe excitation wavelength was set at 346 nm and the fluorescence
of the solution was collected from 350 to 650 nm. The excitation and emission slit widths were set
at 1.0 nm. The emission spectra were integrated 866nnm to 382 nm and from 500 nm to 530

nm to yield the fluorescence intensity of the pyrene monomgrabd of the pyrene excimde),
respectively. Thég/Im ratio was calculated with these integrated values as a qualitative measure

of the PEF efficieay for the PyDextran samples.
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TimeresolvedfluorescenceThe monomer and excimer fluorescence decays of tHeeRyran
solutions prepared for the SSF experiments were acquired with an IBH Lteresolged
fluorometer fitted with an IBH 340 nm NanoLED excitation source. The excitation wavelength
was set at 346m, and the monomer and excimer fluorescence was collected at 378 and 510 nm,
respectively. A 370 or 470 nm eaff filter was placed before the emission monochromator to
suppress stray light from reaching the detector during the acquisition of the maraememmer
fluorescence decays, respectively. The fluorescence decays of the pyrene monomer and excimer
were obtained with 40,000 counts at the decay maximum ugingegerchannelof 1.02 ns/ch.

The decay of a ludox suspension was acquired with a 8d®iexm excitation and emission
wavelength to collect the instrument response function (IRF).

Fluorescencdlob model (FBM analysis othefluorescence decayBour excited pyrene species
have been identified in the PEF generated by pylameed macromlecules. They are the species
Pyiree®, Which are isolated from other pyrenyl labels, cannot form excimer, and relax back to the
groundstate with their natural lifetimety), Pyaitr , which diffuse slowly in solution with a rate
constantkoiop reflecing the slow diffusive motion of the AGU$o which they are covalently
attachedPyko>*, which represerstan excited pyrene close to a grotstdte pyrenerearranging
rapidly with a large rate constdat(~ 1C koiop) to form an excimer, ango*, D*, andES, which

are the praassociated pyrene species collectively referred Ryag", which generate an exner
instantaneously upon absorption of a photon with a lifetime that is gboft3.5 ns), intermediate
(feo~ 3050 ns), and longtb ~ 60-90 ns), respectively. The speck’, D*, andES' are typically
encountered in more rigienvironmentanduced bya high solvent viscosityr stiff polymeric
backbones, where 4@rangement of an excited aagroundstate pyrene to form an excimer is

more hindered. PEF occurs in a sequential manner through slow diffusive srb@abrbring
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together the AGs bearing an excite®qi*) and a grounestate pyrenyl label close to each other
with a rate constariyion, With Pygisr* turning into the specieBy.*, that rearranges rapidly to
form an excimer with the nearby grousthte pyrene with the rate coastk,. Fitting the monomer
and excimer fluorescence decays offlyeDextran samples witBquations 8.1 and 4.2, whose
expression aregiven inthe Supporting Information (SI), yielded the molar fractidas fi2, firee,

feo, andfp of the pyrene specid3yuit*, Pyk2*, Pyree®, EO*, D*, koiob, ko, and the average number
<n> of groundstate pyrene pdslob. ES is typically omitted from the calculation of the molar
fractions of the different pyrenyl species, as it only appears inexicaner decay and its
contribution is much shortdived than allthe other species in solution. The spedi#¥ andD*

are often combined into the aggregated pyrenyl laglg ) with a molar fractionfagg (= feo +

fp). <n>was used to determine the numNes,™*P of AGUs encompassed insidélab according

to Equation4.3, wherex is the molar fraction of AGUs bearing a pyrenyl label according to
Equation4.2, andfuree is the molar fraction oPyres* detected in the €florescence decay of the

pyrene monomer.

Nk?l)(()% = = :]( Tl -foree) (43)

The parameters were optimized with the Marquaeitenberg algorithm during the decay
analysis?® The decay fits were deemed satisfactory if¢thavas lower than 1,3and the residuals
and autocorrelation of the residuals were randomly distributed around zero as shown in Figure

A1 intheSl.
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4.4 ResultsandDiscussion

As determined by GPC analysisiiMSO, the dextran sample used in this study hadraber

(Mn) and weight (My) averagemolecular weightof 7.32x1G g/mol and 107 x10¢ g/mol,
respectively SinceMn was larger than 2.8 1CG° g/mol, this dextran sample could be viewed as
being in arandom coil conformatiofft This M, value corresponded to a numiaaferage degree

of polymerizatiorDP, of 45 AGUs, which was substantially larger tidyips™P found to equal 9.1
(x0.4) AGUs in DMSO. The smallé¥on”® value compared t®P, meant that the randomly
coiled dextran sample could be represented by a cluster of sdéebgl which could be
characterized bwypplyingthe FBM. Furthermore, the relatively oM, value ensured that this
dextran sample should haless than one branching point per cloaimveragé”>® Since branches
are mostly made of one or two AGUs for dextrathis dextran sample could thus be viewed as a
mostly linear chain adopting a random coil conformation in solution. Its study by PEF is described
hereafter.

Fluorescence study of the extran samplesThe fluorescencespectraof the PyDextran
samplesaqquiredin aerated DMSGre shown inFigure 4.1A The intensity othe spectra was
normalized at 379 npwhich corresponds to the@®electronic transition of pyrene. The broad
bandcentered at 480 nm corresponds to the pyrene excameiits intensityelatively to that of

the pyrene monomeéncreasd with increasing pyrene contemts more pyrenpyrene encounters
took place along the PS backbone. Similar fluorescence spectra were obtained feDéxtr&y

samples in ethylene glycol and they are shawfigure 4.2 inthe SI.
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Figure 4.1. A) Fluorescence spectra of ®extran in DMSO and) plot of thele/lur at i os of (
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The efficiency of PEF between Amylopectin?® Py-Amylose?’ and PyDextran could
be better compared by plotting thélm ratio of these three P§Ss as a function of pyrene content
as shown in Figure 4.1B. In DMSO, eachP§ yielded a different trendith the PyAmylopectin,
Py-Amylose, and PyDextran samples exhibiting a large, intermediate, and low PEF efficiency,
respectively. These trends could be rationalized by considering Egda&javhich indicates that
thelg/lwv ratio is proportional to # produckair [PY]ioc, Wherekgiss is the bimolecular rate constant
for PEF by diffusion andHyioc is the local concentration of growstate pyrenyl labels
experienced by an excited pyrene bound to the PSs. In turn, Eqdiatiorovides the expressio
for kair. In Equatiom .5, Na is the Avogadro numbes, is the encounter radiuB; is the diffusion
coefficient of the pyrenyl labels, which is inversely proportional to the solution viscosity and

depends on the IBD of the macromolecule, prisl the probability of forming an excimer upon
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encounter between an excited and a greatatepyrene. Since the same pyrene derivative (PyBA)
was used to prepare #fle Py-PSs and since the PiPSs were constituted of the same AGUs and
were all studied in DMSO, they shared simiar values and thée/lm ratio was expected to
respond mainly tpPy]ioc. This was indeed observed in Figure 4.1B, where the trends followed the
local density of the different PSs, which is reflected Pyjifc, with highly branched amylopectin
being denser than helical amylose, itself being denser than the randolatly dmitran sample.
Since the pyrenyl labels were covalently attached onto the Pgg¢ hicely tracked their local
density. The different responsedifim observed for each PS suggested that PEF could provide a
relatively easy experimental means tstidguish between different PSs based on their relative

internal density.

lc .
I_E kdiff 3[ Pﬂ loc (4 4)
M

Kar =40 N, $Dp (45)

Thefluorescence spectra of the-Bgxtran samples were also acquired in ethylene glycol.
Surprisingly considering that the viscosity of ethylene glycol equals 14.8 mPas°&, 2ghich
is about 7 times larger than that of 1.99 mPas for DMSO 8€2%5helg/Iv ratios were the same
regardles®f whether thePy-Dextransamples were dissolved in DMSO or ethylene glycol. Since
PEF is expected to be diffusimontrolled in these organic solvents, where the pyrenyl labels are
relatively wellsolvated, Equationd.4 and4.5 would suggest that thig/lm ratios obtained in

ethylene glycol should be substantially lower than in DMSO, even after accounting for differences
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in p, which is known to depend on the solv&ngince PEF is also a localized phenomenon that
occurs over 3 5 nm depending on the nature of the pyrene deive ™ effects due to solvent

guality are usually not very important over this length scale, and are not expected to affect the
Ie/lm ratio much.The fact hat thelg/lm ratios are so close in DMSné ethylene glycol could
suggest that these higher viscosity solvents have halted the IBD of dextdatmat PEF occurs

mainly between pyrenyl labels located so close to each other that they can always encounter and
form an excimer regardless of solvergcosity.

While the trends obtained with tHe/lm ratio of the different Py*Ss in DMSO are
interesting, they are the result of a delicate balance between the contributions to PEF from the
different pyrene specieByuir*, Pyk2*, Pyree®, and Pyaggt, which could be affected differently
depending on theiffierent conformations of the PSs. Similarly, increasing the solvent viscosity
7-fold could affect the balance of the pyrene species, which could result in the kifhiaatios
obtained in DMSO and ethylene glycol for the-Pgxtran samples. The coifntion of each
pyrene species could be determined by applying the global FBM analysis of the fluorescence
decays acquired with the pyrene monomer and excimer of tfideftyan samples, which were
acquired in DMSO and ethylene glycol and were fitted glghwith Equations 8.1 and 9.2 in
the SI. The fits were good witle? lower than 1.25and residuals and autocorrelation of the
residuals randomly distributed around zeas seen irFigure 8.1 in the Sl asa representative
example ofa fluorescence decay fit. The parameters retrieved from the FBM analysis are now
discussed.

The numbeNwiob™® of AGUs found in elob was plotted as a function of pyrene content

in Figure 4.2A for the three PRSs in DMSQard for PyDextran in ethylene glycol. Within
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experimental error, thidnion™P values did not depend on the pyrene content, indicatindNilaet®

was unaffected by changes in pyrene content. Contrary tl/theratios, that showed marked
differences beteen the PyPSs studied in DMSO, tHéyon™ value of 18 (1) obtained for Py
Amylopectin in DMSO was significantly larger than those of 10 (x1) and 9.1 (x0.4) obtained for
Py-Amylose and PyDextran in DMSO, respectively, with the two latter setdNgé,"*P values
being close to each other. Thiox”® values obtained for PRextran in DMSO and ethylene
glycol were similar and equal to 9.1 (£0.4) and 8.1 (x0.3), respectively.

The molar fractions of the pyrenyl species shown in Fighi@8 and C indicate that PEF
occurred mainly by diffusive encounters between the pyrenyl pendantsfsgirioek the largest
value of all the molar fractions. Increasing the pyrene content of HieRyan samples resulted
in a decrease in the numberisblated pyrenyl groupdite decreased in Figure 4.2Gnd an
increase in the number of aggregated pyrenyl latbglsandfi. increased in Figure4.2B and
4.2C, respectively). An increase in solvent viscosity redfgedince the higher solveniseosity
hindered the mobility of the pyrenyl labels. This led to an increase in the contribution of the pyrenyl
labels that were isolatefldeincreased in Figure 4.2C) or already aggregdtgghhdfiz increased
in Figure 4.2B). Somehow, the combiioa of the increase ifice for the pyrenylPyrest, which
do not form excimer, with the increasefigyandfiz for the pyrenyl$yagg” and Pyko*, which form
excimer efficiently,must have balanced out, resulting in the sagfi@ ratios observed foPy-
Dextran in DMSO and ethylene glycol in Figure 4.1Berestingly, the fold increase in solvent
viscosity between DMSO and ethylene glycol had only a minor effeblbiedi in Figure 4.2A.

This result suggests that the IBD must be strongly attenuated in these solvents, so that PEF reports
mainly on the conformation of the polysaccharide backbone. This conclusion will be confirmed

later by conducting molecular mechanics ojations (MMOS) on the R{pextran constructs.
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Figure 4.2. Plots as a function of pyrene content”)fNoiot™"f o r  ( Dexgan, \AP)yPy-
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B) (fégar®l) Y .fdijor PyDext r an, & hehndC), )(ne for Py-Dextran in

DMSO (filled symbols) and ethylene glycol (empty symbols).

The largeMbion™® found for PyAmylopectin was rationalized by noting that PEF could
occur between different side chains in amylopectin, in a process that incresisednd Noiob
compared to amylosevhere PEF occurred only between pyrenyl labels along a saméhédit
amyloseforming a helix in DMSO should have a denser conformation than randomly coiled
dextran, which should result in a lardéjion value for amylose than for dextrarontrary to what
was observed in Figure 4.2A, where both dextran and amylose yielded slpmif&P values. One
possible reason for this unexpected result might be adhéownation of the dextrarbackbone,
where all he hydroxyls providing attachment points for thpytenebutyryl derivatives are held

away from the main chain by the width of the sugar ring, thus enhancing the reach of the pyrenyl
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labels, which resulted in an increaseNison™ for the PyDextran samies. In contrast, the G6
hydroxyl points toward the center of the amylose helix and is thus inaccessible for pyrene labeling.
Labeling occurs at the €2and C3hydroxyls of amylose, where the sugar ring is locked in the
helix, thus hindering the mobilityfahe pyrenyl label and reducing its reach to form an excimer.
The special geometry of the polysaccharide backbone of dextran will be discussed in more detail
later, in Figure 4.7.

Considering that PAmylose and PyDextran shared simila¥yiop™P valuesin DMSO in
Figure 4.2A, the marked difference observed in Figure 4.1 betweétdltheatios of PyAmylose
and PyDextran in DMSO might seem surprising at first. This result can be explained by
considering the molar fractiofagg of aggregated pyrenes ftine three PyPSs in DMSO. Py
Amylopectin and PyAmylose shared similarly largeyg values. Larger than expectikggvalues
are typically found with structured macromolecules sucla-dselical polypeptided>25327 or
helical PSs such as amyl85er the side chains of amylopect#f® If a linear polymer adopts a
helical conformation, two pyrenyl labels attached onto two structural units (SUs) that are far apart
along the chain might end up being next to each other after a helical turn, leading to the formation
of a pyrene dimer andéneasedagg Thefaggvalues obtained for dextran in Figure 4.3A are indeed
much smaller than those obtained for amylose and amylopectin. Since dimers can form excimer
more efficiently, the largdeggvalues obtained for amylose and amylopectin comptareéxtran
are thus expected to yield larget/Im ratios for the two former constructas observed

experimentally in Figure 4.1A.
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Figure 4.3. Plots of A)fagg B) Koiob, and CkoiopX Noios™f 0 1 ( Dexgahn, @P)yPy-Amylose,
and (-Amylopécyn in DMSO (filled symbol) and ethylene glycol (empty symbol) as a

function of pyrene content.

Another parameter retrieved from FBM analysis of the fluorescence decays acquired with
the Py-PSs iksiob, Whose expression is given in Equatib. kpiob is the product of the bimolecular
rate constankyir, whose expression was given in Equatids and 1¥uiob, Which represents the
concentration equivalent to one grotstdte pyrene insalthe volumé/ion of ablob. In DMSO,
helical amylose restricts the mobility of the pyrenyl labels, which results in a relativeWsmall
and a largéoion. Despite the fadhat the pyrenyl labels are attachsdo helical oligosaccharide
side chains inside amylopectin, the highly branched interior of amylopectin is expected to hinder
the mobility of the pyrenyl labels, which redudes and thuskeion With respect to amylose, as

shown in Figure 4.3B.
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Kojon = K git 3\/_ (4.6)
blob

Although dextran and amylose in DMSO share a sinhka,™® value in Figure 4.2A,
which would suggest a similafion, the configuration of the AGUs in dextran implies that the
pyrenyl labels are located further awaynfréhe effective dextran backbone, thus enhancing the
reach of the pyrenyl labels compared to those attached to helical amylose, and resulting in a larger
Vbiob and a smallekoiob for dextran compared to amylose in DMSO. Tkad for dextran and
amylopectin in DMSQare similar would just be mere coincidence. Changing the solvent from
DMSO to much more viscous ethylene glycol reddagsand thudion in Figure 4.3B. However,
the ~50% decreaseknon 0bserved when changing the solvent for dextran from DMSO to ethylene
glycol in Figure 4.3B did not match thefdld increase in viscosity of the solvent at%5 from
1.99 mPa.s for DMSO to 14.8 mPa.s for ethylene glycol. Tésorefor this discrepancy was that
the diffusion coefficient in Equatiof5 depends not only on the solvent viscosity but also on the
rigidity of the polysaccharide backbone. Consequently, althksigtdoes respond to the solvent
viscosity, as shown iRigure 4.3B for dextran in DMSO and ethylene glycol, the change is not as
pronounced as expected, since PEF is controlled by the internal backbone dynamics (IBD) of the
PS backbone.

