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Abstract

Daptomycin (Dap) is a naturally occurring, membrane-active, calcium-dependent cyclic
lipodepsipeptide antibiotic (cLPA) which is used as a last-resort antibiotic to treat serious
infections caused by Gram-positive (G+) bacteria including Staphylococcus aureus (S. aureus) and
vancomycin-resistant enterococci (VRE). The appearance of Dap-resistant (Dap-R) bacteria with
increasing frequency has motivated the search for Dap analogues that are active against Dap-R
bacteria.

Recently, it has been shown that appending hydrophobic groups to tryptophan (Trp) or
kynurenine (Kyn) yielded some Dap analogues with improved activity and were active against
Dap-R bacteria. Chapter 2 of this thesis describes the synthesis and evaluation of Dap analogues
with hydrophobic modifications to the side chain of the D-asparagine (Asn) residue at position 2
to determine if appending hydrophobic groups to D-Asn2 will also result in Dap analogs with
improved activity. Eight Asn derivatives were synthesized containing alkyl or hydroxyl groups
appended to the primary amide nitrogen of the D-Asn side chain. Dap analogues containing these
D-Asn derivatives at position 2 were synthesized using Fmoc (9-fluorenylmethyloxycarbonyl)
solid-phase peptide synthesis (SPPS). Dap analogs containing methyl (Me), ethyl (Et), n-propyl
(Pr), n-butyl (Bu) and n-hexyl (Hex) on the D-Asn exhibited minimum inhibitory concentration
(MIC) values that were 2—4-fold higher than Dap while the n-octyl (Oct) and piperidinyl (Pip)
analogs had MIC values that were 8- and 32-fold greater than Dap, respectively. These results
demonstrate that the activity of Dap cannot be improved by appending hydrophobic groups to D-
Asn2 and suggest that D-Asn2 may not be closely associated with the cell membrane. These results
also show that the primary amide of D-Asn2 is not essential for activity while the presence of at

least one hydrogen on the nitrogen of the D-Asn2 side chain is very important to activity.

111



Membrane insertion studies using model membranes and fluorescence spectroscopy revealed that
the hexyl and octyl analogues were able to insert into membranes even in the absence of Ca*
consistent with their much-increased hydrophobicity compared to Dap.

In chapter 3, we wished to determine if it is possible to convert Dap into a Zn"-dependent
antibiotic by substituting the two aspartate (Asp) residues in Dap’s calcium-binding motif, Asp7
and Asp9, with Ny-hydroxyasparagine (Asn(OH)), an amino acid that has a hydroxamic acid side
chain. Hydroxamic acids, known for strong Zn** chelation, have been used in medicinal chemistry
to improve metal-dependent interactions. The synthesis of an Asn(OH) building block with the
hydroxamic acid side chain protected with a trityl (Trt) group (Fmoc-Asn(OTrt)-OH) was achieved
following a multi-step route starting from Fmoc-Asp(tBu)-OH. Attempts to synthesize Dap
analogues containing Asn(OH) at positions 7 or 9 using this building block via Fmoc SPPS failed.
However, the synthesis of a Dap analogue containing Asn(OH) at position 2 was successful
indicating that incorporation of this residue using this building block is sequence dependent. A
new Asn(OH) building block containing a protecting group that is smaller than the Trt group, the
dimethoxybenzyl (DMB) group (Fmoc-Asn(ODMB)-OH), was prepared. Attempts to prepare the
target peptides using this new building block also failed as were attempts using an Asn(OH)

building block with the hydroxamic acid side chain unprotected.
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Chapter 1- General Introduction
1.1 The problem of multidrug resistant bacteria (MDR)

Natural products have been used to treat infectious diseases throughout history. Reports
suggest that its earliest use comes from a region in modern-day Sudan, where residents reportedly
drank fermented beverages containing tetracycline-producing Streptomyces.! However, it was Sir
Alexander Fleming’s discovery of the antibiotic penicillin in 1928 that inspired extensive
investigations into natural product antibiotics by companies and academics around the world.?
Unfortunately, widespread overprescription and misuse of antibiotics induced uncontrolled spread
of antibiotic-resistant bacteria. Additionally, novel antibiotic research reached its peak in the
middle of the 20" century, dubbed the ‘Golden Age of Antibiotics’ but has since declined. The
primary driver of this decline is the short dosing period for antibiotics compared to drugs used to
control chronic diseases, meaning comparably less income for drug producers.’ As fewer novel
antibiotics are developed there is greater prevalence of bacteria becoming resistant to treatment as
well as multiple drugs therapies. Thus, bacteria that are resistant to many commonly used
antibiotics, called multidrug resistant bacteria (MDR), have become a major health issue. The
World Health Organization (WHO) classifies MDR one of the greatest potential threats to global
health.* It is predicted that if no action is taken, MDR bacteria could directly cause ten million
deaths each year by the year 2050.* Hence, the WHO has called for more research into novel

therapies to combat the growing threat of MDR bacteria.



1.2 The ESKAPE pathogens

In general, bacteria are classified into two different categories: Gram-positive (G+) and
Gram-negative (G-) depending on how they respond to the Gram stain. The Gram stain consists of
treating the bacteria with a dye (crystal violet) which is retained by the peptidoglycan (PGN) layer
(Figure 1).° The stain is treated with ethanol which removes the stain from the thin peptidoglycan
layer found in G- bacteria but does not remove the stain from the thicker layer of peptidoglycan in
G+ bacteria. The bacteria are then treated with safranin, a counter stain. The G+ bacteria are stained
violet while G-bacteria are counter stained.” In addition to possessing a thinner layer of
peptidoglycan, G- bacteria also differ from G+ bacteria by possessing an outer membrane which
contains lipopolysaccharides (LPS). G+ bacteria do not possess an outer membrane, however, their

thicker layer of peptidoglycan is decorated with lipoteichoic acids (LTAs).