A much better representation of the IBD experienced by a macromoleald@ined from
the productksios® Noiob™™, which was plotted as a function of pyrene content in Figure 4.3C.
kolob® Nbiob™*P represents the frequency of encounters between pyrenyl labels. Within experimental
error, koiob® Noiob™® remained constant witlihe pyrene content, demonstrating that a change in the
number of pyrenyl labels attached to the PSs did not affect their IBD. As it turksig@tiNoios""

appears to be the perfect means to differentiate between the different PSs in different solvents,
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since each set of FYS constructs yieldddion®* Nbioo™P values that clustered around a distinct value

in Figure 4.3C. Based on the trends shown in FigLB€ 4he pyreng@yrene encounter frequency

in DMSO was highest for amylopectiwith its dense highly branched interior, intermediate for
helical amylose, where the pyrenyl labels can only form excimer along a single helix, and lowest
for randomly coiled dxtran, where the pyrenyl labels are held farther away from the
polysaccharide backbon#hus yieldinga largeVbiob and a smalksiob. An increase in solvent
viscosity reduces the frequency of pyrgneene encounters for dextran when the solvent is
changd from DMSO to ethylene glycol.

In summary, the FBM analysis of the fluorescence decays acquired with {R8sPy
provides a much more detailed description of the IBD experienced by the PSs tapagid the
productkoion® Noiob™P, andthe conformation of the PSs throudiion™®, compared to the cruder
interpretation of the fluorescence trends obtained from the analysis of the fluorescence spectra
through thele/lm ratio. Comparison of the parametégsn, Noiot®™?, Koiot® Nbiob™P, and themolar
fraction fagg Obtained for amylopectin, amylose, and dextran led to conclusions that agreed with
the known conformations of the respective PSs. Stronger support for the notion that dextran is
randomly coiled in DMSQOs obtained by comparing thebio,™ values obtained from FBM
analysis to the theoreticaNoon™® values obtained by conducting molecular mechanics
optimizations (MMOs)as described in the following section.

Molecular Mechanic Optimizati@ The first step in the MMOsonsisted in building aexktran
construct adpting an extendedandom coil conformation witthe HypeitChem software (version
7). The sugar builder function was applied generate aextranconstructwith 35 AGUs without
any torsion restrictio® The chairends of theoligosaccharideverepulled apart to generate the

extended conformation expected for randomly coiled deximaa manner similar to the MMOs
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conducted in the past on polypeptid®¥.In contrast to polypeptides however, special care needed

to be applied during the stretching of the chain, as pulling the oligosaccharide ends too far apart
induced a chaito-boat conformational change of the AGUs. Consequently, the oligosaccharide
was sretched by an amount that was increased gradtaltginimize any possible distortion of

the chair conformationof the AGUs The extended chain was retak back to obtain a
configuration of the polysaccharide backbone that was expected to locally marextdnded

random coil conformation of dextraas shownn Figure 4.4

Figure 44. lllustration of the ability of two pyrenyl derivatives to overlap when separated by 4

AGUs (top: good overlap) and 6 AGUs (down: powgerlap).

The Nbion® of 9.1 (x0.4 and 81 (x03) AGUs found fromFBM analysis of the
fluorescencedecay for dextran in DMSO and ethylene glycol, respectively, implied tivat
pyreryl labelslocated within a AGU-long segmenof theoligosaccharide should be ablddom
an excimer. lrother words, if one pyrenyl label referred to as the primary pyresdogated at
the center oh blob, successful PEF would be achiewsdh anotherpyrene located as far as 4
AGUs away from either sie of theprimary pyrene. D assess whether this was indeed the case,

the following procedure was applied determine the theoreticilion value (Noion™9). A first
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MMO was comductedby attaching the primary pyremato the 1¥ AGU of theoligomer, and a
secondry pyrenyl label ontahe 13" AGU. Esterification of dextran witRyBA can take place at
the C2, C3, or C4hydroxyl of each AGUThe reactivity othethree hydroxys of dextrartoward
PyBA was estimatefrom the known reactivityf these hydroxyls fothe acetylation of dextran
(Table 4.).222°Thereactivity of thethree hydroxyl grouptoward acetylatiom organic solvents
increases itheorder C2 > C3 > C4Consequently he position ofa 1-pyrendoutyroyl labelonan
AGU was determined wittherandom number geneaatin MS Excel based on the probabibt
listed in Table 4.1 of reacting the CZ3-, or C4-hydroxyl with PyBA according to the following
formula.If the randomnumber generat gave a value betweéhand0.49, 0.5) and0.76, or0.77

andl1.00 PyBA wasattache onthe C2-, C3, or C4-hydroxyl of the AGU respectively.

Table 41. The reactivity of each hydroxyl group of dextran on acetylation

percentage of substitutior
at the position

Reaction DS Cc2 C3 C4
acetylation with acetyl anhydriéfe 0.73 0.55 0.23 0.22
acetylation with acetyl anhydriffe 0.45 0.45 0.29 0.26
acetylation with acetyl chloridé 0.41 0.51 0.29 0.20
average | 0.50 0.26 0.24

The two pyrene molecules were theducedto come within0.34 nmfrom each other,
while the position othe PSbackboneatomswasfixed in place during the MMO, which was
conducted with th&letcherReeves Conjugate gradietitthe frame of the primargyreryl label
had 7 or morecarbonsoverlappingwith the frame of the secondary pyremdhile maintaininga

planar conformation (Figure 4.4 top)the overlap between the two pyrenes was considered
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sufficient for successful PERndthe AGU with the secondary pyrene was couritedard the
Nbion"®°. Successive MMOs were carried out by moving the position of the seggnaanyl label

along the backbone, while maintaining the position of the primary pyrenyl label onti#es12

Each MMO resulting in 7 or more carbon atoms of the primary pyrene overlapipiripe frame

of the secondary pyrene was counted towsdyigh"®°, until the position othe secondary pyrene

was too far fromthat ofthe primary pyrene toresult in a satisfactory overlap form an excimer
(Figure 4.4 bottom) The MMOs were repeatedwith five different positionsfor the primary

pyreryl label, to accounfor possible differencgn thelocal conformation of the dextran oligomer
Theresults of these MMOs are shown in Figure 4.5, where the number of overlapping carbons

was plotted as a function of the number of AGUs separating the primary anddhda® pyrenes.
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Figure 45. Pyrene carbon overlap as a function of the number of AGUs separating the pyrenyl
groups obtained with four different positions of the reference pyrene via molecular mechanics

optimization of dextran in a random coil conformation.
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Based on the trends shio in Figure 4.5, the primargyrene wasunable to reach the
secondary pyren&hen the latter was attached on an AGU located ~5 or more AGUs away from
the primary pyrene. The primary pyrene could thus reach a secondary pyrene located up to a
numberN, of 4.2 AGUs away, resulting in adpios™°equal to 2N, + 1 =9.4(+0.9. One AGU
is added in the expression Mii.n"®°to account for the primary pyrene in the MMJ#$e good
agreemenbbtainedbetweenNpion™° (= 9.4 (£0.9) and Npiop™® (= 9.1 (+0.4) in DMSO and 81
(x03) in ethylene glycol) further confirmed thaextran adpted an extended random coll
conformation in DMSQand ethylene glycol
Internal backbone dynamiacd dextran: Since thekoiobXNbion™® values shown in Figure 4.3C did
not depend on thpyrene content, they were averaged ovethalpyrene contents for the Py
Dextran samples to yieldksionXNbiob™*>. <kbiob® Nbiob™P> has been shown to faithfully describe
the IBD of differentlinear polymers®’ In particular, %oios® Noiot??> obtained for a series of
pyrenelabeled poly(alkyl methacrylate)s (FBAMAS) was shown to decrease with increasing
side chain length, as would be expected, since a longer side dbai@aseshe backbone
mobility.”* Most importantly, a plot of Koiob® Noiot™®> as a function of the molecular weight of the
structural unit (MWu) could be viewed as a calibration curve against which the |BBthadr
macromolecules could be gauged. For instance, the IBD of tR&AMAS were comparetb those
of poly(isobutylenealt-maleic anhydride) copolymers by applying PERUnfortunately, the
calibration curve based on ksob® Noiob™ P> was obtained from RPRAMA solutions in
tetrahydrofuran (THF), where dextran is not soluble, making a comparison of the IBD of dextran

and PAMAs morechallenging.
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Fortunately, Hunter Little, a graduate student in the Duhamel laboratory, has prepared a
series of pyrendabeledpoly(oligo(ethylene glycol) methyl ether methacrylate)s-EBGMA),
where the number of ethylene glycaisit nranged from O0dr poly(methyl methacrylate) to 19.
The more polar oligo(ethylene glycol) side chains ensured that these polyowdgsdissolve in
DMSO. <Nbiob *P> and <kpiob*Nbiob™ P> of the PYPEGMA samples were determined in DMSO
and they showed @ecreasing trend as a function of the molar mass of a structuraMwgy).
Py-PEGMA had a lower #lpiop™P> and %koionXNbiob™P> than pyrene labelled poly(methyl acrylate)
(Py-PMA).# The presence of the methyl group onP¥GMA slows IBD which resulted in the
lower Npiob P> and %oionXNbiob™ P> than the PYPMA. This trend cald be employed to compare
<Nbio”*> and <kbiobXNbiob™*> oObtained for Pypextran But such a comparisorequired the
different parameters to be normalized, mainly because a methacrylate unit cesé&ibumber
npp Of 2 backbone atoms, whereas an AGU contribeither 5 or 7 atoms to the backbone (see
Figure 4.6). Due to the PEF dependency on the colgagth of a polymer, the shortest contour
length shown in Figure 4.6A was selected wighequal to 5 atoifor dextran. Since PEF depends
on the mobility of a polymeric backbone in solution, which is affectedbiu,3! and the average
contour length between two pyrenyl labels dependswgrequal to 2 and 5 for PEGIA and
dextran, respectively, the ratMWsu/noy, representing the equivalent molar mass of a structural
unit per backbone atom for a given polymer, was expected to be a good indicator of the effect that
MWsy would have on the IBD of a polymer. Furthermore, the dependency of PEF on contour
length meant that o™ obtained for thePy-PMA, Py-PEGMA and PyDextran samples
needed to be multiplied by the lendigh of a structural unit to account for the differési of the

two polymeric backbone. Using HyperChdgy was determined to equal @.2nd 0.47 nm for a
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methacrylataunit and an AGU, respectively, and these values were used to abljst®> and
<koiok® Nbiob P>, Finally, since the length of the spacer connecting the pyrenyl label to the main
chain affects bothMpiop™P> and kuiot® Noion™P>,"* the length of the linker connecting the pyrenyl
labels to the main chaiexpressed in terms of the numiperof atoms in the linkr, needed tde
taken inaccount As shown in Figure 4.7 Ay equals 6, 7, and 6, when th@yrenebutyroyl group
is attached on the €2C3-, andC4-hydroxyl of an AGU. After accounting for the probability of
attaching thel-pyrenebutyroyl pendant to each hydrogybuplisted in Table 4.1, an_ value of
6.23 atoms was obtained, which is essentially the same as viatue of 6 for thdPy-PMA and
Py-PEGIMA samples. Consequently, no correction was applied for these dhghgies in linker
length. At this stage, the quantitie®ges™P>3 Isu and <wion® Nbiob>3 Isu Obtained for the Ry
Dextran Py-PMA and PyPEGMA samples could be compared as a functioM@fsy in Figure

4.8A, B and G respectively.

O (@) (o) O (@) (o)
N— N—
HO HO
OH HO OH HO OH OH HO OH HO OH
HO HO HO A) HO HO HO B)

Figure 4.6. Chemical structure of dextran with the bold line highlighting different paths that can

be followed to define the contour length of the polysaccha@)jchws = 5; B) npp= 7.
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Figure 4.7. Chemical structures &) Py-DextranB) Py-PMA andC) Py-PEGMAS, to compare

the number of atoms separating the pyrenyl label from the main chain.

Dextran took a much lowerNgion™ >3 Isy value compared tthe RMA sample which
shares a similaviWsu/nos. This indicated that within the volunWios of ablob, which should be
similar for the PyDextran Py-PMA and PyYPEGMA samples, since the samples shared a same
n. value, dextran contained fewer structural units tiAMA. This result was probably a
consguence of the cyclic nature of the AGU, whose inherent rigidity made the oligosaccharide
segment more extended over the length scalebbdla and whose bulkier nature prevented the
backbone from folding onto itself.

After having established that dextran adopts a conformationstimadre extendethana
PMA having asimilar MWsu/ne, the IBD of dextran were now considered by comparing the
product <%oion® Noiob™P>3Isy of the PyDextran PyPMA and PYyPEGMA samples. As for
<Npiob™P>3 sy, <Kpiot® Nolot™P>3 Isy for dextran was also much smaller than ByrPMA, which
had asimilarMWsu/nogy, value. This result suggested that the more extended dextran samplesexhibit
slower IBD than &MA sample This conclusion was reasonalae dextran is constituted of cyclic

AGUs, which are expected to reduce the IBD of this PS.
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Figure 4.8. Plot of A) <Nbiob™P>3 Isuand B) kuiobXNbiob™P>3 Isy as a function oMWsu/nppfor the

() Py-PMA*( 6 )-PEHEBMA s a n d-Dektmn sarfples in DMSO.

4.5 Conclusion

The conformation and IBD of dextran were probed by applying PEF. The dextran sample was
labeled with ipyrenebutyric acidand the fluorescence spectra and decays of tHBeRyran
samples were acquired in DMSO. Their analysis indicated that PEF responds to the conformation
and IBD of three different PSs, namely amylopectin, amylose, and dextran, which suggests that it
couldbe applied to assess the nature of a given PS. Samples of amylopectin, amylose, and dextran,
that had been randomly labeled witpyirenebutyric acid, yielded different trends when the ratio
|e/lm obtained from the analysis of SSF spectra and the pro#igf floion™ > obtained from the

FBM analysis of the TRF decays were plotted against the pyrene content ofRiSs Agp DMSO,

le/lm and Koiob® Noiob™ P> took their largest valuder amylopectin, intermediate values for amylose,

and their lowest valuefor dextran. These trends were in good agreement with the known
conformation of these PSs in solution. The internal density and dynamics of dextran were also
compared to those MA anda series of PE[A samples, whoseNyior®™> and %piot? Noiot®*?>

were used to establish a calibration curve. After multiplying tRgos2*> and %piob® Npiob™P>
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values by the average lend#y of a structural unit, the Npioe™P>3 Isu and Kpiob® Nolob™P>3 Isu

values obtained for the Hyextran Py-PMA and the PYPEGMA samples could be comparkg

plotting themagainstMWsu/nps. The Noion™P>3 Isu and Koiob® Nbiob™P>2 Isu values obtained for
dextran inDMSO suggested thatig more extended, less dense and $lawer IBDthan aMA

sample with a isilar MWsu/npy value. These conclusions are reasonabtmsidering the
respective chemical compositions of the MA and dextran backpwitbsdextran expected to

have a much stiffer backbone than a polymethacrylate saduyal¢o the cyclic AGUs constituting

its backbme. In summary, this study represents the first example in the literature where PEF has
been applied to characterize the internal density and dynamics of a dextran sample in solution. The
results suggest that the combination of PEF, FBM analysis of feres decays, and MMOs can

be viewed as a reliable methodology for probing the conformation and IBD of PSs in solution.
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Chapter 5

Conformationand Internal Backbone
Dynamicsof Pullulan in DMSO
Characterizedy a Combination of

Pyrene Excimer Fluorescence,
Fluorescence Blob Modehnd Molecular
Mechanics Optimizations
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5.1 Abstract

A sample of the linear polysaccharide pullulan was randomly labeled with the dye pyrene to yield
a series of PyPullulan constructs, whose ability to form an excimer upon encounter between an
excited and a grounstate pyrene was examined in DMSO to priblgeconformation and internal
backbone dynamics (IBD) of pullulan. The efficiency of pyrene excimer formation (PEF) was
characterized qualitatively from the ratio of the fluorescence intensity of the excimer over that of
the monomer, namely tHe/lv ratio. Thelg/lv ratios of the PyPullulan samples were compared
with those of two other pyrerdabeled linear polysaccharides, namely a series-#&rRylose and
Py-Dextran samples, that had been previously studied. The PEF efficiencyRafllB\an was

larger and lower than that of extran and PyAmylose, respectively. The difference was
attributed to the different conformations and types of glycosidic bonds joining the anhydroglucose
units (AGUSs) in the different polysaccharides. The fluorescencegsletthe PyPullulan samples

were then analyzed with the Fluorescence Blob Model (FBM) to retrieve the paraNimgiers
andkoion, Which provide information about the intermnsity and dynamics of macromolecules,
respectively. Thépios™P value of 11 (+1) AGUsvas identicalith the theoreticalNyion"®°value

of 11 AGUs obtained by molecular mechanics optimizations (MMOSs) conducted on an extended
pullulan segment used to mimic a conformation analogous to that of randomly coiled plithaan.
perfect agreement found betwelRos™ and Npion™° was taken as confirmation that the-Py
Pullulan samplearerandomly coiled in DMSO. Th#lyon™® value of 11 (x1) AGUs was larger

than that of 9.1 (£0.4) found for dextran, suggesting that puliglam bit more compact than
dextran in DMSO. Analysis of the produkiiosNoiob, Which representshe frequency of
encounters between AGUs and provides a measure of the IBD of a polymer, led to the conclusion

that dextran experienséaster|BD than pulldan.
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5.2 Introduction

Pullulan is a homoglucan made of maltotriose units, which are three anhydroglucose units (AGUS)
connected by twa-(1,4) glycosidic bonds, joined to each otherabfl,6) glycosidic bonds. The
a-(1,6) glycosidic bond giveadditional conformational freedom to pullulamaking it a more
flexible and watessoluble polyglucan than amylose, whose AGUs are joined (iy4) glycosidic
bonds. The properties of pullulan are often compared to those of amylose and dextraterthe lat
polyglucan having its AGUs joined ta(1,6) glycosidic bond$® The properties of pullulan have
been characterized by several techniques that include siagézule atomic force microscopy
(SAFM),2 nuclear magetic resonance (NMR)} and differential scanning calorimetry (DST).
The flexibility of polyglucans has been characterized by their persistence length, determined from
conputational simulatiorfs and small angle Xay scattering:® Even thougha-(1,6) glycosidic
bonds are more flexible tha(1,4) glycosidic bonds, which imparts greater motional freedom to
the dextran chain compared to pullufathe persistence length of dextran, which contains only
a-(1,6) glycosidic bonds, has been reported in one example to be greater than 2.0 tenlin wa
which is larger than théessthan 2.0 nmpersistence length reportédr pullulan®81° which
contains a mixture of more flexibke-(1,6) glycosidic bonds and less flexitde(1,4) glycosidic
bonds, and should thus be less extended than dextran. In anothedextrém and pullulan were
found to share a similar persistence length of 1.3 filrese somewhat contradictingnclusion$
Vraisedthe question as to whether the conformation of pullulan could be investigated by applying
another technigue to compare ttenformation of pullulan to that of dextran in solution.