Gram-posivitve bacteria Gram-negative bacteria

/ Teichoic acid / Lipoteichoic acid / Lipopolysaccharide Porin

ouermarerane— IR

Lipoprotein—
—— Periplasmic —
Space
L

Figure 1. The structures of the cell membranes of G+ and G- bacteria

Although there are many bacterial infections that can lead to serious health consequences,

the bacterial infections of particular interest today are caused by the so-called ESKAPE pathogens



which consists of the G+ bacteria Enterococcus faecium (E. faecium), Staphylococcus aureus (S.
aureus), and the G- bacteria Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species.® These bacteria often cause of many of the life-threatening
infections seen in the clinical setting today.” This thesis is mainly concerned with infections caused

by G+ bacteria.

Among the G+ bacteria, S. aureus has resulted in the greatest public health concerns as
methicillin-resistant S. aureus (MRSA) contributes to more deaths in America than HIV/AIDS,
homicide, emphysema, and Parkinson’s disease combined.® Since its first clinical appearance only
sixty years ago, MRSA has now spread worldwide in both developed and developing countries.
Although MRSA is resistant to many treatments including several traditional beta-lactam
antibiotics, it is still susceptible to certain antibiotics such as the glycopeptide antibiotic
vancomycin, the cyclic lipopeptide antibiotic Dap, and has now been observed to struggle under

exposure to new generation beta-lactam like ceftaroline.®

Infections from Enterococci species cause a variety of diseases including urinary tract
infections and bacteremia. In the 1980’s enterococci that are resistant to vancomycin, one of the
main lines of defense against enterococci, aptly named, vancomycin resistance enterococci (VRE)
infections emerged. Interestingly, certain pneumonia cases have been attributed to VRE infections
but also commonly found as natural colonisers in the gastrointestinal (GI) tract.” Consequently,
most infections from VRE are endogenously acquired but hospital-acquired infections (HAI)
reported are detrimental to patients including immunocompromised individuals.” Most concern
comes from Enterococcus faecium because they show diverse mutagenesis between lab isolates.
The main variants of VRE differ in their tendencies to populate in either hospitals or communities

but both variants weakly respond to beta-lactam antibiotics as treatment options.'° VRE remains a
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threat to the critically ill and is commonly associated with nosocomial infection, which puts

pressures on the health care and economic systems and demands novel antibiotic research.

Other G+ bacteria that pose a major threat are Streptococcus pneumoniae and Mycobacterium
tuberculosis, both of which cause respiratory complications, have quick routes of transmission,

and easily infect new targets.!!

1.3 Daptomycin (Dap)

Dap (Figure 2) is a Ca**-dependent, cyclic lipopeptide antibiotic (cLPA) in the A21978C
family, which is produced by the soil bacterium Streptomyces roseosporus (S. roseosporus) via
non-ribosomal peptide synthetases (NRPS).!? Dap was discovered by researchers at Eli Lilly in
the early 1980s. It consists of a 10-amino acid macrocycle closed by a depsi (ester) bond between
the side chain OH of threonine (Thr4) and the a-COOH of kynurenine (Kyn13). A linear tripeptide
is attached to the Thr residue and decanoic acid is appended to the N-terminus. In addition to Kyn,
Dap contains five other non-proteinogenic residues: D-asparagine (Asn2), ornithine (Orn6), D-
alanine (Ala8), D-serine (Serl1), and (2S,3R)-2-methylglutamate-12 (MeGlul2). Dap contains a
DXDG sequence in its macrocycle (Asp7-D-Ala8-Asp9-Gly10), a Ca**-binding motif that is found
in other Ca?* binding antibiotics and is a section of the EF-hand motif, a larger sequence found in
many Ca?"-binding proteins like calmodulin.'* Dap exhibits maximal activity at 1-1.25 mM Ca*",

which is approximately the physiological level of Ca** in humans.'
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Figure 2. The structure of daptomycin (Dap). The uncommon amino acids are shown in blue. The
D-amino acids are shown in green. The ester bond is shown in pink. The Ca**-binding DXDG
motif is shown in red apart from D-Ala8. The lipid tail is shown in orange.

Although many cLPAs have been discovered, Dap is one of only two cLPAs approved for
clinical use, the other being polymyxin/colistin. Dap was approved for clinical use in 2003 for
treatment of complex skin infections caused by G+ pathogens, including methicillin-resistant
Staphylococcus aureus (MSRA) and vancomycin-resistant enterococci (VRE).!* In 2006, Dap was
granted approval to treat bacteremia and right-sided endocarditis caused by MRSA and
methicillin-susceptible Staphylococcus aureus (MSSA).' It is an important last-resort antibiotic
used to treat serious G+ infections that do not respond to many of the other commonly used

antibiotics. However, it is inactive against G- bacteria.

1.4 Dap’s mechanism of action (MoA)
1.4.1 Fundamentals of Dap’s MoA

There is still debate regarding the MoA of Dap. It is known to exert its effect in the cell
membrane and does not enter the cytoplasm.'® The presence of Ca®" and the fatty acyl tail of Dap
are requirements for activity.!” Dap has also been shown to bind phosphatidylglycerol (PG, Figure
3) a phospholipid found in the cell membrane of G+ bacteria. It is not active against bacteria that
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do not have or have only small quantities of PG in their cell membrane such as G- bacteria.'®!-2

It is highly active against Streptococcus pneumoniae in vitro but not in vivo. This has been
attributed to its sequestration by lung surfactant which contains large quantities of PG.?! Data has
recently been provided which suggests that Dap forms a tripartite complex with PG and lipid 11.%
Lipid II is a plasma-membrane-anchored precursor consisting of a single peptide glycan subunit
attached to a polyisoprenoid pyrophosphate moiety (C55PP) (Figure 3). During PGN biosynthesis,
enzymes transfer a PGN subunit from lipid II and incorporate it into the growing PGN network.
This process generates C55 polyisoprenoid monophosphate (C55P) which is regenerated into lipid

II completing the lipid II cycle. Some limited data also suggests that Dap can also form a complex

with PG and C55P or C55PP.*
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Figure 3. The structure of PG (top) and lipid II (bottom).



Circular dichroism (CD) studies have shown that Dap undergoes a structural change when
bound to Ca** and PG.'® All three components must be present for this structural change to occur
(Figure 4). It is not known what this structural change consists of as direct investigation of the
Dap-Ca™-PG complex by NMR or x-ray crystallography has been prevented by the tendency of

this complex to precipitate out of solution at concentrations required for structural studies.??

A: Daptomycin

pN )

B: Daptomycin and Ca?*
C: Daptomycin and PC/PG liposome

D: Daptomycin and Ca?* and PC/PG liposome 80

210 220 230 240 250
Wavelength (nm)
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]
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Figure 4. CD traces of Dap under the following conditions: (A) Dap (6 uM) in 20 mM HEPES
(B) Dap in the presence of 5 mMCa?*, (C) Dap in the presence of PC (phosphatidylcholine)/PG
liposomes (180 uM) (D) Dap in the presence of 5 mM Ca*" and PC/PG liposomes. Figure
reproduced from Chem. Biol., 2004, 11, 949-957 with permission.!®

Trpl and Kyn13 are natural fluorophores. However, Kyn’s absorption spectrum overlaps
with Trp’s emission spectrum. Hence, with Dap, FRET occurs between Trp and Kyn upon
excitation of Trp and only Kyn fluorescence is observed.>* Kyn is a solvatochromic fluorophore
meaning its fluorescence intensity depends on the polarity of the solvent: the fluorescence of the
Kyn residue increases as the environment becomes less polar. This property of Kyn has been
exploited for mechanism of action (MoA) studies. For example, the insertion of Dap into model
membranes can be followed by monitoring changes in the fluorescence spectrum of the Kyn
residue (Aex=365 nm, Aem=442 nm) as a function of Ca®* concentration. As shown in Figure 5, in

the absence of Ca?*, Dap does not interact with the model membranes and the fluorescence signal



is very low. However, upon the addition of Ca®", Dap binds to the Ca>" which neutralizes some of
the negative charges on Dap allowing it to insert into the membrane and the fluorescence of the
Kyn residue increases as it is transferred into the apolar medium of the membrane. Both Ca** and
PG must be present for Dap to insert into the membrane. The fluorescence at 442 nm can be plotted
as a function of Ca’?’ concentration to obtain membrane insertion curve (Figure 5). The
fluorescence increases up to about 1 mM Ca?" which is consistent with Dap exhibiting maximal

biological activity at this Ca** concentration.
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Figure 5. The graph on the left shows how the fluorescence of Dap increases as Ca** is added in
increments to a solution of Dap in the presence of PC/PG liposomes. In the graph on the right,
the fluorescence at 442 nm from the graph on the left is plotted as a function of Ca**

concentration to give a membrane insertion curve. Figure reproduced from BBA-Biomembranes,
2016, 9, 1999-2005 with permission.?*

1.4.2 The membrane depolarization mechanism

Some studies on bacteria using K'-selective electrodes and membrane potential-sensitive
and K" -sensitive fluorescent probes, have suggested that Dap exerts its activity by forming cation-
selective pores.?>2® This results in membrane depolarization and cell death. However, these studies
were conducted at Dap concentrations that were greater than its MIC concentrations which Dap is

known to cause cell lysis. Nevertheless, several studies using model membranes suggest that Dap



is indeed capable of forming pores. Using a fluorescence assay that is based on the pH-sensitive
indicator pyranine, Zhang et al., showed that Dap can form cation-selective permeable pores in
PC/PG liposomes. Permeabilities were highest for Na* and K*.2” More recently, Seydlova et al.,
performed conductance measurements using planar lipid membranes and found that Dap formed
discrete pores of various sizes.?® The frequency of pore formation was voltage dependent. Using
the voltage-sensitive dyes they showed that B. subtilis cells with high initial membrane potential
were rapidly permeabilized by Dap while low initial membrane potential hindered Dap pore
formation. However, they used membranes consisting of pure 1,2-diphytanoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) which is not a good model of a bacterial membrane as native bacteria
have a more diverse membrane lipid composition. Moreover, the concentration of Dap used in the
B. subtilis studies was well above the MIC. Data that further supports the pore-forming mechanism
has recently been provided by Zuttion et al. Using highspeed atomic force microscopy (HS-AFM)
they showed that Dap formed toroidal pores on a supported lipid bilayer consisting of pure PG.%
However, the membranes were not potentiated, and the timescale of pore formation did not match

what is observed for cell death in vivo.?33°

The membrane depolarization mechanism requires the formation of pores which suggests
that Dap must oligomerize in the cell membrane. In 2011, Muraih et al., observed FRET between
native Dap and fluorescently-labelled Dap on PC/PG liposomes suggesting that Dap may be

oligomerizing upon insertion into membranes.?

No oligomerization was evident on liposomes
that did not contain PG. Muraih et al., also provided further evidence of Dap oligomerization using
an active Dap derivative containing a perylene butanoic acid tail (Figure 6).3! Perylene is a

fluorophore capable of forming excimers. It was reasoned that if perylene-Dap oligomerized on

membranes, then the perylene residues would come into close contact with one another and form



excimers which would be evident by a shift in the fluorescence spectrum (460 nm for perylene
monomer fluorescence to 520 nm for perylene excimer fluorescence). Little to no excimer
fluorescence was detected using liposomes that contained only PC or lacked Ca?*, however a large
amount of excimer fluorescence was detected using liposomes containing PG in the presence of
Ca?" (Figure 7). The same result was obtained using isolated bacterial membranes. They also
titrated perylene-Dap into a solution of liposomes containing PG in the presence of Ca?" and
measured conversion of monomers to excimers using fluorescence. As the excimer formation
approached its maximum, the stoichiometry of PG to perylene-Dap reached a 1:1 ratio.’!
Therefore, it was suggested that a single molecule of PG allows Dap to assume a conformation

which is favourable for oligomers to form.
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Figure 6. Structure of perylene-Dap. If perylene-Dap oligomerized on membranes, then the
perylene residues should come into close contact with one another and form excimers.
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Figure 7. Excimer Fluorescence of Perylene-Dap. Fluorescence studies on excimers formed
when overlap occurs between two fluorophores. Perylene monomer emission at 455 nm.
Perylene excimer emission at 520 nm. Figure reproduced from BBA-Biomembranes, 2012, 3,
673-678 with permission.*!