Earlier studies, conducted with macromolecules randomly labeled witly&@yrenehave

established that the process of excimer formation between an excitadjenohdstate pyrenyl
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label can be sed to characterize the conformatitid and internal backbone dynamics (IB&Y

of macromolecules in solution. Information on the conformation and IBD of pyabedéed
macromolecules was obtained by applying the fluoresdainbenodel (FBM}® to the analysis of

their fluorescence decays. Within the framework of the FBM, an eXxgiteenyl label covalently
bound to a macromolecule can only probe a finite subvolume of the macromolecular volume. This
subvolume, called &lob, can be used to compartmentalize the macromolecular volume into a
cluster ofblobs among which the pyrenyllels are randomly distributed according to a Poisson
distribution. The FBM yields the average number <of pyrenes peblob, which is used to
determine the numb&iion Of structural units (SUs) comprisingoéob, and the rate constakion

for encountes between two SUs bearing one excited and one grstatel pyrenyl label. The
productksion* Noiob represents the frequency of encounters between SUs and provides a quantitative
measure of the IBD of a macromolectfle.

The properties of a few pmaccharides have been characterized with the FBM. In the case
of amylose, whose conformation in DMSO is still being deb&i&tthe FBM analysis of the
fluorescence decays acquired with pyradeeled amylose (Psmylose) samples led to the
conclusion that amylose adopts a helical conformation in DIMI®e FBM was also applied to
probe the internal density of amylopectin, which was found to beastveo orders of magnitude
larger than that determined from intrinsic viscosity measuremefite difference was attributed
to the factthat intrinsic viscosity probes the density of the whole macromoleicg@ding its
excluded volume, while the short length scale over which PEF operates enables PEF to probe the
denser parts of a macromolecule, represented by clustersogfshelthe case of amylopectin. The

internal density of glycogen was also probed with the FBM in Chapter 3 of this thesis. It was found
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to match the densitthat would be expected from the application of the Tier M&YEInally,

dextran was found in Gipter 4 to be randomly coiled in DMSO according to the FBM.
Consequently, these earlier studies have demonstrated that the FBM is a suitable tool to determine
the conformation of polysaccharides, whether they are randomly coiled like dextran (see Chapter
4), helical like amylose in DMS® or composed of clusters of helices like amylopégtamd
glycogen in Chapter 3. Like dextran, pullulan is expected to be randomly coiled in séttion.
Dextran and pullulan, however, should exhibit different internal densities and badkjpwemics

due to the different configurations of their AGUs.

In the present study, pullulan was characterized by gel permeation chromatography (GPC),
intrinsic viscosity, and PEF. Pyretabeled pullulan (PyPullulan) samples were prepared by
reacting pillulan with different amounts of-fiyrenebutyric acidand their fluorescence response
was characterized by steasgtate and timeesolved fluorescence. The results obtained by
fluorescence confirmed that pullulan is randomly coiled in DMSO and support the notion that the
polysaccharide backbone of pullulamgimt be slightly less extended than that of dextran, as was
inferred earlier based on the measured persistence length of podgsaccharide$°
Consequentlythis study confirms that a combination of PEF and FBM can probe the internal
density and backbone dynamics of polysacchariged can thus be applied to polysaccharides

having more complex compositieand/or architectures.

5.3 Experimental

Material: Pullulan was purchased froffrokyo Chemical IndustrdAmerica It wasdissolved in

DMSO and precipitated in acetone for intrinsic viscosity and gel permeation chromatography
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(GPC) measurements. Athe other chemicals were purchasdm Sigma Aldrichand used
without any purification.

Characterization othe pullulansampé by GPC. A 1.00 mg/mL pullulan solution was prepared

in DMSO by stirring at 28C overnight. The solution was then filterdaough a 0.22mm syringe

filter and analyzed with @aOSOH EcoSEC High Temperature gel permeation chromatography
(GPC) instrumentThe GPC instrument was equipped withuard columpa 300 mm x 7.8 mm

ID TSKgel AlphaM column and adifferential refradtve index (DRI)and multtangle laselight
scatteringlMALLS) detector. The GPC system was calibrated wigubulan standardhaving a
numberaverage molecular weigfin) of 47.1 kg/mol andh polydispersity indexRDI) of 1.07.

The instrument was operated with a flow rate of 0.4 mL/min &t0rhe number(M,) and
weight (Mw) average molecular weight of pullulan equaled 1.8>gifhol and 3.6x10g/mol,
respectively, resulting in a PDI of 2.0. The GPC trace of the pullulan sample acquired with the
DRI detector can be found in Figurg.&in the Supporting Information (SI).

Intrinsic viscosity ofpullulan in DMSQ A 0.01 g/mL pullulan stock solutiowas prepared in
DMSO by stirring at 25C overnight. The stock solution was diluted with different amounts of
DMSO to prepare 6 samples, whose concentration ranged from 0.9 to 7.8 mg/mL. The inherent
(Ainn) and reduced/ted) viscosity of each solution in DMSO were measured waitHJbbelohde
viscometerat 25°C. Extrapolating the straight lines obtained fa#h and /req to they-intercept
yielded the intrinsic viscositfyound to equal 148 (£2) g/mL.

Labeling of pullulan wh 1-pyrenebutyric acid (ilBA). Thepyrenelabeled pullulan (PyPullulan)
samples were prepared via Steglich esterification as described for the preparation of pyrene
labeled amylopecti®® The protocol used to prepare a-Pyllulan sample labeled with 6.6 mol%

of 1-pyrenebutyric acid (PyBA) is described hereafter. A 3 wi% pullulan solution (6.2 gymol
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AGUs) was prepared irDMSO by stirring at room temperature until a transparent and
homogenous solution was obtained. PyBA (0.6 g, 2.0 mmol) 4adidnethylaminopyridine
(DMAP) (54.3mg,0.44mmol)were added to the solution. Aftdsecomplete dissolution of PyBA

and DMAP,10 mL of dimethylformamidevas added to the solution to prevent it from freezing,
when its temperature was brought téin the following step. The solution was capped with a
rubber septum, transferred to an ice bath, and kept undamdsphere by purging with2Ngas.

While the solution was kept under Btmosphere at 8C, N,N NgjliisopropylcarbodiimidgDIC)
(0.34mL, 2.2mmol)was added dropwise. About 20 minutes after DIC addition, the solution was
removed from the ice bath and epsgd with aluminum foil to preveiihe degradation of pyrene

by exposure to light. The reaction was continued for 48 hours at room temperature before being
guenched by letting air in. The product was purified by several precipitations in cold acetome. Sinc
the precipitations were aimed at removing unreacted PyBA, which emits as a monomer in the
fluorescence spectra, the purity of theMyllulan samplewasverified by monitoring changes in

the fluorescence spectra between two precipitations. The renfavaleacted PyBA was deemed
completewhen two successive precipitations resulted in two identical fluorescence spectra.
Pyrenecontentdetermination The molar fractiorx of AGUSs labeled with pyrene in a HBullulan

sample was determined withCary 100 bidJV-Vis spectrophotometeA DMSO solution of a
Py-Pullulan sample with known mass concentration in DMSO was prepared and stirred°&t 25
overnight. The stock solutiowas diluted with different amounts of DMSO to prepare at least 5
solutions with an absorbance at 346 nm that was lower thema¥oid saturating the UVis
spectrophotometer. The absorbance at 346 nm was plotted as a function of the mass concentration
based on the Bedrambert law. Linear plots were obtained with the slopg lfeing equal to

ey L3 /py, Wwhere @y is the molar extinction coefficient of pyrene at 346 nm equal 14001
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M-tcmrlfor PyBABL is the path length of an absorption cell equal to 1 cm/ gyid thepyrene

content in moles of pyrene per granpotlulan./pywas obtained by applying Equatiér.

/Py = (51)

The molar fractiorx of pyrenelabeled AGUs in a Pfullulan sample was determined by applying
Equation5.2, where lhe molar mass of unlabelelli{cu) and pyrendabeled(Mpy) AGU equded

162 g/mol and 432 g/mol, respectively

M
X= Y ':‘/TU e (5.2)
AGU Py Py

Steadystate fluorescenceA Horiba QM400 spectrofluorometer equipped with dshio UXL-

75 xenon arc lap was used to acquire the fluorescence emission spectra of tRellBan
samples with the rigkeingle geometry. The absorbance of thePRilulan solutions was kept at
0.1, equivalent to a 2/8M concentration of pyrenyl labels, a concentration low ehdogavoid

the inner filter effect and prevent intermolecular interactions. The slit width of the excitation and
emission monochromators were set at 1.0 nm. ThEBuHylan solutions were excited at 346 nm
and their emission was collected from 360 to 660 Mhe fluorescence intensity of the pyrene
monomer (v) and pyrene excimeld) were determined by integrating the emission spectrum from
376 to 382 nm and from 500 to 530 nm, respectively.|Ehg ratio was used to gauge the PEF

efficiency of the PyPululan samples.
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TimeresolvedfluorescenceAn IBH Ltd. time-resolved fluorometer was used with an IBH 340
nm NanoLED as an excitation source to acquire the fluorescence decays ofRuulRn
samples. The PRullulan solutions were excited at 34i®, while their fluorescence was collected

at 378 and 510 nm, respectively. @itfilters at 370 and 470 nm were placed before the emission
monochromator to minimize stray light from hitting the detector during the acquisition of the
monomer and exciméluorescence decay, respectively. Both fluorescence decays were collected
with 20,000 counts at the decay maximum and with a-perehannel of 1.02 ns/ch. The
instrument response function (IRF) was obtained by acquiring the decay of a Ludox suspension
with the same excitation and emission wavelength of 346 nm.

Fluorescencélob model (FBM analysis of the fluorescence decayke dynamics experienced

by the pyrenyl groups attached onto pullulan were probed by analyzing the fluorescence decays of
the PyPululan samples according to the FBM. Upon absorption of a photon, the excited pyrene
can decay according to several pathways. An isolated pyPgig'], that cannot form an excimer,

will decay back to the ground state with its own lifetim)( The pyenyl groupsPyqir* diffuse

slowly according to the motion of the AGUs,which they are attacheiffusive motiors of two

AGUs bearing an excitedyqif* and a grounestate pyrenaredescribed by the rate consténie.

As the speciePyuit* approachesa groundstate pyrene, it transforms into the speétgs*, that
rearranges quickly with a rate constinto form an excimer with the nearby grousizte pyrene.
kois~10 times larger thaknion. PEF isesnhanced by increasing the average numbeiof ground

state pyrenyl groups present inbkbb. Direct excitation of pyrenyl labels involved in pyrene
aggregatesHyagg®) can result in a poorlyl¥*) or well- (E0*) stacked pyrene excimer, which emits
with its natural lifetimefp or feo, respectively. The FBM analysis of the fluorescence decays

retrieveskpion, k2, <n>, and the molar fractiorfgee, faitt, fk2, feo, andfo of the pyrene speciédyree”,
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Pyuit*, Pyko*, EO*, andD*, respectively. The molar fractidagg of aggregated pyreneByagg*) is
taken as the suifgo + fo. <n> can be used to calculate the numigs, of AGUs constituting a
blob as shown in Equatios.3, wherefufee is the molar fraction oPyiree* Species being detected

in the monomer decays ards the molar fraction of AGUs, that are labeled with PyBA.
1-f
NP =2 Miee 3 g (5.3)
X

The fluorescence decays of the pyrene monomer and excimer fBy-tallulan samples were
fitted globally according to the FBM with EquationS.5and $.2 given inthe Sl, respectively.

All the parametersetrievedfrom the fluorescence decay fits were optimized with the Margquardt
Levenberg algorithm The quality dthe fits of the fluorescence decays with the FBM was gauged
from a ¢? value that was lower than 1.3, aadandom distribution around zero of the residuals

and of the autocorrelation of the residuals.

5.4 Results and Discussion

Conformation oPy-Pullulan: Five PyPullulan samplewere preparehose molar fractiom of
pyrenelabeled AGUs ranged from 2.5 to 13.1 mol %. The fluorescence spectra ofFhaliHsn
samples were normalized at 379 nm, which corresponds teQhea@sition of pyrea. They are

shown in Figure 5.1A. They illustrate how PEF increases with increasing pyrene content as a result
of increased pyrenpyrene encounters. Thelv ratios of the PyPullulan samples were calculated

and compared in Figure 5.1B with thély ratios of PyDextran obtained in Chapter @&hd those

156



of Py-Amylose®® Within experimental error, PRullulan and PyAmylose yielded similate/Im

ratios in Figure 5.1B, with PPextran showing the smalldsflv ratios in DMSO.

The analysis of thi/Im trends is complicated by the interplay, described in Equétirihat
exists between the internal backbone dynamics (IBD) of the polysaccharides, reflected by the rate

constankgit for PEF by diffusive encounters between two pyrenyl labels, and ttierotation of

the polysaccharide, reflected by the local concentralgin{ of groundstate pyrenes experienced

by an excited pyrene. For instance, a collapsed chain in a poor solvent will haveRyjugbut

kait might be small due to steric hiradrce generated by the collapsed polymer coil. In contrast, a

polymer in a good solvent will generate a lowRy][oc with a largerkait. Consequently, since both
kait and PY]ioc contribute to thdg/lv ratio in often opposite manners, interpretatiorhef|g/Im

trends is usually more subtle, particularly in cases wherbAhetrends show little differences

as found in Figure 5.1B for the PAmylose, PyPullulan, and PyDextran samples.
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Figure 5.1. Fluorescence spectra of Pyllulan in DMSO and B) plot of the/lur at i o

solid line) PyPullulan, (x, dotted line) PRextran, and Q dotted line) PyAmylose in DMSO

as a function of pyrene content. Lines wadeled to guide the eyes.
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Fortunately, the contributions from the IBD and conformation of a pylereded
polysaccharide reflected by the PEF signal and given by, respeckisebnd Py]ioc can often be
differentiated through the global FBM analysis of its pyrene monomeexsither fluorescence
decays. The FBM analysis of the-Pyllulan samples was conducted to obtain the parankeigrs
and<n>, and the molar fractiorfsi, fkz, firee, feo, andfp of the pyrenyl specieByuitt™*, Pyko*, Pytree®,

EO*, andD*, respectively, with the molar fractidiagg of aggregated pyrenyl species being equal
to the sunfeo + fp. The behavior of the parameteis is discussed first in Figure 5.2#at shows

a plot ofksiob @s a function of pyrene content for the-Pyllulan, PyDextran, and P Amylose
samples. Within experimental errdton remained constant for ae polysaccharides over all
pyrene contents and equalled 12 (+1), 13 (x1), and 1héHfpr pullulan, dextran, and amylose,
respectivelyThe constancy dfiob With the pyrene content indicates that pyrdabeling did not
affect the conformation and dgmics of the polysaccharides in solution. Based on the trends
obtained for theknion Values,koiob Was larger for PYAmylose than for the Ripextran and Py
Pullulan samples. Thdifference inksiob Was attributed to differences in both the conformation of
the polysaccharides in DMSO, with amylose adopting a helical conforrhasiod dextran ah
pullulan being randomly coiled, and the length of the linker connecting the pyrenyl group to the

backbone of the polysaccharide
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Figure 5.2. Plots of A)kpiob, B) <n>, and CNbo™as a function of pyrene ¢
Py-Pullulan, (dotted line, x) PRe xt r an, and (AdngcsehTdallinds in rigures 2) Py
5.2A and C represent the average values, while the lines in Figure 5.2B represieet dhbest

fit.