If Dap is capable of forming pores, then it must also be able to span or translocate across
the cell membrane. Palmer and coworkers showed that Dap evenly distributes across the inner and
outer leaflet using fluorescently-labelled Dap and the reducing agent dithionite which selectively
reacts with the fluorophore on DM (dimyrsitoyl)PC/DMPG liposomes. However, on PO
(palmitoyl-oleoyl) PC/POPG or DO (dioleoyl) PC/DOPG membranes only 25% of Dap

translocated to the inner leaflet.?

Using fluorescence confocal microscopy Kreutzberger et al.,
reported that Dap does not translocate to the inner vesicles of POPC/POPG giant multilamellar

vesicles.* Thus, it appears that the ability of Dap to translocate in model membranes depends upon

the composition of the model membrane.

The validity of the membrane depolarization mechanism has been questioned mainly
because membrane depolarization is not temporal with cell death and membrane depolarization
occurs very slowly at Dap’s MIC compared to the rate of membrane depolarization caused by well-

established pore formers such as gramicidin.>*
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1.4.3 The membrane reorganization mechanism

Using B. subtilis expressing GFP (green fluorescent protein)-labelled proteins that have
critical roles in cell wall/membrane maintenance, Mueller and coworkers found that upon exposure
to Dap at its MIC, MurG and PIsX, dissociate from the B. subtilis cell membrane.*®> These two
proteins are essential for cell wall synthesis (MurG) and phospholipid synthesis (PIsX) and are
associated with the cytosolic side of the cell membrane. They are especially important in cell
division where new membrane synthesis occurs. This area of the cell membrane must be dynamic
to enable efficient cell synthesis and is referred to as a region of increased fluidity (RIF).
Fluorescently-labelled Dap was found to colocalize with a dye that is known to accumulate in
RIFs, like the division septum where new membrane synthesis occurs. It was suggested that Dap
preferentially binds to RIFs and rigidifies/reorganizes the membrane.*® This results in dissociation
of MurG and PlsX from the cell membrane and cessation of cell wall synthesis and hence cell
division. Studies on model membranes support the proposal that Dap prefers to interact with RIFs
and alters membrane fluidity. Differential scanning calorimetry (DSC) performed on liposomes
containing PG using have shown that reduced fluid lipid domains form upon Dap insertion.>® An
increase in cholesterol content in the liposomes, which rigidifies membranes, reduces Dap
binding.’” Fluorescence studies have shown that Dap inserts more readily into liposomes
containing unsaturated phospholipids (which makes the membrane more fluid) compared to

liposomes consisting of less fluid saturated phospholipids.>?

It has been proposed that Dap, in the presence of Ca**, binds to PG at RIFs, where PG and
the biosynthesis protein machinery congregate such as the division septum.’® Dap and PG
aggregate and/or oligomerize which leads to reorganization of the RIFs. This causes delocalization

or dissociation of RIF-dependent proteins (such as MurG and PlsX) which leads to cessation of
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cell wall synthesis, and impaired cell growth and division which slowly leads to membrane
depolarization as a secondary effect. These events were proposed to occur within the 15 min of
exposure. Long-term effects (30-60 min) involve further rigidification of the RIFs and increased
membrane depolarization. If Dap does indeed form a complex with PG and lipid II then another
facet of Dap’s MoA would involve the Dap-PG oligomer sequestering lipid II which further
contributes to the cessation of cell wall synthesis and possibly the delocalisation of the cell wall

biosynthetic machinery.?

1.5. Dap Resistance Mechanisms

Most mutations that have been found in the genomes of Dap-resistant (Dap-R) S. aureus
and Enterococci effect the functionality of the cell membrane; however, resistance mechanisms
differ between species, and few are comprehensively described and understood.***’ Four of the

more dominant Dap-resistance mechanisms are discussed briefly below.

1.5.1 Lysyl-PG (LPG) and MprF

Lysyl-PG is a naturally found cell component in G+ bacteria. It is formed by the lysination of
PG which is catalyzed by the membrane protein MprF (multiple resistance factor) and transferred
from the inner to outer leaflet of the membrane (Figure 8). Isolates of Dap-R S. aureus and E.
faecalis have increased levels of LPG and decreased levels of PG in their membrane. This indicates

that the resistance mutations in mprF are gain of function mutations.*!*?
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Figure 8. The synthesis and translocation of LPG by MprF.

A definitive explanation for how increased LPG content in the membrane confers Dap
resistance has yet to be provided. Increasing LPG content would result in a reduced amount of PG
in the membrane which would obviously hinder Dap’s affinity to bacterial membranes. It has been
proposed that LPG confers resistance to Dap by electrostatically repelling Dap from the bacterial

membrane.** However, a strong correlation between Dap activity and membrane charge in bacteria

was not found.*!**

1.5.2 Cardiolipin Synthase (CL-S)

Cardiolipin synthase (CL-S) catalyzes the final step in the conversion of PG into the
phospholipid cardiolipin (CL) (Figure 9). CL is a naturally occurring cell component in G+

bacteria. Mutations in the cls gene have been reported in Dap-R S. aureus and Enterrococci.
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The cls mutations in Dap-R S. aureus were shown to lead to decreased levels of PG.* Mutants of
cls isolated from Dap-R E. faecalis and E. faecium showed increased CL synthase activity.* Since
CL is produced from PG, it is possible that an increase of CL results in less PG and hence decrease
binding of PG to the membrane. However, isothermal calorimetry has been used in model
membranes containing 10% CL to show Dap binding is still favourable. Zhang et al., showed that
the translocation and oligomerization of Dap is inhibited by the presence of CL in liposomes. CL-
rich membranes in S. aureus have been shown to have increased thickness.’® It was suggested that
this increase in thickness imparts Dap resistance by decreasing Dap’s ability to penetrate the

membrane and aggregate.
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Figure 9. The conversion of PG to CL by cardiolipin synthase.

1.5.3 PG synthase
PG synthase catalyzes the synthesis of PG by dephosphorylating its immediate precursor,

phosphatidylglycerol phosphate. Not surprisingly, mutations in PG synthase that lead to a
reduction of PG content in the cell membranes are often less susceptible to Dap.’!*>3 Notably,
mutations in the pgsA4 gene have recently been described to be linked to reduced susceptibility to

Dap in B. subtilis.
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1.5.4 LiaFSR

The LiaFSR system is a regulator of cell envelope stress and been shown to control several
genes involving membrane and protein synthesis, key enzymes and transcription factors. > It is
a three-component system consisting of LiaS, a histidine kinase/phosphatase that binds to LiaR,
and a response regulator which are both inhibited by LiaF. The complex is active when stress
occurs, and a signal cascade produces proteins that respond to cell stress factors. S. aureus and
Enterococcal species that are highly resistant to Dap often have mutations in the liaFSR regulation
system.’® Mutations in /iaFSR lead to upregulation of the LiaFSR system. LiaR knockout mutants
of clinical isolates of Dap-R E. faecalis demonstrated extreme sensitivity to Dap.’” When bacteria
are subjected to Dap the LiaFSR system is activated and anionic phospholipids move away from
the division septum and become reorganized in the cell membrane.’®* The now reorganized
membrane exhibits additional thickness and odd septa formation. This reorganization confers Dap

resistance.

1.6 Chemical synthesis of Dap

Five chemical syntheses of Dap have been reported in the literature-*>%%! A summary of
all five routes will not be presented here, instead, the most recent synthesis will be discussed as it
is the most efficient and is highly relevant to the work described in this thesis.®? For an in-depth
analysis of these five syntheses the reader is directed to the review by Taylor and Moreira
(Prog. Mol. Biol. Transl. Sci., 2025, 212, 163-234). However, before we discuss the synthesis of
Dap, a brief discussion on Fmoc-based solid phase peptide synthesis (SPPS) is presented below as

this 1s the strategy that has been employed in this thesis.
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1.6.1 Fmoc Solid Phase Peptide Synthesis (SPPS)
In the 1960°s Bruce Merrifield (Nobel Prize, 1984) invented SPPS which revolutionized

peptide synthesis.®> The idea is simple and is outlined in Scheme 1. The chemistry is performed
on an insoluble polystyrene resin (such as polystyrene crosslinked with 1,4-divinylbenzene (PS-
DVB)). The first amino acid, with its a-amino group and side chain protected (if necessary), is
attached to the resin via its a.-carboxyl group. The protecting group (PGP) on the a-amino group
is then removed. A coupling reagent is then used to attach the next protected amino acid to the first
resin-linked amino acid and then its a-amino group is deprotected. This process is repeated until
all amino acids have been added. The peptide is then removed from the resin, globally deprotected
(all side chain PGP’s removed) and then purified by HPLC (high-performance liquid
chromatography). The key features of SPPS are: (1) the reactions are driven to completion using
excess reagents/amino acids; (2) purification after each step is accomplished by removing the
excess reagents/amino acids through filtration and rinsing; (3) the resin acts as a PGP for the C-

terminus.
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Scheme 1. An overview of solid phase peptide synthesis (SPPS).

In Fmoc SPPS (Scheme 2), the a-amino group of each amino acid is protected with a base-
labile Fmoc PGP (Figure 10), the peptide is attached to the resin via an acid-labile linker and the
side chain PGPs are also designed to be labile to acid. A commonly used highly acid-labile linker
in Fmoc SPPS is the 2'-chlorotritylchloride (CTC) linker (Figure 11). After each amino acid is
coupled on, the Fmoc group is removed usually with 20% piperidine in DMF
(dimethylformamide). At the end of the synthesis, the peptide is cleaved from the resin and
globally deprotected with acid, usually with trifluoroacetic acid (TFA) with added cation
scavengers (since the side chains are protected with PGPs that produce reactive cations upon

removal with acid) such as small amounts of water and triisopropylsilane (TIPS).
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Scheme 2. An overview of Fmoc solid phase peptide synthesis (Fmoc SPPS).
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Figure 11. The structure of the 2'-chlorotritylchloride (CTC) linker.

There are many reagents that are used for the coupling reaction (Figure 12) and they all act
by activating the carboxylic acid group. Carbodiimides are among the most widely used coupling
agents. The most common carbodiimide coupling agent was N,N’-dicyclohexylcarbodiimide
(DCC) but has since been replaced with N,N’-diisopropylcarbodiimide (DIC) due to toxicity
concerns.®* Carbodiimides readily react with and activate the carboxyl group on amino acids. An
additive such as 1-hydroxy-7-azabenzotriazole (HOAt) and hydroxybenzotriazole (HOBY), is
usually included to form a less reactive intermediate which reduces epimerization (Scheme 3).
Other coupling strategies use uronium salts like hexafluorophosphate azabenzotriazole tetramethyl
uronium (HATU) and hexafluorophosphate 6-chlorobenzotriazole tetramethyl uronium (HCTU)
which require a hindered base like N-methylmorpholine. A third class of coupling agents are
phosphonium salts which include (7-azabenzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate (PyAOP) and  (Benzotriazol-1-yloxy)tripyrrolidinophosphonium

hexafluorophosphate (PyBOP). These couplings agents are highly stable in solution.
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Scheme 3. The mechanism for peptide bond formation using a carbodiimide and HOAt in
solution.