Within the framework of the FBMkoion, Whose expression gaven in Equation 5.5%equals
the producof kyirr by (1/Voion), Where Whiob is the concentration equivalent to one grostate
pyrene inside &lob. Consequentlykyiob is affected by the size oftdob, which is defined in part
by the size of the linker used to attach pyrene to the polysacchiritee present study, the
pyrenelabeling of a polysaccharide involves the reactdriPyBA with the different hydroxyl
groupsof the AGUs in thgoolysaccharide. The AGUs in dextran are joinedchb{l,6) glycosidic
bond. Only the secondary C2C3-, and C4hydroxyls can react with PyBA. In contrast, pullulan
is made of maltotriose repeating units, whose three AGUs are joined ky-{iyd) glycosidic
bonds. The maltotriose units are then joine@ki,6) glycosidic bonsl Consequently, some €6

hydroxyls are available in pullulan and they are expected to represent the main type of hydroxyls

159



to primarily undergo esterification with PyB&ue to theihighernucleophilicity?* The position

of the pyrenyl labels along dean and pullulan is illustrated in Figure 5.3.

1
Koob = Kt 3\/_ (55)
blob

Although the pyrenyl labels attached to thelg/iroxyl of a pullulan AGU is separated
from the AGU by a 6 atorong linker, that has one more carbon thhe 5 atordong linker
connecting pyrene to dextran at thel@&iroxyl of its AGUs, the linker length must be referenced
with respect to the atom defining the branghpoint along the contour length of the
polysaccharide. As discussed in Chapter 4, thremy labels and the polysaccharide contour
length are separated by 6.2 atoms irC¥&xtran (see Chapter 4 and Figure 5.3B) versus 6.0 atoms
in Py-Pullulan (see Figure 5.3A). The similar number of atoms constituting both linkers suggests
that both polysad@rides share a simil&ion. Since both PyPullulan and Pypextran also yield
a similarkpion value, they must also share a simid&r according to Equatiod.5. However, sharing
a samekqirr value does not mean that dextran and pullulan also shailarsiBD, becausékyit
reflects the IBD and linker dynamics of these pyrkieeled polysaccharides. Since part of the
linker joining the pyrenyl label of RRextran to its contour length includes the rigid sugar ring in
Figure 5.3B, the linker dynamiadg Py-Dextran must be siver compared to the linker dynamics
of Py-Pullulan, implying that the IBD of dextran desterthan the IBD of pullulan, if dextran and
pullulan share a sankgios value asndicatedin Figure 5.2A. This conclusion is reasonables
the polysaccharide backbone of dextran contains ediE 6) glycosidic bonds, which are known

to beflexible thana- (1,4) glycosidic bond$.
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A) O B)

Figure 5.3. Chemical structure of A) RRullulan and B) PyDextran. The contour length of the

polysaccharide backbone and the linker length are indicated by thick black and red chemical bonds,

respectively.

The significant difference ikvwiop Obtained for PyAmylose compared to both the Bextran
and PyPullulan series was attributed to the different conformations between helical affgtase
randomly coiled dextran and pulluld?? The helical backbone of amylose holds the pyrenyl
labels closer to the envelop of the helix via a shatidbn long linker connected to the-G2droxyl,
which reducedbion in Equation 5 and results in a largégion value.

The FBMyielded the average numben><of groundstate pyrenes inside tdob for Py
Pullulan, which was compared to that of Ryylose and PyDextran in Figure 5.2B. Similams
values were obtained, that translated into sinhlay,™® values calculated accordjrio Equation
5.3. Within experimental error, thidhion™Pvalues in Figure 5.2C remained constant Witgtpyrene
content, indicating that the level of pyrene labeling did not affect the parameters retrieved from

the FBM analysisAfter averaging over allhe pyrene contents of a same polysaccharide series,
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<Nbio™**> was found to equal 11 (x1), 9.1 (£0.3), and 10.2 (£0.7), fd?uulan, PyDextran,
and PyAmylose, respectively. Since FBullulan and PyDextran share a similar linker length
based on thehemical structure of the polysaccharides provided in Figure 5.3 and since the AGUs
contribute 5 bonds to the contour length of both polysaccharides, the slightly |akgg?®Rs
obtained for PyPullulan compared to PRextran suggests that dextran i®na extended than
pullulan in DMSO. Comparison of théNsion™P> values between helical amylose and the two other
polysaccharides is more complicated due to their different conformations.

More information about the conformation of the polysaccharides can be obtained from the
analysis of the molar fractions of pyrenyl labels shown in Figure 5.4. The molar fiagtgiown
in Figure 5.4A was largest. It equalled 0.64 (x0.06) for the thogesaccharides. This indicated
that PEF occurred mainly by diffusive encounters between two pyrenyl labels. The molar fraction
fagg Of aggregated pyrenes reflects the density of a polymer in solution, with a denser polymer
yielding largerfaggvalues. PyAmylose yielded the largegiggvalues in Figure 5.4B, followed by
Py-Pullulan, and Pypextran. This trend agreed with the expected helical conformation of amylose
and supported the notion that dextranmore extended in DMSO than pullulan, thus resglin
less aggregation for the pyrenyl labels of[Pgxtran. The molar fractiofiee Of isolated pyrenes
in Figure 5.4C also suggested that dexisathe most extended polysaccharide, since it yielded
the largesfiee value. The more coiled conformatiohpullulan brought the pyrenyl labels of Py
Pullulan closer to each otheesulting in fewer isolated pyrenyl labels and loviiee values
compared to PYextran. In fact, it shared the sarfige values as amylose, whose helical
conformation in DMSO kought the pyrenyl labels closer to each atlhesulting in largeffagg
values. Further information about the conformation of pullulan in DMSO can be obtained by

comparing dbie™P> of pullulan to the &poy"*® value determined from molecular mechanics
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optimizations (MMOSs) on pyrerkabeled polysaccharide constructs minmckthe conformation

of randomly coiled pullulan.
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Molecular Mechanis Optimizatiors: A pullulan construct with 43 AGUs was built withe sugar

builder functionin the programHyperChem The three torsion angle§ y, and w were not
restricted. The chain was stretched by imposing a distance between the chain ends, that was
increased step by step to minimize any distortion of the AGUs fidmaiato another, mainly boat,
conformatior? Once the chain was as extended as possible without showing any distortions
induced by chaito-boat transitions, the constraint imposing an extended distance between the
chain ends was liftednd the polysaccharide backbone was allowed to relax into a conformation
representative of an extended random coll for pulldarshown in Figure 5.5. The pyrenyl groups

were covalently attached to pullulan by creating ester bonds with thgd6xyl, snce it has the
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highest reactivity for esterificatiott.?> The first pyrene was referred to as the reference pyrene
and was attached on five difent locations on pullulato account for any potential differences
arising from the random coil conformation of the backbone. A second pyrenyl group was attached
on the Cehydroxyl of the AGU next to the reference AGU. If the-B&iroxyl of an AGU was
involved in ana-(1,6) glycosdic bond with another AGU, the &@droxyl of the AGU was
selected to attach PyBA, since it is known to have a better reactivitythtbarther secondary
alcohol?® The two pyrenyl groups were induced to come within 0.34 nm from each other after
fixing all atoms of the polysaccharide backbone. The overlap between the two pyrenyl groups was
considered to be conducive of PEF when the frame of the primary pyrene remained planar and had
7 or more carbons overlapping the frame of the secondary pyrene asap fhanel of Figure 5.5.

If a good overlap was obtained, the AGU for the secondary pyrenyl label was counted as one unit
for the numbeNo of AGUs on one side of the reference pyrenyl label that would generate a good
pyrenepyrene overlap. The secondayrenyl label was then attached to the next AGU and the
MMO was repeated. A good overlap indicated that this secondary AGU should be counted toward
No, whose value was increased by one unit. The process was repeated until the reference and
secondary pyrenyabels were too far apart to ensure satisfactory oveakaphown in the bottom

panel of Figure 5.5. A few positions past the AGU, where a poor overlap had been obtained for
the first time, were also tried and after confirmation of poor or no oveHepsdries of MMOs

was ended and thdy value was recorded. A different AGU was selected for the reference pyrene
and a new series of MMOs was conducted to generate andghealue. In all, five different
reference AGUs were tried and the number of overfgpcarbons were plotted as a function of

the number of AGUs separating the reference and secondary pyrenyls in Figure 5.6.
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Figure 55. lllustration of the ability of two pyrenyl derivatives to overlap when separated by 3

AGUs (top: good overlap) and 6 AGUs (down: poor overlap) for an extended conformation of

pullulan.

According to Figure 5.6, a good overlap was obtained between the reference and secondary
pyrene ifNo equaled 5. Since the saMewould have been obtained on both sides of the reference
pyrene,Noiop " was taken as3No + 1 = 11 AGUs, where 1 accountat the reference pyrene.
Noion"®°was thus in perfect agreement with Mg value of 11 (+1) determined with the FBM.

The good agreement betwellaop"° and Noioo™® supported the fact that pullulas randomly

coiled in DMSO.
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Figure 5.6. Pyrene carbon overlap as a function of the number of AGUs separating the reference

and secondary pyrenyl groups obtained with five different reference positpreonducting

MMOs with the pullulan construct shown in Figure 5.5.
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Stiffness of the backboré pullulan Having determined the parametéMsor™” and koion for
dextran in Chapter 4,Npiop™P> and the product ksior® Nbiob™P>, representing the frequency of
AGU encounters insideldob, were compared to the same parameters obtainpgremnelabeled
poly(methyl acrylate) (PPMA)'® and a series of pyreniabeled poly(oligo(ethylene glycol)
methyl ether methacrylate)s EGMAs with n =0, 1, 3, 9, and 19)This comparison took
advanage of an earlier study conducted with a series of pyledreded poly(alkyl methacrylate)s
(Py-PAMAS) in tetrahydrofuran (THF), which had established tHg§ios™*> and the product
<kolobXNbiob™P> were representative of the conformation and IBD ofmacromolecule,
respectively:* Unfortunately, the PYPAMA series being insoluble in polar solvents like DMSO
prevented its use for comparison puroie the study of many biological macromolecules like
dextran and pullulan, which are soluble in DMSO. This explains why the fluorescence experiments
originally conductedvith the PyPAMASs were repeated by graduate student Hunter Little, who
prepared a ses of PyPEGMA samples, which were soluble in DMSO. However, comparisons
between different polymer backbones must account for the structural parameters that were
illustrated in Figure$.3 and5.8, such as the number of atoms involved in eactstrucural unit

(2 and 5 for a methacrylate and AGU, respectively), the length of the linker connecting the pyrenyl
label to the polymer backbone (~ 6 for thePgxtran, PyPullulan,Py-PMA and PyPEGMA
samples), and the average lenigttper atom constituting the contour length of the polymer (1.2,
1.2,0.94, and 0.89 A for PERA, MA, dextran, and pullulan, respectively). Since REEBends

on the contour lengttnoth <Npiob™P> and kbiot® Nbiob™P> were corrected by multiplying them by

the lengthlsy (= nowXlbp) Of @ structural unit equal to 0.24, 0.4745and 0.45 nm for the Ry
Dextran, PyPullulan,Py-PMA and PYPEGMA samples, respectively. Since tfoar polymers

have a similar linker lengthas discussed earlier in Figure 5.3, the linker length was not accounted
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for in the discussion forNbion™"> and <bios® Noion™P>. A plot of <Nbion™P>2 Isuis shown in Figure

5.8 as a function oMWsu/nop, Which represents the molar mass of the structural unit per atom
contributing to the contour length. The plot shows #sathe oligo(ethylene glycol) side chain of
the PyPEGIMA samples increased, the qtian<Noiob™ >3 |sy decreased, since steric hindrance
generated by the side chains stiffened the polymethacrylate backbone, forcing it to adopt an
increasingly extended conformatiorhis also explains why PRMA took ahigha <Npio™P>3 Isy
and<kpion® Nbiob™**>3 Isy valuethan PyPEGMA because the absence of methyl group increases
the IBD of PyPMA. Py-Pullulan and PyDextran yielded similar Mpion®™P>2 Isy values, but their
value was much lower than that expected for &##MA sample of similaMWsu/nup, indicating

that dextran and pullulaare quite extended in DMSO. Thésion™ >3 Isy value for PyPullulan
appeared to be slightly larger than that forBgxtran, suggesting that dextranslightly more

extended than pullulan in DMS@ agreement with earlier repoft3.

OH ]
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Figure 5.7. Chemical structures of A) Pyullulan B) Py-PMA and C)Py-PEGMA samples. The

bold line on the structure represents the contour length of the polymer.
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Figure 5.8B compares the produdiyish® Noiob”*>3 Isy, which represents the frequency of
encounters between the atoms constituting the polymeric backbone located inisiolda the
pullulan and dextran constructs. Thiiss® Nbiob™P>2 Isy values obtained for pullulan and dextran
were similar and took aalue that was smaller than thkyss? Noion™*>3 Isy valueof the Py-PMA
having a snilar MWsu/npp ratio. This comparison led to the conclusion textran and pullulan
exhibitslowe IBD compared to the PPMA constructsdue to the cyclic nature of their repeating
units which stiffen the polysaccharide backbone. Although the linkers separating the pyrenyl label
from the contour length of the FBullulan and PyDextran samples shaaesame number of atoms,
the linker of tle PyDextran samples include the rigid sugar ring (see Figure 5.3B). Since the
product kviot® Nbiob” > combines the backbone and linker dynamics, where the linker dynamics
of the PyDextran samples must bwer than the linker dynamicsf the PyPullulan samples,
the IBD of pullulan must bslowerthan those of dextran if a samkyigi® Nbio™*>2 Isu value is

obtained in Figure 5.8B. These considerations suggest that dextran exhibits increased mobility
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compared to pullulan, a reasonable conclusion considering that the dextran backbone contains
more mobilea-(1,6) glycosidic bonds compared to pullufan.

The flexibility of polysaccharides in water has been examined by computational
simulations}” smallangle xray scattering (SAXSY? andintrinsic viscositymeasurements.in
water values between 1.0 and 1.9 nm have been reported for the experindgttaigined
persistence length of pullul&while the persistence length of dextran has been found to decrease
from 2.8 to 2.0 nm when the molecular weight of dextran increased from 11.2 to 253 gfmaol.
persistence length of 2.8 nm reported for a 11.2 kg/mol dextran, short enough to minimize
branching’’ should be similar to that of the dextran sample studied by PEF in Chapter 4, which
had arMn value of 7.3 kg/mol and a PDI of 1.5. The larger persistence length found in the literature
for dextran would suggest that dextran is a stiffer polymer compared to pullulan. Despite the small
difference between the produdisfon™>3 Isy of 4.3 (x0.2) nnfor dextran and 4.9 (£0.4) nm for
pullulan, the larger value obtained for pullulan suggests that dextran is more extended than pullulan

in DMSO, as expected from the persistence length values reported in the scientific lit€rature.

5.5 Conclusion

PEF was applied to examine the conformation and flexibility of pullulan in solution. A series of
Py-Pullulan samples was prepared and their ability to form excimer in DMSO was characterized
by steadystate and timeesolved fluorescence. THe/lm ratio ard FBM parameters such as
Nbiob™® andfaggwere determined for the FRullulan samples and compared to the values obtained
earlier with other polysaccharideNison™**> for Py-Pullulan equaled 11 (+1) and matched exactly
theNpion"*°value found by MMOs for RfPullulan adopting a random coil conformation. Although

this finding might not be surprising, since the random coil conformation of pullulan in DMSO has
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already been established by intrinsic viscosity measurerfiéatis, still demonstrates that the
combination of FBM, PEF, and MMOs applied in thegemt study constitutes a useful and robust
methodology to examine the conformation of polysaccharides in solution. The Ialigef

value of 11 (1) for pullulan compared to that of 9.1 (£0.4) found for dextran suggested that
pullulanis morecoiled than dextran, in agreement with published persistence lengths of the two
polysaccharide®® The same kiiop> value found for dextran and pullulan, which reflected the IBD

of the polysaccharides and the dynamics of their linker with pyrene, also suggested that the
backbone of dextrars more mobile than that of pullulan, since the dynamics of th®&tran

linker arehinderedby the cyclic AGUcompared to the dynamics of the-Pyllulan linker. The
conclusion that the backbone of dextramore mobile than that of pullularas reasonable based

on the ratio of the less mobite (1,4) to the more flexibla- (1,6) glycosidic bondsequal to 0

and 0.3 for dextran and pullulan, respectively. In summary, the parameters retrieved in this
comparative study of PRullulan, PyDextran, and PyAmylose agree with the general
understanding in the literature about these polysaccharides, with pullulan being a slightly more

flexible but less dynamic polysaccharide than dextran.
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Chapter 6

Conclusions and Future Work
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6.1. Thesis Summary

In this thesis, the conformations and internal backbone dynamics (IBD) of seymwblglucans
ranging from linear to highly branched polysaccharides were successfully characterized in solution
and at the molecular level by a combination of pyrene excimer formation (PEF), Fluorescence
Blob Model (FBM), and Molecular Mechanics Optimizations (MMOSs). The combination of PEF,
FBM, and MMOs had been applied earlier to probe the conformi&tand IBD of a variety of
macromolecules in solution, but this thesis represents the first example where such a large set of
polysaccharides has been studied by using this methodology.

The successful application of the combination of PEF, FBMMM®s to study thenterior
of highly branche@dmylopectin and glycogen solutionwas certainly an importaaichievement
of this thesis. The intdnelical distancedy.n) between the side chaiagranged int@lustesinside
amylopectin in dilute dispersn and irthecrystalline formhadbeen examined earliey PEFand
X-ray crystallographyrespectively Sincednn between single amylose helices with 7 AGUs per
turn equals 1.5 nm in a crystal latticthe largerdnn of ~ 2.7 nm found for the side chains of
amylopectin dispersed in DMSO suggested the existence of free volume between the side chains
of amylopectinn DMSO? This assumption was tested in Chapter 2, where the compressibility of
amylopectin andhree Nanosized Amylopectin Fragments (NAW#h a hydrodynamic diameter
(Dn) of 227, 56, 20, and 8 nm was probed. The four particles were labeled-pytierie butyric
acid to yieldPy-Amylopectin and PANAF(Dn) samples, where the number in parenthesis indicated
the hydrodynamic diameter of the NA&FXxpressed in nanomet@fon-fluorescently labeled
NAF(56) was added to the Amylopectin and PANAF(Dn) dispersions in DMSO to increase the

osmotic pressure. Increasing the NAF(56) concentration from 0.001 to 40 wt% triggered the
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compression of the patyaccharide particles and ttie, between the helical side chains decreased.
At a NAF(56) concentration of 12 wt%he fluorescence intensity ratio of the excimer over the
monomer [g/Im) and the number of anhydroglucose units (AGUS) insiolela(Nyion™?) begun to
increase which indicated enhanced PEF. As the side chains became dlussihelical
interactiors between the pyrenyl labels were enhanced. While bothetiieratio and Npjop™P
increased with increasing NAF(56) concentration, the magnitude of their increase depended on the
size of the polysaccharide under stuBy-Amylopectinandthe smallesPy-NAF(8) showed the
largestand smallesincreasen Ie/lm andNbion <P, respetively. To better understand the origin of
this effect MMOs were conductedith 7 helices arranged in a hexagonal closed packed laitice
determineNoion™as a function oflnh and the number of helicesnstituting a clusteThe trends

of Nbiob™*® obtained for Py-Amylopectin andthe Py-NAFs as a function of the NAF(56)
concentratiorwere compared with thieends obtained faXbion"*°as a function ofln and cluster
size. By noting that thBlhior™® trend obtained for PAmylopectin and PANAF(56) were similar
and seemed to match the trend obtained\i@i"*° with a cluster of 37 helices, a relationship
could be established betweehn and [NAF(56)], that led to the finding thak. for Py-
Amylopectin andhe Py-NAFs decreased from 3.2 to 2.0 nm as the concentrafitime naked
NAF(56) samplancreased from 001 to 40 wt%. Thdinding that theincrease irthe Ig/lv ratio

and Npiob™® for Py-Amylopectin and PYNAF(56) could be attributeto the existence aflustes
made of37 heliceswas similar to the cluster size reported in the literature determined by
microscopy imaging of amylopectfiThe fluorescence response of the-NPyF(20) and Py
NAF(8) samples, when NAF(56) was added to dspersions, was well describddthey were

made ofclustes consising of 6 and 3 helices, respectivelysmaller cluster size might have been
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a consequence of the stronger degradation, that was applied to produce the smaller NAF samples.
These PEExperiments demonstrated how detailed structural information about the size of clusters
of helical side chains could be obtained for highly branched amylopectin and NAFs.

Chapter 3 described how PEF can be applied to study the interior of glycogen aletidan
level. The internastructure of glycogenan be represented the Tier Model which assumes that
the sidechains are arranged aoncentridiers with the number afidechains increasing from the
inner to the outer tiet! Sincethe numter of AGUs in a tieincreases more quickly thanetier
volume, the density of glycogen increases rapidly with increasngumber. In fact, glycogen
particles cannot grow pasite 12" tier asthe density of a hypothetical ¥3ier would be so high
thatthe enzymes, responsible for the synthesis of glycageuld no longer have access to the
glycogenbinding sites duéo steric hinderanc®.The structure of glycogen has been investigated
at the macroscopic levddly microscopy‘®“size exclusion feromatography?®® or scattering
techniques® Recently, the density distribution with a higher density at and near the core was
suggested by Gilbert based on the SAXS experiment of glycdgen.

To this endtwo density distributions were considered to exantireeinternal structure of
glycogen from oyster and comm Chapter 3Thenumber average molecular weighy), intrinsic
viscosity ([ /1]), and hydrodynamic radiugRy) of the glycogenparticles were determinety gel
permeation chromatography(GPC) analysis and viscosity measurementsThe parameters
describing themacroscopic propertiesf glycogen indicated that these glycogen particles were
made of 12 tiers based on the mathenaticlering 6the Tier Model by MeléndeHevia!® The
glycogen samples from oyster and corn were labeled withpyrenebutyric acidor 1-

naphthaleneacetic acido yield the samplesPy-Glycogen(@C) and Np-Glycogen(Q/C),
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respectively The efficiency oFluorescence Resonance Energy Transfer (FRET) between-the Np
and PyGlycogen(O) samples was examined and compared to the FRET efficieney) (
obtained for Py/NfDextran solutions. TheErrer of the Py/Npglycogen dispersions was
significantly lower tharthat of the Py/NfDextran solutions. The differerirreT values were
attributed to the different structures of these polysaccharides. All pyrene pendants of the linear Py
Dextran samples could interact with the naphthalene pendants to induce FRETrdatconty

the peripheral pyrenyl labels of the-Byycogen samplesould induce FRET. Consequently, a
significantly lowerErreTwas obtained for the Py/NBlycogen dispersions compared to Hreet
obtained for the Py/NPextran solutions. This result was taken as evidence that the pyrenyl labels
were distributed throughout the entire glycogen particles and not concentratedpripbery.

The PyGlycogen(O/C) samples yielded similafIm ratios andNbion™® values, but these
values were higher than those obtained feARyylopectin. Since glycogen is twice more densely
branched than Pmylopectini® the higher local density experienced by the pyrenyl labels-of Py
Glycogen yielded a much highé#/lm ratio and foior™"> than the values obtained for -Py
Amylopectin MMOs were conductewvith 7 shorteroligosaccharide helicethat would be more
representive of the glycogen helicesyranged in a hexagonal closed packed lattideutiol a
Nbiob"®2vs-dn.n plot that could be used to estimate thtionshipbetweenNyop"®° and 7. Two
density distributions based on Meléndéevia model® and Gilbert modél were considered and
the parameters used to represent them wy@tignized to yieldan <Npion"®® value that would best
match<Npioe™P>. Good agreement betweeNson "% and Npior™P> was obtained only if the side
chains of glycogen were more densely packed toward the center of the glycogen particles than

predicted by the Melenddievia model Consequently, the study described in Chapter 3
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established a PEBased methodology whereNsion™"> can be employed to characterize the
internal density of complex polysaccharide particles like glycogen.

Up to this point, the combination &EF, FBM and MMOshad been applied to probe the
interior of highly branched amylopectin and glycogen helical amylose in DMSO. The PEF
FBM-MMO combination was applied to probe the conformation of two randomly coiled
polyglucans, namely dextran in Chapter 4 and pullulan in Chaptét Bhe dextran and pullulan
samples were labeled withdyrenebutyric eid to yield two series of PRextran and PyPullulan
constructs, respectively, and their fluorescence response was compared to that of the other
polysaccharides studied to date. A summary of this comparison is provided in Figure 6.1A and its
main conclugins are discussed hereafter. The main metrics that were used to gauge the PEF
efficiency were theg/Im ratio, Noiob™®, the produckpior® Noio™®, andfagg Which were plotted as a
function of pyrene content in Figures 6.1A, B, C, and D, respectivelylelliyeratio in Figure
6.1A reflected the local concentration of grotstdte pyrene By]ioc), and since the pyrenyl labels
were covalently attached to tpelysaccharides, thie/lv ratio reflected the local density of the
polysaccharides. Since the local density generated by the different polysaccharides were expected
to follow the sequence glycogen > amylopectin > amylose ~ pullulan ~ dextran, thestrenais
in Figure 6.1A provided a good representation of the local density of the polysaccharides. A similar
sequence was found fdlion™® in Figure 6.1B, wher®hon™P was largest for the two glycogen
samples, followed by amylopectin and the linear asg/l@ullulan, and dextran yielding similar
Nbiob™® values. This trend was reasonable, based on the known density of these polysaccharides,
with glycogen and amylopectin allowing inteelical PEF, while PEF occurred along a single

polysaccharide chain the case of amylose, pullulan and dextran. A better resolution was obtained
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for the producksiot® Nbiob™P, Which showed the largest frequency of pyrpgieene encounters for
glycogen, followed by amylopectin, amylose, and with pullulan and dextran \gelldensame

koiob® Nbiob™P product. The only parameters, that resulted in a clear separation between pullulan and
dextran was the molar fractidryg of aggregated pyrenes. Since PEF occurred along helices in
glycogen, amylopectin, and amyloSthat promote the formation of pyrene aggregatesilaim
trends were observed for thgyvalues obtained for these three polysaccharides. However, dextran,
which is expected to be more extended than pullulan, resulted in substantiallyfagwetues
compared to pullulan, which itself yielded lower eduthan for glycogen, amylopectin, and
amylose.The conclusion that pullulan was more coiled than dextran agreed with the published

persistence lengths of dextran and pull i
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Figure 6. 1. Plots of (A) thelg/lm ratio, (B) Nbiob™®, (C) KoiobXNbiob™ P> and (D)fagg Of Py-
Glycogenfromg) oyst er andAnfydl)o pceocr thimglogeyE)) PyPuluian,

and ( ) Py-Dextran in DMSO.

At this point, the PEFFBM-MMO combination has been applied to a wide variety of
polysaccharides to probe their conformation and IBD. The conclusions drawn from the application

of this PEFbased methodology are supportive of the conclusions reporteel litetiature for the
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polysaccharides studied in this thesis. It suggests that th& BEFMMO combination represents

a robust analytical tool to probe polysaccharides in solution at the molecular level.

6.2 Future Work

The study of the compression of amylofpieand NAFs in Chapter 2 showed that the PEF response
reflected the size of clusters of helical side chains found in amylopectin and the NAFs. In the
specific case of amylopectin, the clusters ofAPyylopectin were found to be made of 37 helical
side chans. The clusters in the smaller NAFs were found to be made of fewer side chains, a
consequence of the destructive procedure applied to prepare the NAFs. In contrast, partial
hydrolysis of amylopectin with an engmzyme such as-amylase would be expectemproduce
amylopectin fragments of different sizes but with conserved clustersaTinait dextrin of
amylopectin could be labeled withpgyrenebutyric acid and the same PEF experiments conducted
in Chapter 2 could be carried out to estimate the siteeaflusters of helical side chains. A similar
PEF response as that found for amylopectin would be expected fromlithé dextrin if the
clusters were conserved regardless of the size @i-timit dextrin of amylopectin.

Chapter 3 demonstrated that@mbination of PEF, FBM, and MMOs could be applied to
provide a concrete answer to the density distribution of glycogen. This study suggested that the
stepwise enzymatic treatment of glycogen with-eraymes followed by debranching enzymes
could be appéd to generate glycogen particles with different overall density. The structural
properties of the degraded glycogen particles could be examinediyiti| andR, determined
by conducting viscosity, GPC, and dynamic light scattering measurements, respectively. The
degraded glycogen particles could then be labeled wityxy&nebutyric acid. Their fluorescence

decays could be acquired and fitted according to the EBpEld Noion™>. The Npion P> of the
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degraded glycogen should be compared with thgs2*"> value of the nordegraded glycogen.
Theb-amylolysis of glycogen would remove the most/least dense part of glycogen based on Tier
Model® and Gilbert model! respectively. The hydrolysis of the densest part should result in a
lower Npior™*> than the biopr™P> of the nordegraded glycogen observed in this study while the
hydrolysis of the leastathse part would cause of increase in tNes™”>. Such a study on top of
the experimental results presented in Chapter 3 would answer regarding to the density distributions
of glycogen which is debatable in the literature and demonstrate the usefdltessombination
of PEF, FBM, and MMOs for characterizing macromolecules in solution at the molecular level.
Four majora-polyglucans have been studied in this thesis, but several others remain to be
characterized and the combination of PEF, FBM, and MMOs could be applied for this purpose.
Dextran, which was studied in Chapter 4 of this thesis, is one of four classifia#tamsglucans
produced from lactic acid bacterd&The other three classifications are mutan, reuteran, and
alternan. Mutan is constituted of AGUs joined BY1,3) glycosidic linkagesand forms an
extended helix, which makes it waiesoluble like cdulose?® However, mutans are soluble in
9:1 DMSO:water mixture€ which should be suitable for PEF experiments. Reuteran is made of
AGUs linked bya-(1,4) anda-(1,6) glycosidic bonds in a 1:1 ratio. The structure of alternan is
unique as its AGUs areijeed via alternating-(1,3) anda-(1,6) glycosidic linkages with a¥1%
branching frequency. Considering that pullulan does not adopt a helical conformation as it
possesses heterogeneous glycosidic link&gesiould be interesting to apply PEF measneats
to assess whether alternan might adopt a random coil or helical conformation in solution. If
randomly coiled, the PEF study could characterize the chain mobility of randomly coiled alternan

and compare it to that of dextran, whose AGUs are connectely bya-(1,6) glycosidic bonds,
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and pullulan, whose AGUs are linked by a 1:2 mixture-¢1,6) anda-(1,4) glycosidic bonds, as
was done for the comparison conducted in Chapter 5 between dextran and pullulan.

Finally, regioselective esterification @ullulan with vinyl pyrenebutyrate would be an
interesting control study. The transesterification of starch with vinyl acetate in the presence of
NaCl yielded acetylated starch, where all acetates were formed at thgd@Xyl 28 The
transesterificatio of pullulan with vinyl pyrenebutyrate in the presence of NaCl should produce
a PyPullulan sample, where all the pyrenyl labels would be attached on thgdtéxyls. The
PEF response should be substantially different from that presented in Chaptexr®,all the
pyrene pendants were expected to be attached on thgdtéxyls of pullulan. The difference in
PEF response would be attributed to the difference in linker length, since the length of the linker
separating the pyrene moiety from the polybacce backbone would be different it 1

pyrenebutyric acid were attached to the G2C6-hydroxyl of the AGUSs.
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Appendces

S2 Appendicesfor Chapter 2

S2A] Global analysis of the monomer and excimer fluorescence decays according to the
fluorescence blob model and equations for the molar fractions of the different pyrene species

The fluorescence decays of the pyrene monomenamaher of the PYNAFs and PyAmylopectin

samples were fitted with Equation®.5 and 2.2, respectively. Equation22 includes the
existence of a shelived excimer species, referred to &S. The ES species is often
encountered, when PEF takes place in rigid environments such as along the oligosaccharide
backbone. Excellent fits were obtained with values smallethan 1.3 and residuals and
autocorrelation of the residuals randomly distributed around zero as shown in Adure S

[Py 1oy = Pl oy B PYd oy [PYL

* aa 1 6
=[Prloexpggzeh + b AL el Ad)
¢ ¢ Moo
A A ATA B8 (AL
+;PYI<2] {'Pydm] e |o i A +iA, &, Q_Xpé@ lﬁ?ﬁ t
A; CA+IA a8 1 060
[Pydm] |o ¥ A2+IA - 2 Xpé@ge% ) ﬁ éQ[PYree] exp( t/fM) (S2.1)
* * *
[E](t) :[H)](t) ["ES](t)
t 6 &4a& 1 0
_XPxe — geXRe ak —*+ b
54 A2+iA4 0, ¢cleo + ¢cc h =
_kipwz] -!-Pyilff] IO |A2+|A 93 1 1
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[M £0
. . ex gege% HA, + 'ggexpfﬁleL
no A A2+|A4 c ¢ v =+ ¢ d
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The parameterg\,, Az, andAsin Equation 2.1 and 2.2 are expressed in Equatiord.3&c.