1.6.2 Moreira and Taylor’s Synthesis of Dap

The highest yielding and most efficient synthesis of Dap has recently been reported by the
Taylor group (Scheme 4).%? Beginning with glycine (Gly5) loaded on to CTC-linked polystyrene
resin, the next four amino acids were coupled in sequence using DIC/HOBt and the N-terminus of

the resulting pentapeptide was lipidated to give peptide 1. The ester bond formation between the
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0o-COOH of the Fmoc-Kyn building block and the side chain OH of Thr4 was accomplished using

Steglich esterification conditions (catalytic amount of dimethylaminopyridine (DMAP) in

anhydrous DCM) yielding the branched peptide

2. The rest of the amino acids were installed to

give peptide 3. Peptide 3 was cleaved from the resin with 1% trifluoroacetic acid (TFA) in DCM

(these conditions do not remove the less acid-labile PGs on the side chains) and was cyclized with

PyAOP, HOAt and 2,4,6-collidine to give peptide 4. Finally, the global deprotection was done

with a TFA/water/TIPS solution (95/2.5/2.5), providing Dap in a 22% overall yield.
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Scheme 4. Taylor and Moreira’s synthesis of Dap.

1.7 Dap Structure Activity Relationships (SAR)

Fmoc-SPPS
AL

Daptomycin
(22% overall yield)

A host of Dap analogues have been made by semi-synthesis, combinatorial biosynthesis,

chemoenzymatic synthesis, and total synthesis. Although semi-synthetic routes have yielded many

analogues they only allow for modification of the side chains of Orn6 or Kyn13, the lipid tail, and

replacement/modification of Trp1. Theoretically, combinatorial biosynthesis and chemoenzymatic
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synthesis allow for individual substitutions at almost all positions, but only a handful of analogues
have been prepared using these methods. Regarding methods for preparing Dap analogues that
allow for amino acid substitutions at all positions, total synthesis has proven to be the most
powerful and has provided the greatest number of Dap analogues by far. Indeed, it was the
development of the total synthesis routes that enabled a highly detailed SAR of Dap to be
established. A summary of the results of SAR studies on Dap is shown in Figure 13. Although it is
not practical to discuss all the results from SAR studies in detail, some of the SAR studies that are
very pertinent to this thesis are discussed below. For a more detailed summary of the SAR studies

the reader is referred to (Prog. Mol. Biol. Transl. Sci., 2025, 212, 163-234).
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Figure 13. Summary of the results of Dap SAR studies. Residues shown in green were found to

be somewhat amenable to substitution with Ala while the residues in red were not amenable to
substitution with L-Ala or D-Ala.

One of the most important parts of Dap’s structure is its DXDG motif (Asp7-D-Ala8-Asp9-
Gly10). Analogs containing Ala or Asn at position 7 were completely devoid of activity and unable

23



to insert into membranes even at very high concentrations of Ca**.%> Replacement of Asp9 residue
in Dap or a Dap analog with Ala, Asn, D-Asp, Glu, or MeGlu results in complete loss of activity.
63.66 These results suggest that Asp7 and Asp9 are directly involved in binding Ca**. The Gly
residue in this motif is also very important to activity as substitution with Ala or sarcosine (V-
methylglycine) results in a large loss of activity.®® Interestingly, D-Ala8 can be substituted with
cationic residues (D-Orn, D-Lys and D-Arg, D-2-aminobutyric acid) with only moderate to little
loss of activity.®® It was suggested that the cationic residues enhance membrane binding to the
negatively charged phosphate groups of membrane phospholipids via electrostatic interactions.
Additionally, the stereochemical configuration of D-Ala8 is important since substitution with L-

Ala led to a very large loss of activity.5

One of the more salient results of the SAR studies was the finding that appending
hydrophobic groups to certain residues often resulted in analogues that were more potent than Dap.
This increase in potency is probably due to the hydrophobic appendage increasing the overall
hydrophobicity of the peptide which helps promote its interaction with the cell membrane.

Examples of this are discussed below.

The Singh group reported the synthesis of Dap analogues with improved activities via
modification of the Trp residue using an indole prenyltransferase.’”’! Of particular note are
analogs 5-7 (Figure 14) which were 1.5 to 20-fold more potent than Dap against several strains of
Dap-susceptible (Dap-S) E. faecalis, S. aureus, E. faecium, Micrococcus luteus, B. subtilis,
Mycobacterium aurum, and Mycobacterium smegmatis and were 9 to 10-fold more potent than
Dap against several Dap-R strains of S. aureus, E. faecalis, and E. faecium. They also reported
that the activity of analogues 5-7 exhibited little to no Ca?*-dependence. This suggests that these

analogues might exert their antibacterial activity via a mechanism different than that of Dap.
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Figure 14. Three of the Dap analogues prepared by Elshahawi and coworkers using a
prenyltransferase.

Chow et al., created several dozen analogues of Dap by total synthesis and tested them on
several strains of MSSA, MRSA, Streptococcus faecalis and Enterococci.®® Of these analogues,
the one containing N-methylated Kyn (called Kynomycin, Figure 15) was found to be the most
promising in that it exhibited 2 to 4-fold greater activity than Dap against these bacteria.
Kynomycin was chosen for further study. Against 101 S. aureus strains and 72 Enterococcus spp.,
Kynomycin exhibited MICs that were 1.76-fold and 2.68-fold lower than the MIC of Dap,
respectively.® It also exhibited a lower frequency of inducing resistance mechanisms in S. aureus
while maintaining lower toxicity when compared to Dap. It was active against Dap-R strains and

showed better efficacy than Dap in mouse infection models of S. aureus and E. faecalis.
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Figure 15. Structure of Kynomycin