_ s KoonKc[blOD]
N>k [blot] (52:58)
— >3 a Kbiob ~2
A,=<n> E;%bmb +k [blog] 8 8 (S2.3b)
A, =Ky Tk, [blob] (S2.3c)

<n> in Equation 8.3b represents the average number of grestate pyrenyl labels present in a
blob. keiob andke describe the rate constant for the slow diffusion of two AGUs bearing a pyrenyl
label in a sambloband the rate constafar the exchange ajroundstate pyrenes betwebiobs
respectively. Iplob] is the local concentration dlobsinside the macrometular volume.

The fluorescencelob model (FBM) was first applied to a series of pyrémigeled amylopectin

and NAFs with floatingkz, the rate constant for the rapid rearrangement between two pyrenyl
labels in close proximity prior to PEF. Thevalues of the pyrendabeled amylopectin and NAF
samples obtained at different NAF(56) concentrations were averaged. The auevadges
obtained for each polysaccharide are listed in section E. The FBM analysis of the decays was
repeated with the averagevalue fixed in the analysis.

Equations S46 provide the expressions for the molar fractions of the pyrene species determined
from the analysis of the monomer decays. The molar frachiQrs fuiree, andfuxz are expressed
in Equation S456, where thparameters have been defined in the main text.

[Py o
fagr =—= iﬁ * (S2.4)
[Pydiff ]o +[Pyk2]o +[nyree]o
P *
foree: * [ yzee]o * (525)
[PYair lo +[PYizlo +[PYieelo
P *
fo- [PYe.], (S26)

[Pydiff ]o + [ Pykz] 0 + [ nyree] o}

The molar fractiorfuiee determined with Equation23% was used to calculate the number of
structural units present inbdob (Nbion ™) as described by Equation 3@hapter 2.
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Similarly, the molaifractions of the pyrene species detected in the excimer decays was retrieved

by applying Equation&2. The expressions of the molar fractidas, fexo, feeo, andfeesare given
in Equations 3.7-S2.10.

Pz [Py:iff lo

Ediff — * * (82'7)
[Pydiff ]o +[Pyk2]o +[EO\']0 +[ESk]0

P *

CR— Ly (s28)
[PYsir 1o +[PYialo +IEC], +[EST,

feeo =—= *[ =01, (S2.9)
[Pydiff ]o +[Pyk2]o +[EO*] o] +[Esk] o]

fee [EST, (S2.10)

® [Pyy ] +[PYeol, +IECT, +[EST,

The contribution of each pyrene species in the monomer and excimer decays were combined to
determine the molar fraction &, fkz, firee, andfeoas shown in Equation231-S2.14. Since the
shortlived specie€S in Equation S2 emitted with a shortag time of 3.5 ns and disappeared
rapidly after excitation, the contribution of the sHoréd species was not included in the
derivation of the molar fractions.

1

fon = (S2.11)
1+ (Fawea /T )+ (Frree ! Frnaire )+ (Feeo / Fegine)
f
fio = T T e (S2.12)
Miff
f
firee = Fair fM—free (S2.13)
Miff
f
feo=furr — (S214)

fEdiff
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S2B] Example of a fit of the fluorescence decays

100000 100000
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Figure S2.1. Example of the fit of the fluorescence decays of the pyrene monomef {left 375
nm) and excimer (right,em = 510 nm) for Py(4.2Amylopectin labeled with 4.2 mol% of PyBA
in DMSO. ¢? = 1.16,/ ex= 346 nm.

S2C] Plot ofh as a function of mass concentration of amylopectin

200

=

(o)

o
!

<€~/Q‘ag<,f

h..qand A, mL/g
|_\
o1 o
o &

0

0 0.001 0.002 0.003
[Amylopectir, g/mL

Figure S2.2. Plot of the i ) reduced and4( ) inherent viscosity of amylopectin in DMSO at 25
°C as a function of amylopectin concentration.
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S2D] Observation of a constahlv ratio over a wide absorbance rangePg(6.7}YNAF(56)

1.5

210 B

I/1

0.5 -

0.0

0.0020406081.01.2141.6
Absorbance

Figure S2.3. Plot of thelg/Iw ratio as a function of absorbance for Py(&NAF(56) in DMSO.
SZE] List of parameters retrieved from the fluorescence decay analysis

Table 2.1. Parametersetrieved from the fluorescence decays of Py(0-004(56) at different
concentrations of NAF(56) and Py(0.0MAF(56) analyzeded with the biexponential function
given in Equation 3.15.

[PY],=a, exp( t# § zaexp( t/ ) (S2.15)

wt % ai ti(ng | a2z | t2(ng | c2

0.1 0.14 20.3 [ 0.86] 100.1| 1.13
1.2 0.15 259 [0.85] 995 | 1.11
4.3 0.13 31.6 | 0.87| 100.8 | 1.08
4.4 0.15 259 [0.85]| 100.4 | 1.09
8.3 0.15 23.5 [0.85]| 100.7 | 1.02
8.4 0.14 27.8 [ 0.86| 100.9 | 1.17
13.6 | 0.15 | 23.6 | 0.85| 102.9| 1.08
15.2 | 0.15 24.6 |0.85| 103.8| 1.11
16.3| 0.14 22.3 | 0.86] 105.2 | 1.09
21.9 | 0.15 23.3 | 0.85| 110.5| 1.14
23.0| 0.15 | 29.3 |0.85| 109.5| 1.20
42.3 | 0.17 26,5 [0.83] 126.9| 1.06
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Table 2.2. Parameters retrieved from the global FBM analysis of the monomer decays with the
programglobmis90sbe for Py(4.1}Amylopectin and Py(6.6INAF(56) at different NAF(56)
concentrations in DMSO with Equation8.5and 2.2.

Sample Wt % | fwmdift | fufree Kolob <n> fio ke[blob] G 2
(x10sY (x1C8s )
0.0 | 0.841| 0.047| 1.488 | 0.65| 0.112 9.27 1.16
0.1 | 0.835] 0.062| 1.547 | 0.71]| 0.104 1042 | 1.11
1.2 |1 0.836] 0.044| 1.405 | 0.74| 0.120 9.87 1.17
49 | 0.825]| 0.050| 1.092 | 0.82] 0.125 10.92 | 1.13

Py(41} ["86 |0802] 0.040| 1.311 | 0.81| 0.158 | 10.36 | 1.05
Amylopectin 71187 0785 0.041| 1.250 | 0.88| 0.175 | 10.81 | 1.07
(220) 16.6 | 0.771] 0.036| 1.036 | 1.12| 0.193 | 932 | 1.12
=2 1x16sl | 1991 0.751[0.040] 0917 [124] 0.210 [ 845 [117

225 | 0.731] 0.035| 0.862 | 1.50| 0.234 | 7.81 | 1.10
26.0 | 0.724| 0.072| 0893 | 1.45| 0204 | 7.09 |1.21
27.8| 0.685| 0.060| 0.820 | 1.58| 0.255 | 6.92 | 1.11
30.8 | 0.681| 0.074| 0.766 | 1.78| 0.245 | 6.79 | 1.22
32.8 | 0.647| 0.059| 0.751 | 1.83| 0.294 | 546 | 1.23
345 | 0.673| 0.081| 0.784 | 1.89| 0.247 | 6.67 | 1.09
36.6 | 0.646 | 0.071| 0.774 | 1.93| 0282 | 7.58 | 1.09
*41.3| 0.607 | 0.107 | 0.835 | 2.00| 0287 | 953 | 1.12
00 | 0.826| 0.006| 1.327 | 1.10| 0.168 | 9.89 | 1.17
01 | 0.821] 0.003| 1.345 | 1.11| 0.176 | 10.03 | 1.21
05 | 0.817] 0.014| 1.374 | 1.10| 0170 | 1022 |1.25
13 | 0.805] 0.007| 1.249 | 1.17| 0.189 | 945 | 1.19
19 | 0799 0012| 1.292 | 1.16| 0.190 | 9.85 | 1.10
22 | 0.800] 0.007| 1.259 | 1.18] 0.193 | 9.75 | 1.14
PY(6.6) 6.2 | 0.769| 0.000| 1.185 | 1.22| 0231 | 898 | 1.08

NAF(S6)  710.3| 0.748] 0.004| 1.162 | 1.30| 0.248 | 9.30 | 1.11
10.8| 0.763] 0.007| 1.224 | 1.29] 0230 | 9.22 [1.23
=2 Ox16s-1 | 126 [ 0773/ 0.004| 1.181 |134] 0222 | 907 [1.12

14.7 | 0.742| 0.005| 1.095 | 1.49| 0.253 8.49 1.12
14.8 | 0.733| 0.004| 1.090 | 1.51| 0.263 8.37 1.10
175] 0.719| 0.003| 0.919 | 1.85| 0.279 6.73 1.18
19.5| 0.703| 0.005| 0.892 | 2.08 | 0.292 6.50 1.14
20.7 | 0.677] 0.008| 0.852 | 2.22| 0.315 6.26 1.16
21.7 ] 0.674| 0.002| 0.847 | 2.27| 0.324 5.61 1.11
24.3 1 0.672| 0.009| 0.819 | 241 | 0.319 5.05 1.13
27.1] 0.669| 0.013| 0.749 | 2.63| 0.318 5.73 1.14
28.9 ] 0.668| 0.011| 0.783 | 2.67| 0.321 3.55 1.09
36.0| 0.633] 0.012| 0.792 | 2.75] 0.355 3.70 1.05

*The decay was fitted witlobmis90obep.
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Table 2.3. Parameters retrieved from the global FBM analysisof the monomer decays with the
program globmis90sbg? for Py(5.8}NAF(20) and Py(5.8NAF(8) at different NAF(56)
concentrations in DMSO with Equation8.5and 2.2.

Sample Wt % | fmdiff | fmfree Kolob <n> | fie ke[blob] G 2
(x10s?Y (x 10Ps-1)
0.0 | 0.815| 0.014| 1.204 |1.04|0.172| 9.66 | 1.14
0.1 | 0.834|0.006] 1.237 |1.05|0.160| 9.35 | 1.16
1.2 | 0.814|0.016| 1.315 |1.02|0.170] 10.06 | 1.10
5.0 | 0.808]0.013| 1.282 |1.03|0.179] 9.99 | 1.06
8.6 | 0.780 | 0.014] 1.130 |1.14|0205] 965 | 1.14
PY(5.7) 11.9| 0.779 | 0.014| 1.086 | 1.22]|0.207] 913 | 1.16
NAF(20) 16.8| 0.752|0.010] 0959 | 1.38]0.238] 7.46 | 1.18
20.2| 0.741]0.019] 0974 |1.44|0240| 7.45 | 1.00
22.4| 0.727]0.016] 0950 |1.53|0.257| 6.30 | 1.17
ko=1.8x10s"" 53910697 0.034] 1.006 |1.57|0269] 6.66 | 1.25
27.8| 0.687|0.031] 0975 |1.66|0.282] 549 | 1.16
202 | 0.704 | 0.011] 0945 |1.61|0285 4.44 | 1.15
32.2| 0.687|0.020] 1.038 |1.58|0.282| 506 | 1.16
33.5| 0.688]0.020] 0.983 |1.66|0.292] 3.90 | 1.18
37.2| 0.704]0.027] 0971 |1.66|0.268] 566 | 1.28
0.1 | 0.802|0.041] 1.335 |1.01]|0.156] 9.33 | 1.29
0.9 | 0.801]0.030| 1.441 |0.96]0.169] 9.57 | 1.21
48 | 0.780|0.032] 1.353 |0.97|0.188] 9.49 | 1.17
95 | 0.752|0.031] 1.289 |1.03|0217| 919 | 1.18
Py(G.8yNAF(8) [ 129 0.735[0.026] 1.131 |1.15|/0.239] 832 | 1.22
16.6| 0.735| 0.034| 1.168 |1.19|0.231] 9.00 | 1.10
19.9| 0.735|0.033| 1.177 |1.23|0.232] 918 | 1.14
k:=2.0x10s* 225 0702]0.036] 1.070 |1.29]|0.262] 7.79 | 1.12
26.2| 0.688]0.073] 1.173 |1.19]/0.239] 854 | 1.29
242 0692]0.050] 1.189 |1.22|0.258] 7.77 | 1.10
31.1| 0.682|0.042] 1.090 |1.26|0276] 6.46 | 1.22
33.6 | 0.687|0.039] 1.018 |1.36|0.274| 6.08 | 1.25
34.8| 0.665|0.042] 1.069 |1.32|0.292| 547 | 117
37.2| 0.596|0.058] 0934 |1.45|0.346] 569 | 1.22
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Table 2.4. Parameters retrieved from the global FBM analysis with the proglaiomis90sbg
2 for the excimer decays of Py(4-Amylopectin and Py(6.6lNAF(56) at different NAF(56)
concentrations in DMSO with Equations S1 andtggwas fixed at 3.5 ns in the analys

Samples | wt% (Lr;ég) (Lnbs) fedir o | featp | fee | feeo.m | feeop fes G2
0.0 | 50.4 0.662 0.088/| 0.093 0.157| 1.16

0.1 | 49.3 0.632 0.079/ 0.105 0.184| 1.11

1.2 | 485 0.625 0.089/| 0.090 0.196| 1.17

49 | 485 0.604 0.092| 0.087 0.218| 1.13

Py(4.1) 8.6 | 47.8 0.576 0.114| 0.060 0.250| 1.05
Amylopectin | 11.8 | 47.5 0.553 0.123| 0.051 0.273| 1.07
(220) 16.6 | 47.5 0.514 0.129] 0.048 0.309| 1.12
19.9 | 48.3 0.499 0.139/| 0.034 0.327| 1.17

ke=2.1x16 | 225 | 48.2 0.458 0.147| 0.036 0.360| 1.10
S 26.0 | 51.7 0.450 0.127] 0.072 0.351| 1.21
27.8 | 50.9 0.416 0.155| 0.030 0.399| 1.11

30.8 | 51.9 0.403 0.145| 0.058 0.394| 1.22

32.8 | 51.5 0.371 0.168| 0.017 0.444| 1.23

345 | 52.7 0.383 0.140/ 0.083 0.394| 1.09

36.6 | 52.1 0.353 0.154| 0.050 0.443| 1.09

*41.3 | 50.6 | 100.0| 0.045| 0.007| 0.151| 0.010| 0.309]| 0.477| 1.12

0.0 | 46.5 0.654 0.133] 0.111 0.101| 1.17

0.1 | 46.3 0.648 0.139/ 0.105 0.109| 1.21

0.5 | 46.5 0.645 0.134] 0.117 0.104| 1.25

1.3 | 46.3 0.634 0.148] 0.092 0.126| 1.19

1.9 | 46.0 0.629 0.149/| 0.095 0.127| 1.10

22 | 46.3 0.626 0.151/| 0.093 0.130| 1.14

Py(6.6) 6.2 | 46.2 0.582 0.175/| 0.055 0.189| 1.08
NAF(56) | 10.3 | 46.8 0.569 0.182] 0.048 0.220| 1.11
10.8 | 47.0 0.554 0.167/| 0.067 0.213| 1.23

126 | 47.1 0.553 0.159/| 0.081 0.208| 1.12

k=2.0x18 [ 147 | 47.3 0.521 0.177]| 0.058 0.243] 1.12
st 148 | 47.4 0.511 0.183| 0.050 0.256| 1.10
175 | 47.2 0.482 0.187] 0.052 0.279| 1.18

19.5 | 48.0 0.459 0.191] 0.061 0.289| 1.14

20.7 | 47.7 0.436 0.203| 0.045 0.316| 1.16

21.7 | 47.9 0.425 0.204| 0.044 0.327| 1.11

24.3 | 48.8 0.409 0.194| 0.059 0.338] 1.13

27.1 | 49.5 0.413 0.196| 0.074 0.316| 1.14

28.9 | 50.1 0.384 0.184| 0.070 0.362| 1.09

36.0 | 51.1 0.327 0.184| 0.078 0.411| 1.05

*The decay was fitted withlobmis90obep.
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Table 2.5. Parameters retrieved from the global FBM analysis with the proglaiomis90sbg
2 for the excimer decays of Py(5:NAF(20) and Py(5.8NAF(8) at different NAF(56)
concentrations in DMSO with Equation8.5and 2.2. teswas fixed at 3.5 ns in the analysi

Samples wt% | Go(ns) | fear fexo feeo fes G 2
00 | 453 | 0.659 | 0.139 | 0.092 | 0.110 | 1.14
0.1 | 455 | 0.663 | 0.127 | 0.114 | 0.096 | 1.16
12 | 459 | 0.641 | 0.134 | 0.104 | 0.120 | 1.10
50 | 45.8 | 0.623 | 0.138 | 0.094 | 0.145 | 1.06
86 | 451 | 0.591 | 0.156 | 0.066 | 0.187 | 1.14
Py(5.7) 119 | 458 | 0572 | 0.153 | 0.072 | 0.202 | 1.16
NAF(20) 16.8 | 46.3 | 0.535 | 0.169 | 0.048 | 0.247 | 1.18
20.2 | 47.0 | 0.512 | 0.166 | 0.054 | 0.268 | 1.00
B ., | 224 | 477 | 0484 0.172 | 0.047 | 0.297 | 1.7
ko=1.8x10's 239 | 48.4 | 0.452 | 0.174 | 0.047 | 0.327 | 1.25
278 | 49.4 | 0.433 | 0.177 | 0.050 | 0.340 | 1.16
292 | 493 | 0.421 | 0.171 | 0.046 | 0.363 | 1.15
322 | 60.7 | 0.400 | 0.162 | 0.062 | 0.376 | 1.16
335 | 50.8 | 0.386 | 0.164 | 0.061 | 0.389 | 1.18
37.2 | 49.0 | 0.436 | 0.166 | 0.061 | 0.338 | 1.28
01 | 473 | 0573 | 0.112 | 0.118 | 0.197 | 1.29
09 | 476 | 0562 | 0.119 | 0.109 | 0.210 | 1.21
48 | 46.6 | 0.542 | 0.130 | 0.084 | 0.243 | 1.17
Py(5.8)NAF(8) | 95 46.7 | 0.504 | 0.145 | 0.065 | 0.285 | 1.18
129 | 464 | 0.481 | 0.156 | 0.054 | 0.309 | 1.22
16.6 | 46.1 | 0.467 | 0.147 | 0.061 | 0.327 | 1.10
ke=2.0x10s"' ["199 | 46.3 | 0.457 | 0.144 | 0.066 | 0.333 | 1.14
225 | 47.4 | 0.432 | 0.161 | 0.042 | 0.365 | 1.12
262 | 51.8 | 0.434 | 0.151 | 0.081 | 0.340 | 1.29
242 | 493 | 0.404 | 0.151 | 0.047 | 0.398 | 1.10
31.1 | 50.0 | 0.384 | 0.155 | 0.036 | 0.424 | 1.22
33.6 | 49.8 | 0.368 | 0.147 | 0.043 | 0.442 | 1.25
348 | 515 | 0.358 | 0.157 | 0.040 | 0.444 | 1.17
37.2 | 524 | 0.310 | 0.180 | 0.007 | 0.502 | 1.22
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Table S2.6. Molar fractions of the pyrene species Ry(4.1}Amylopectin(220) and Py(6.6)
NAF(56) at different NAF(56) concentrations in DMSO calculated ffa#ae, fmaditr, feditr, fke and
fEO.

Samples wt % faits fka free feo

0.0 0.753 | 0.100 | 0.042 | 0.105
0.1 0.733 | 0.091 | 0.054 | 0.122
1.2 0.747 | 0.107 | 0.039 | 0.107

Py(4.1} 4.9 | 0.737 | 0.112 | 0.045 | 0.106
Amylopectin 86 | 0.740 | 0.146 | 0.037 | 0.077
(220) 11.8 | 0.731 | 0.163 | 0.038 | 0.068

16.6 | 0.719 | 0.180 | 0.034 | 0.067
k=2.1x16s' | 199 | 0.714 | 0.199 | 0.038 | 0.049
225 | 0.691 | 0.221 | 0.034 | 0.054
26.0 | 0.649 | 0.183 | 0.065 | 0.103
27.8 | 0.653 | 0.243 | 0.057 | 0.047
30.8 | 0.620 | 0.223 | 0.068 | 0.089
32.8 | 0.628 | 0.285 | 0.057 | 0.029
345 | 0.587 | 0.215 | 0.070 | 0.128
36.6 | 0.592 | 0.258 | 0.065 | 0.084
413 | 0551 | 0.261 | 0.097 | 0.092
0.0 | 0.724 | 0.147 | 0.005 | 0.123
0.1 | 0.725| 0.155 | 0.003 | 0.117
0.5 | 0.711 | 0.148 | 0.012 | 0.129
1.3 | 0.721 | 0.169 | 0.006 | 0.104
1.9 | 0.713 | 0.169 | 0.010 | 0.108
2.2 | 0715 | 0.172 | 0.006 | 0.107
Py(6.6yNAF(56) | 6.2 | 0.717 | 0.215 | 0.000 | 0.067
10.3 | 0.703 | 0.233 | 0.004 | 0.060
10.8 | 0.699 | 0.210 | 0.006 | 0.084
k:=2.0x10s* 12.6 | 0.695 | 0.200 | 0.004 | 0.101
14.7 | 0.685 | 0.233 | 0.005 | 0.077
14.8 | 0.684 | 0.245 | 0.004 | 0.068
17.5 | 0.667 | 0.259 | 0.003 | 0.072
195 | 0.643 | 0.267 | 0.005 | 0.086
20.7 | 0.633 | 0.295 | 0.008 | 0.065
21.7 | 0.630 | 0.302 | 0.002 | 0.066
243 | 0.613 | 0.290 | 0.008 | 0.089
271 | 0.597 | 0.284 | 0.012 | 0.108
28.9 | 0.595 | 0.286 | 0.010 | 0.109
36.0 | 0.550 | 0.308 | 0.010 | 0.132
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Table S2.7. Molar fractions of the pyrene speciesRyf(5.7¥NAF(20) and Py(5.8NAF(8) at
different NAF(56) concentrations in DMSO calculated friafe, fmditt, feditt, fke andfeo.

Sample wt % faitr fka free feo

0.0 0.732 0.154 0.012 0.102
0.1 0.730 0.140 0.005 0.125
1.2 0.719 0.150 0.014 0.117
5.0 0.720 0.160 0.012 0.108
Py(5.7YNAF(20) 8.6 0.717 0.189 0.013 0.080
11.9 0.709 0.189 0.013 0.090
16.8 0.704 0.223 0.009 0.064
ko=1.8x1@s? 20.2 0.687 0.222 0.018 0.072
22.4 0.679 0.241 0.015 0.065
23.9 0.650 0.251 0.032 0.067
27.8 0.637 0.261 0.029 0.074
29.2 0.653 0.265 0.010 0.071
32.2 0.626 0.257 0.019 0.098
33.5 0.620 0.264 0.018 0.098
37.2 0.641 0.244 0.025 0.089
0.1 0.689 0.134 0.036 0.141
0.9 0.693 0.146 0.026 0.135
4.8 0.696 0.167 0.028 0.108
9.5 0.685 0.197 0.029 0.088
12.9 0.679 0.220 0.024 0.077
16.6 0.670 0.211 0.031 0.088
=20x16s-1 | 199 | 0.665 | 0210 | 0.030 | 0.096
22.5 0.657 0.245 0.034 0.063
26.2 0.610 0.212 0.065 0.114
24.2 0.640 0.238 0.047 0.075
31.1 0.641 0.259 0.039 0.060
33.6 0.637 0.254 0.036 0.074
34.8 0.619 0.272 0.039 0.070
37.2 0.588 0.341 0.057 0.013

Py(5.7)NAF(8)
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Table S2.8. Parameters retrieved from the global FBM analysis with the proglaiomis90sbg
2 for the monomer decays of Py(6AF(56) at different Py(6.6NAF(56) concentrations in
DMSO with Equations &1 and 2.2.

W% tm T Kbiob ke[blob]

Sample (ns) (x10s?h (x 10s-1)
0.1 | 100.2| 0.824| 0.020| 1.560 | 1.07| 0.157 11.00 | 1.17
0.7 | 100.1] 0.812| 0.004| 1.384 | 1.06| 0.184 9.91 1.20
3.0 | 100.0| 0.769| 0.002| 1.480 | 1.04]| 0.229 7.40 1.28
Py(6.6) 4.2 100.0 | 0.774| 0.007| 1.419 | 1.09| 0.219 14.19 1.14
NAF(56) 6.1 | 100.3| 0.777| 0.002| 1.488 | 1.12| 0.221 8.84 1.17
6.5 | 100.4| 0.783]| 0.006| 1.421 | 1.08| 0.211 7.81 1.02
ko=2.0x16 | 11.3 | 102.1| 0.622| 0.000| 1.015 | 1.65]| 0.378 6.41 1.15

st 11.3 | 102.2 | 0.725| 0.000| 1.047 | 1.52| 0.275 5.97 1.28
14.8 | 104.0| 0.751| 0.000| 1.078 | 1.95]| 0.249 8.09 1.18
21.1 | 108.6 | 0.768| 0.001| 0.677 | 2.76| 0.231 7.99 1.15
*36.1 | 121.9| 0.592| 0.000| 0.876 | 2.86| 0.408 5.30 1.14
*The decay was fitted withlobmis90obep.

<n> fko G 2

Table S2.8. Parameters retrieved from the global FBM analysis with the proglainmis90sbg
2 for the excimer decays of Py(6:HAF(56) at different Py(6.6NAF(56) concentrations in
DMSO with Equations &1 and 2.2. teswas fixed at 3.5 ns in the analysis.

Sample | wt% (lfg) (Lr':st) fEEd(;ﬁ' ng'ﬁ' fex fEEEO' fecop | fes | 6 2
0.1 47.6 0.667 0.127] 0.152 0.055| 1.17

0.7 48.2 0.651 0.147] 0.135 0.067| 1.20

3.0 | 53.0 0.589 0.175| 0.138 0.099| 1.28

4.2 51.7 0.592 0.168| 0.136 0.104| 1.14

Py6.6y | 6.1 | 514 0.585 0.167] 0.133 0.115] 1.17
NAF(56) 6.5 51.4 0.624 0.168| 0.122 0.087| 1.02
11.3 | 51.1 0.470 0.286]| 0.007 0.236| 1.15

ko=2.0 x16s1| 11.3 | 53.6 0.560 0.212| 0.128 0.099 1.28
14.8 | 49.9 0.515 0.171] 0.217 0.096| 1.18

21.1 | 48.7 0.531 0.160| 0.309 0.000| 1.26

*36.1| 46.5 | 69.8 | 0.247| 0.173| 0.169| 0.079| 0.166 | 0.166| 1.14

*The decay was fitted withlobmis90obep.
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Table 2.9. Molar fractions of the pyrene speciedyi(6.6}NAF(20) at different Py(6.6NAF(56)
concentrations in DMSO calculated frdiee, fmdit, fedit, fce andfeo.

Sample wt % faitr fka firee feo

0.1 0.694 | 0.132 | 0.016 | 0.158
0.7 0.695 | 0.157 | 0.004 | 0.144
3.0 0.652 | 0.194 | 0.002 | 0.153
4.2 0.657 | 0.186 | 0.006 | 0.151
Py(6.6} 6.1 0.660 | 0.188 | 0.002 | 0.150
NAF(56) 6.5 | 0.679 | 0.183 | 0.005 | 0.133
11.3 | 0.616 | 0.375 | 0.000 | 0.009
ko=2.0x1@s1 11.3 0.622 | 0.236 | 0.000 | 0.142
14.8 0.570 | 0.189 | 0.000 | 0.240
21.1 | 0.530 | 0.160 | 0.001 | 0.309
36.1 0.294 | 0.202 | 0.000 | 0.504
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S2F] Number of overlapping carbons adtno, values retrieved from MMOs

n m wiNkod) allewing a goaal jpyaehe owedapb e r @

3(° and the secondary pyrene attached on Hedix2 d fordn.» 8alues ranging
nm to 1.6

4

Table .10. Number of overlapping carbons between the reference pyrene attached on Helix #0

with an anglg
with 7 or more carbon atoms.

from 3.

nm

nm

nm

nm

nm

nm

nm

nm

nm

nm

nm

nm

16|18 24|25|26|27|28|29|30]31|32|33|34

nm

nm

Oh-h,
Positio

-18
-17

-16
-15
-14
-13
-12
-11

-10

+1
+2
+3
+4
+5
+6
+7
+8
+9
+10
+11
+12
+13
+14
+15
+16
+17
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| Noobzo | 14| 14| 141311 9 | 8| 7|6 | 43| 1] 0]

* The AGUs with ONpswwithoat canductingtthe MIMQ, lnevaase tthe pyrenyls
attached at the same positions had been shown to generate a good overlap even at a larger distance.

Table S.11. Number of overlapping carbons between the reference pyrene attached on Helix #0
with an angle/ =30° and the secondary pyrene attached on Helixt3 d ° fer dnk 2allies
ranging from 3.4 nm to 1. 6 Nundsalewnghgoodpgreneé ot al
overlap with 7 or more carbon atoms.

dhn, | 16 | 1.8 25| 26| 27| 28| 29| 30| 31| 32| 33| 34
nm nm nm nm nm nm nm nm nm nm nm nm nm
Positio
-15 0 0 0 0 0 0 0 0 0 0 0 0
-14 0 0 0 0 0 0 0 0 0 0 0 0
-13 0 0 0 0 0 0 0 0 0 0 0 0
-12 0 0 0 0 0 0 0 0 0 0 0 0
-11 0 0 0 0 0 0 0 0 0 0 0 0
-10 0 0 0 0 0 0 0 0 0 0 0 0
9 o) 6) o) 6) 6) 7 8 7 4 0 0 0
-8 o) 8 7 5 4 4 0 0 0 0 0 0
-7 0 0 0 0 0 0 0 0 0 0 0 0
-6 0 0 0 0 0 0 0 0 0 0 0 0
-5 0 0 0 0 0 0 0 0 0 0 0 0
-4 0 0 0 0 0 0 0 0 0 0 0 0
-3 o) 6) o) 6) 6) 9 | O 7 5 0 0 0
-2 ) 6) o) 6) 6) 8 | O 6) 7 6 0 0
-1 ) o) o) o) o) 7 7 6 5 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
+1 0 0 0 0 0 0 0 0 0 0 0 0
+2 0 0 0 0 0 0 0 0 0 0 0 0
+3 0 0 0 0 0 0 0 0 0 0 0 0
+4 ) 6) o) 6) 6) 7 | O 7 4 0 0 0
+5 o | O O |0 | O 8 | O 6) 7 8 0 0
+6 ) 6) o) 7 7 3 0 0 0 0 0 0
+7 0 0 0 0 0 0 0 0 0 0 0 0
+8 0 0 0 0 0 0 0 0 0 0 0 0
+9 0 0 0 0 0 0 0 0 0 0 0 0
+10 0 0 0 0 0 0 0 0 0 0 0 0
+11 ) o) o) o) o) 8 5 4 0 0 0 0
+12 [6) 6) o) 6) 6) 7 | O 7 4 0 0 0
+13 0 0 0 0 0 0 0 0 0 0 0 0
+14 0 0 0 0 0 0 0 0 0 0 0 0
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+15 0 0 0 0 0 0 0 0 0 0 0 0
+16 0 0 0 0 0 0 0 0 0 0 0 0
+17 0 0 0 0 0 0 0 0 0 0 0 0
+18 0 0 0 0 0 0 0 0 0 0 0 0
Nbiob, 90 10 | 10 | 10 9 9 8 7 6 2 1 0 0

* The AGUs with ONpwwwithat condusting a@ MMQ becaase tHe pyrenyl
labels at the same positions had been shown to generate a good overalp even at a larger distance.

S3 Appendicesfor Chapter 3

A] Equations for the global analysis of the fluorescence decays according to flerescence
blob model and equations for the molar fractions of the different pyrene species

Equation S3.1 and S3.2 were applied to fit the monomer and excimer fluorescence decays of the
Py-Glycogen(O/C) constructs in DMSO, respectively.