Guan et al prepared a series of Dap analogues containing alkyl groups attached to the side
chain amino group of Kynl3 via semi-synthesis. The analogue with a hexyl group, called
hexakynomycin (Figure 16), proved to have the best overall activity with a 4 to 128-fold reduction
in MIC compared to Dap against strains of MRSA, MSSA, vancomycin intermediate S. aureus
(VISA) and VRE.” Hexakynomycin exhibited a lower clearance rate and an increased half-life in
mice compared to Dap. Unfortunately, hexakynomycin did not exhibit improved efficacy

compared to Dap in a mouse infection model due to high plasma protein binding.
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Figure 16. The structure of hexokynomycin.
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1.8 Thesis Objectives
1.8.1 Objective # 1

Although Dap has been in clinical use for over two decades, reports of Dap-resistance are
still quite rare. Nevertheless, reports of Dap resistance have been appearing with increasing
frequency over the last decade.”! One reason for this might be due to an increase in Dap use as
Dap came off patent in 2015 and is now available as a generic drug. This increase in Dap-R bacteria
is causing considerable concern in the medical community as Dap is usually successful against
serious G+ infections that do not respond to many other commonly used antibiotics. Indeed, it is
the increasing appearance of Dap-R bacteria that has been the main driving force behind the SAR
studies mentioned in Section 1.7 and the search for Dap analogues with improved activity such as

analogues that are active against Dap-R bacteria.

One residue in Dap that has not been interrogated to any significant extent is Asn-2.
Replacing D-Asn with D-Ala in Dap resulted in a significant reduction in activity indicating that
the side chain amide of this residue is important for activity.®® As mentioned in Section 1.7, one
strategy that has been used for increasing the potency of Dap and for generating Dap analogs that
are active against Dap-R bacteria is to append hydrophobic groups to certain residues. Since Asn2
is close to the lipophilic tail and possibly close to the cell membrane when Dap is inserted in the
cell membrane, we propose that adding alkyl groups to the side chain of Asn2 might increase
membrane permeability and therefore potency. Hence, one of the objectives of this thesis is to
synthesize a series of D-Asn derivatives bearing alkyl groups on the side chain (Figure 17),
incorporate these D-Asn analogues into Dap at position 2 using Fmoc SPPS and then evaluate the

resulting peptides for their antibacterial activity.
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R = Me, Et, Pr etc.

Figure 17. The general structure of alkylated D-Asn analogues to be studies in this thesis.

1.8.2 Objective # 2

Hydroxamic acids (HAs, Figure 18) are weak acids (pKa = 8.5). Nevertheless, they chelate
very strongly with certain metal ions, especially Fe*® and Zn** (Figure 18).”> A good example of
how strong metal binding affinity of hydroxamic acids for Zn*? have been used in medicinal
chemistry is the development of a potent inhibitor of the Zn-dependent matrix metalloprotease,
MM2 by Maola et al.”> These workers identified a peptide, ACQGPTFKCDAIWRECG, from a
peptide library that was a good inhibitor of MM2 (K; = 3.4 uM). The x-ray crystal structure of the
inhibitor bound to MM2 revealed that the Asp residue in the inhibitor chelated with the Zn** ion
in the active site. Given that hydroxamates bind more tightly to zinc ions than carboxyl groups,
they reasoned that replacing the Asp residue with NY-hydroxyasparagine (Asn(OH), Figure 18)
should result in a more potent inhibitor. This indeed turned out to be the case with the new inhibitor

having a K; = 116 nM (30-fold increase in potency).
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Figure 18. Left: the general structure of hydroxamic acids. Center: the general structure of
hydroxamic acids bound to Zn**. Right: the structure of N'-hydroxyasparagine (Asn(OH)).

It is worth noting that there is a Zn"-dependent cyclic peptide antibiotic called bacitracin
(Figure 19) which is produced by NRPS in Bacillus licheniformis and Bacillus subtilis. It was first
discovered in 1943 and is still widely used today for its activity against G+ bacteria. In combination
with neomycin and polymyxin B, bacitracin is used as a topical ointment, called Neosporin, for
treating minor cuts and burns. Bacitracin is not administered systemically as its degradation
product is nephrotoxic.”* However, since systemic absorption of orally administered bacitracin is
limited, it is safe when taken orally. Bacitracin has thus been used for the treatment of
gastrointestinal infections such as those associated with VRE and Clostridium difficile. It functions
by binding to C55PP. The Zn"? coordinates the pyrophosphate head group of C55PP and the

carboxylate of the Glu residue and sulfur atom of the aminothiazoline moiety in bacitracin.
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Figure 19. The structure of bacitracin.
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As mentioned previously, Dap requires approximately 1 mM Ca>" for full activity and the
two Asp residues in the DXDG motif play a key role in binding to the Ca** ion. Dap is almost
completely inactive in the presence of 1 mM of other cations such as Na*, K*, Ba*", Mg?*, Ni**
and Cu?".”,78 However, this is not the case with Zn>" where, in the presence of 1 mM Zn*?, Dap
exhibits an MIC that is about 16-fold greater than the MIC in the presence of 1 mM Ca**. We wish
to determine if it is possible to create a Dap analogue that is as active in the presence of Zn>" as
Dap in the presence of Ca?*. Given hydroxamic acids strong affinity for Zn"? and zinc ions strong
affinity for phosphates, another objective of this thesis is to determine if either or both of the Asp
residues in the DXDG motif of Dap can be substituted with Asn(OH) using Fmoc SPPS and if the

resulting Dap analogues exhibit good activity in the presence of Zn?**.”’
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Chapter 2- Modification of Asn2 on Daptomycin
2.1 Objectives

The literature is lacking examples of side chain modifications to D-Asn2 in Dap. As
mentioned in Section 1.8, since D-Asn?2 is close to the lipophilic tail and possibly close to the cell
membrane when Dap is inserted in the cell membrane, adding alkyl groups to the side chain of
Asn2 might increase membrane permeability and therefore potency. The objectives of the work in
this chapter are to prepare D-Asn derivatives bearing alkyl groups on the side chain (Figure 17),
incorporate these D-Asn analogues into Dap at position 2 using Fmoc SPPS and then evaluate the

resulting peptides for their antibacterial activity.