[Py 1y =[ Pliel @ B PYd y [+P¥ed

* aa 1 0
“[Pulepgzh b AL e Ad)
G Mo
1 Pl ehn A_AYA 04 81
& Vealo £PYael o€ A7 A A, et}pé@ I%ef—J
P Az % Az A4 éé‘ ; 1 00 t/t
[ ydlff] e a_E) II A2+|A kexpg?-?% 'HA ﬁ\; §Q[ Pyree] exp( M) (831)
& t 6 a& 1 9
. eXPe . gEXe a —+ b
I . 0 on - -
—kiPykz] PPl e* A 5 A_\EZ'A“ 64— o d
|OI Az I = k2+7 -
tM £0
expgle;QZ H#A, ;l-l— 88expge—t-
[Py, e’*saAs A A, ¢ ¢ Ml-+1 ¢ o
o 1 A HIA ATIA A =
M 0
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t

+[E0 ], expre—— BIES l,exp = (S3.2)
C lgg + E‘Z;

The parameter8., Az, andAs used in Equations S3.1 and S3.2 are given in Equation S3.3. The
parameters B> andkoion Were defined in the main tex4? [blob] is the product of the exchange

rate constarke of the grounestate pyrenes betweélfobsand the locablob concentrationijlob]
inside the macromolecule.

o &o—m (S3.3.3
5 &0 — (S3.3b)
5 1 Qoo éw (S3.3C)

The information about the mol&mactions of the different pyrene species in solution can be
retrieved from the prexponential factors in Equations S3.1 and S3.2. Equation S1 yields the

molar factions of the pyrene species, that contribute to the monomer decays and their expression
for each species is given in Equations S3SB.6.

Py,
fagir =—= [ ycilﬁ L * (S3.4)
[Pydiff ]o +[Pyk2]o +[nyree]o
Fuce = * [Pin]o * (S3.5)
[Pydiff ]o +[Pyk2]o +[nyree]o
P *
foree_ [ yfreE]o (836)

[Pydiff ]o +[Pyk2]o +[nyree]o

Similarly, the preexponential factors obtained from Equation S3.2 yield the molar fractions
of the pyrene species, that contribute to the excimer decay. The expressions of the molar fractions
of the pyrene species, that are detected in the excimer dgegy®vided in Equations S353.10.

[PYair 1o

f = * *
[Pydiff ]o +[Pyk2]o +[EO*]0 +[E§]o

Ediff —

(S3.7)

233



fEk2 [Pyk2] (88)
[PYae 1o +[PYio], +[EOH], +[EST,

[ES*]
[Pydlff] +[Pyk2] +[EO*] +[ESk]0

(S9)

fEE

[EOT,

m - (S10)
[Pydiff ]o +[Pyk2]o +[E0*] 0 +[Esk]o

fEEO =

B] Example of fits of the fluorescence decays &y-Glycogen(O) in DMSO with Equations
S1 and S2

100000 100000
» %
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S 1000 A S 1000
‘.s -
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Figure S3.1Monomerem¥f | 7% , n@) an demeCnmnileorescéncedgchys , o
of Py(2.1}Glycogen(O) in DMSO. The decays were analyzed globally using Equations S1 and S2;
[Py] =25x10PM, = 34 62=A47, ¢
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C] Determination of [A] for glycogen from oyster and corn

20

o
o

—
wh
1

—_—
o
!
1]
.
.

ﬂud’ nmhcmm
8]
Mredr Minherent

N
!
n
I

o
o

<

0. 02 0. 04 0.02 0.04
[Glycogen from oyster], g/mL [Phytoglycogen], g/mL

Figure S3.2Plotsofthe ( 3) reduced anada A)@Qlgcpgen frorh eysterantd v i s c

B) glycogen from corn as a function of glycogen concentration.

D] Calculation of dn-n from the experimentally determinedMn and [A]

The surface are&f(t)) of an oligosaccharide helix in a given tiéri§ given in Equation S3.11
as a function of the tier radiuR() = t3tt, wherett is the tier thickness given in Equation 3.5) and
the number of tierg) t can be determined from the experimentally determMed /], or R, for

a glycogen patrticle as shown in Table 3.1.

4,0 R(t)

Ser (9= (S3.11)

The surface area of an oligosaccharide helix located in an array of hexagonally packed helices is
given by Equation (S12), where the tedm is the interhelical distance.

3

EquatingSie(t) in Equation S3.11 witls in Equation S3.12 enables one to deterntipeas a
function of R(t) andt, as shown in Equation S3.13.

8oR(t)*
d .= |——— .
h- h \/\/53 2 -2 (S3.13)
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E] the Mn and r of Phytoglycogen
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Figure S3.3.Plots of A) M, and B) r (= 2.5/[h]) obtained  =====+" ) theoretically based on

Equations 3.4 3.6 and experimentally for glycogen from corn.

F] Fluorescence spectra of PYpextran and Np-Dextran

<
W
|

310 360 410 460 510 560 310 360 410 460 510 560

Wavelength, nm Wavelength, nm

Figure S3.4A) Individual fluorescence spectra of the § 2.1 mg/L Np(130Dextran and +-)

0.3 mg/L Py(7.8Dextran solutions in DMSO and B) fluorescence spectrum of the 2.1 mg/L
Np(130}Dextran and-) 0.3mg/L Py(7.8Dextran mixture in DMSO with-{-) the sum of the
individual spectra shown in Figure S3Ax =293 nm.
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G] Fluorescence spectra of P¢lycogen(C) in DMSO
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Figure S3.5.Fluorescence spectra of 8jycogen(C) in DMSO[PyY] = 2.5x1F M, ex=346 nm

H] Estimate of the reach of a pyrenyl derivative in PyGlycogen

A 1-pyrenebutyryl derivative was attached on theh@@roxyl of an anhydroglucose unit (AGU)
in HyperCchem. The pyrene moiety was induced to stretch away from the AGU and allowed to
relax back to yield the structure shown in Figure S5. The carbon labetindp@menters of the

pyrene and the AGUW () were assigned in the figure.

Figure S3.6.Structure of a pyrenabeled AGU determined with HyperChem.

The coordinates of the carbons C1, C2, C4, and C5 for the AGU and C11 and C12 for pyrene were
determined with HyperChem and listed in Table 1. The coordinates of the centers of mass (CoM)
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of the AGU was determined with the coordinates of the carbons CC422nd C5 and the CoM

of the pyrene moiety was determined with the coordinates of C11 and C12. The distance between
the two CoM was equal to 12.7A . Since the center of a pyrenyl moiety could encounter the center
of another pyrenyl moiety located 12.7alvay, the reach of a pyrene label was estimated to equal
2312.7 = 25.4 A . Thus, a pyrenyl moiety could be viewed as being located at the ceblebof a
25.43 2 =50.8 A in diameter

Table 3.1.Coordinates of the C1, C2, C3, and C4 atoms of the AGWCtieand C12 atoms of
pyrene and the centers of mass (CoM) of C1, C2, C3, and C4 and C11 and C12

Molecule | Carbon # X y z
AGU Cl 3.33 -6.47 2.93
AGU C2 4.81 -6.06 3.00
AGU C4 4.18 -4.01 1.73
AGU C5 2.73 -4.54 1.73
AGU CoM 3.76 -5.27 2.35
Pyrene C11 -4.61 1.41 -3.45
Pyrene C1l2 -5.31 2.62 -3.25
Pyrene CoM -4.96 2.02 -3.35

] List of parameters retrieved from the fluorescence decay analysis

Table S31. Parameters retrieved from the global FBM analysis of the monomer decays of the Py
Glycogen(O/C) samples in DMSO with Equation S1.

Koiob ke[blob]
(x10s?Y (x1CFs?Y

1.48 | 0.848| 0.111 1.02 0.58 | 0.041 3.60 1.21
2.09 | 0.782] 0.129 1.19 0.79 | 0.089 8.40 1.17
Oyster 3.14 | 0.781] 0.077 1.32 1.19 | 0.143 8.32 1.18

Gh =112 ns 422 | 0.787| 0.010 1.38 1.49 | 0.204 5.94 1.22
ko=2.6x16s! | 4.81 | 0.816| 0.000 1.25 1.46 | 0.173 6.95 1.24
5.48 | 0.797 | 0.000 1.20 1.92 | 0.203 5.97 1.19
5.62 | 0.759| 0.000 1.11 1.94 | 0.241 5.43 1.15
6.85 | 0.743| 0.000 1.45 241 | 0.257 5.82 1.24
7.80 | 0.733] 0.000 1.13 271 | 0.267 4.64 1.12
1.87 | 0.848| 0.058 1.39 0.64 | 0.094 8.86 1.16
Corn 3.32 | 0.849| 0.010 1.14 1.15 | 0.141 7.19 1.20

Gh =110 ns 4.03 | 0.835| 0.028 0.97 1.34 | 0.137 7.91 1.11
k,=2.6x16s' | 526 | 0.828| 0.000 1.11 1.66 | 0.172 7.23 1.13
6.07 | 0.779| 0.000 1.05 225 | 0.221 7.38 1.18

Source mol% (YT fmfree <n> vk
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Table S32. Parameters retrieved from the global FRKBlysis of the excimer decays of the Py
Glycogen(O/C) samples in DMSO with Equation S2.

Source mol% (ersl) (L:SZ) feair, e1 | fedifr, e2 fexe fEEElO’ fEEEZO’ fes G 2

1.48 | 25.9| 63.3 | 0.344 0.465 0.039| 0.021| 0.016| 0.116| 1.21

2.09 | 42.0| 66.6 | 0.185 0.596 | 0.089| 0.046| 0.000| 0.084| 1.17

B Oyster 3.14 | 48.0| 113.5| 0.016 0.640 | 0.120| 0.093| 0.000| 0.131| 1.18

l{l{I =112 ns 422 | 49.2 0.598 0.155| 0.101 0.147| 1.22

W=3.5ns 481 | 49.7 0.650 0.138| 0.114 0.099| 1.24

ko=2.6x16s' | 548 | 49.1 0.624 0.159| 0.114 0.104| 1.19

5.62 | 48.2 0.583 0.186| 0.090 0.142| 1.15

6.85 | 47.6 0.608 0.210| 0.176 0.005| 1.24

7.80 | 48.0 0.514 0.187| 0.185 0.115| 1.12

1.87 | 52.0 0.667 0.074| 0.041 0.219| 1.16

B Corn 3.32 | 47.9 0.645 0.107| 0.073 0.174| 1.20

L",lf' =110 ns 403 | 39.4| 59.3 | 0.216 0.414 | 0.103| 0.009| 0.054| 0.212| 1.11

W=3.5ns 5.26 | 48.0 0.568 0.118| 0.091 0.222| 1.13
k.= 2.6x18s?

6.07 | 47.1 0.543 0.154| 0.111 0.192| 1.18

Table S33. Fractions of all pyrene species for the-®lycogen(O/C) samples calculated from
fmaift, Tufree, Teaiff, fexe, @andfeeo.

Source mol% fdif-f ffree on fk2
1.48 0.82 0.04 0.11 0.04
2.09 0.75 0.08 0.12 0.04
Oyster 3.14 0.70 0.13 0.07 0.10
Gy = 112 ns 4.22 0.69 0.18 0.01 0.12
ko= 2.6x16s? 4.81 0.72 0.15 0.00 0.13
5.48 0.70 0.18 0.00 0.13
5.62 0.68 0.22 0.00 0.10
6.85 0.61 0.21 0.00 0.18
7.80 0.58 0.21 0.00 0.21
1.87 0.81 0.09 0.05 0.05
Corn 3.32 0.77 0.13 0.01 0.09
Gh=110ns 4.03 0.77 0.13 0.03 0.08
ko= 2.6x16s? 5.26 0.73 0.15 0.00 0.12
6.07 0.67 0.19 0.00 0.14
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I] Number of overlapping carbons retrieved from MMOs
Molecular mechanics optimizations (MMOS) for a single helix

Table S3.1.Number of overlapping carbons between the frame of the reference pyrene and that of a secondary pyrenyl label both
attached to Helix #0 with the total number of residigs, inra@llowing a pyrengyrene overlap with 7 or more carbon atoms.

. B 0
U A TR
h YO U

#AGU | C6G1 | C6G2 | C6G3 | C6G4 | C6G5 | C6GH | C6G7 | C6G8 | C2GY9 | C2G10| C6G11| C2G12

C6G1 | ref. 8 7 9 9 8 0 0 7 0 0 0

C6G2 8 ref. 7 7 8 8 8 7 7 8 7 0

C6G3 7 7 ref. 8 9 8 8 7 7 8 7 0

C6G4 9 7 8 ref. 8 8 8 8 8 8 8 7

C6G5 9 8 9 8 ref. 8 8 7 0 0 7 6

C6G6 8 8 8 8 8 ref. 8 8 0 0 8 7

C6G7 9 7 7 8 8 9 ref. 8 0 0 0 8

C6G8 7 8 8 0 7 7 8 ref. 9 8 0 0

C2G9 7 7 7 8 0 0 0 9 ref. 8 7 0

C2G10 0 8 8 8 0 0 0 8 8 ref. 7 7

C6G11 0 7 7 8 7 8 0 0 7 7 ref. I

C2G12 0 0 0 7 6 7 8 0 0 7 7 ref

SCL <Nb|0b, intra> Stdev

9 9 9 9 8 8 8 7 8 6 8.0 1.0
10 9 10 10 9 8 8 7 9 7 6 8.3 1.3
11 9 11 11 10 9 9 7 9 8 7 8 8.9 14
12 9 11 11 11 9 10 8 9 8 8 9 6 9.1 1.5
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Molecular mechanics optimizations (MMOS) for a hexagonal array of seven single helices

Table S3.2Number of overlapping carbons between the frame of the reference pyrene attached to single Helix #0 and that of a secondary
pyrenyl label attached to single Helix #1 fii, value of 1.8 nm with the total number of residd®iob allowing a pyrengyrere
overlap with 7 or more carbon atoms.

H1 Position of the reference (# hydroxyl, #AGU, # Helix)

#AGU | C6G1HO| C6G2HO| C6G3HO| C6G4HO| C6G5HO| C6GBHO | C6G7HO | C6GBHO | C2G9HO | C2G10HO| C6G11HO| C2G12HO0
1 8 8 8 7 7 7 0 0 6 8 0 0
2 0 9 8 7 0 8 0 0 7 7 0 0
3 0 0 7 7 0 0 0 0 0 6 0 0
4 0 0 8 9 7 0 0 0 0 0 0 0
5 0 7 7 8 7 7 0 0 0 0 7 0
6 0 7 8 7 8 7 0 0 0 0 7 0
7 7 8 7 8 8 7 0 0 0 0 7 0
8 7 7 8 6 0 8 0 0 8 8 0 0
9 0 0 0 0 0 0 0 0 7 7 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0
11 0 0 0 0 0 0 0 0 0 0 8 0
12 0 0 7 7 7 0 0 0 0 0 8 7

NNbiob, H1 3 6 9 8 6 6 0 0 4 4 5 1
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Table S3.3Number of overlapping carbons between the frame of the reference pyrene attached to single Helix #0 and that of a secondary
pyrenyl label attached to single Helix #2 and #3diot value of 1.8 nm with the total number of residid®&0» allowing a pyrene
pyrene overlap with 7 or more carbon atoms.

H2 Position of the reference (# hydroxyl, #AGU, # Helix)

#AGU | C6G1HO| C6G2HO| C6G3HO| C6G4HO| C6G5H0O | C6GEHO| C6G7HO| C6G8HO | C2G9HO | C2G10HO| C6G11HO| C2G12HO
1 7 8 7 8 0 0 0 8 7 0 0 0
2 8 9 7 7 0 0 0 0 0 0 0 0
3 7 8 8 4 0 0 0 0 0 0 0 0
4 8 7 8 7 0 0 0 0 0 0 0 0
5 8 7 8 7 0 0 0 0 0 9 9 0
6 7 7 9 7 0 0 8 5 8 8 8 0
7 8 8 8 8 0 0 7 9 7 8 7 0
8 5 0 0 0 0 0 5 8 7 0 0 0
9 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 7 0 0 0 0 0 0 0 0 0
11 0 7 7 5 0 0 0 0 0 7 7 0
12 0 0 7 8 0 0 0 0 0 9 8 7

NNbiob, H2 7 8 10 7 0 0 2 3 4 5 5 1
H3 Position of the reference (# hydroxyl, #AGU, # Helix)

#AGU | C6G1HO| C6G2HO| C6G3HO| C6G4HO | C6G5H0| C6GEHO| C6G7HO| C6G8HO| C2G9H0O| C2G10HO| C6G11HO| C2G12HO
1 7 8 0 0 0 0 7 7 0 0 0 0
2 7 7 6 0 0 0 8 9 0 0 0 0
3 9 8 8 7 0 8 9 7 0 0 0 0
4 8 9 8 8 7 7 8 7 8 8 5 0
5 7 7 0 8 7 7 8 7 8 9 7 0
6 7 4 0 7 7 8 7 8 8 7 0 0
7 8 0 0 3 0 7 7 7 0 0 0 0
8 0 0 0 0 0 0 0 8 0 0 0 0
9 0 7 0 0 0 0 0 0 0 0 0 0
10 7 8 8 0 0 0 0 0 8 7 0 0
11 0 0 0 7 0 7 8 0 9 10 8 0
12 0 0 0 0 0 8 8 7 7 8 8 0

NNbiob, H3 8 7 3 5 3 7 9 9 6 6 3 0
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