2.2 Results and Discussion
2.2.1 Amino Acid Synthesis

The modified D-Asn derivatives outlined in Figure 17 are not commercially available and
must be synthesized. Fortunately, these amino acids are very straightforward to synthesize using
the procedure of Zhong and Anslyn which was optimized for each amino acid derivative (Scheme
5).”8 The side chain of commercially available Fmoc-D-Asp-O'Bu was coupled to an amine using
a coupling agent and the product was precipitated from solution, filtered and dried. This crude
material was subjected to 25% TFA/DCM and the final product purified by silica gel

chromatography. The results are summarized in Table 1.
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Scheme 5. Synthesis of Fmoc-D-Asn(alkyl)-OH derivatives. R group is an alkyl group.

Table 1. Reaction conditions for the coupling reaction and yield (2 steps) of amino acids 8-14.

Coupling Time/
Entry Amine agent Base Solvent Temp Product  Yield
1 Methylamine IBCF NMM THF 0°C-rt/18h 8 84%
2 Methylamine HCTU NMM DMF rt, 10 min 8 90%
3 Ethylamine HCTU NMM DMF rt/30 min 9 88%
4 Propylamine HCTU NMM DMF rt/2h 10 76%
5 Butylamine HCTU NMM DMF rt/1h 11 42%
6 Hexylamine BOP DIPEA DCM rt/1h 12 62%
7 Octylamine BOP DIPEA DCM rt/1h 13 55%
8 Piperidine HCTU NMM DMF rt /30 min 14 51%

and Anslyn which wused isobutylchloroformate (ICBF)/N-methylmorpholine (NMM)

We started by making the methyl derivative (entry 1) using the original procedure of Zhong

n

tetrahydrofuran (THF). Although this worked well, the reaction was slow and took 18 h to

complete. However, using HCTU as coupling agent we were able to obtain the product in

comparable yield but in just 10 min (entry 2). HCTU was kept as a coupling agent for the ethyl,

propyl, butyl (entries 3-5) and piperidine (entry 8) derivatives though the yields decreased as the

alkyl chain on the amine increased (ethyl to propyl to butyl, entries 3-5). Attempts to improve the
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yield of the butyl derivative using IBCF/NMM, EDC/DIPEA and DIC/HOBt were unsuccessful
(Table 2) with the exception when using BOP/DIPEA (diisopropylethylamine) as coupling agent
and on a small scale. Nevertheless, BOP/DIPEA worked reasonably well for hexyl (12, entry 6)

and octyl (13 entry 7) derivatives.

Table 2 Coupling conditions examined for the synthesis of Fmoc-D-Asn(Bu)-OH. Yields refer to
the amino acid building block after t-Bu deprotection (2 steps).

Coupling Equiv
Entry agent Base Solvent = Butylamine Yield
1 IBCF NMM THF 3 Fmoc
removed
2 IBCF NMM THF 1.1 Trace
3 EDC DIPEA DMF 1.1 Trace
4 DIC/HOBt N/A DMF 1.1 NR
5 BOP DIPEA DCM 1.1 75%*
6 BOP DIPEA DCM 1.1 37%"

*Reaction conducted using 50 mg amino acid. ®Reaction conducted using 500 mg
amino acid.

2.2.2 Synthesis of Dap Analogues

Dap analogues containing amino acids 8-14, collectively Dap-D-Asn(R)2, were prepared
using the route developed by Moreira and Taylor with one notable difference (Scheme 6).%? In the
original procedure, 4 equiv of amino acid and DIC/HOBt were use as coupling agents and each
coupling reaction lasted 3 h. Fmoc deprotections were accomplished using two 5 min treatments
with 4-methylpiperidine (4-MP). Hood et al. reported that couplings could be achieved much faster
(in 10 min) using 3 equiv of amino acid, 5 equiv of HCTU, and 10 equiv of NMM in DMF.”

These coupling conditions were adopted for the synthesis of the Dap analogues.
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Scheme 6. Synthesis of Dap-D-Asn(R)2 analogues.

The esterification step using the Steglich conditions reported by Moreira and Taylor (10
equiv of Fmoc-L-Kyn(Boc)-OH, DIC, cat. DMAP, 18 hours) worked well for all the analogues
apart from the analogue containing the hexyl Asn derivative (Dap-D-Asn(Hex)2) where the
reaction only went to about 30% completion (Figure 20, top chromatogram). The ester procedure
was modified to include equal parts of dry DCM, dry DMF and NMP (N-methyl pyrrolidinone)
with 1% Triton X-100 and a catalytic amount of DMAP. In this procedure, Triton X-100 is a
surfactant used to prevent aggregation of peptide in solution which has been previously described
by Hojo et al. 3 With the lipid tail and hexyl chain in sequence before the ester bond is formed, it
is possible that aggregation was limiting the availability of the Thr OH side chain. The use of 1%
Triton X-100 increased the conversion to the ester but was less than 50% complete (Figure 20,
bottom chromatogram). Each esterification reaction attempt uses 10 equivalents of the Kyn
building block, which is quite valuable, therefore, it was decided that we would continue the
synthesis since it is known that the hydroxy group on Thr is unreactive under the subsequent

coupling conditions (3 equiv of amino acid, 5 equiv of HCTU, and 10 equiv of NMM in DMF).
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The final peptide was obtained in only a 2.6% yield, amounting to 4 mg, which was sufficient for

subsequent studies.
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Figure 20. Comparison of successive esterification coupling conditions by their HPLC traces for
Dap-D-Asn(Hex)2 at A=220 nm. Top: Steglich conditions. Bottom: 1% Triton X-100
conditions.Red peak: Uncoupled starting material. Blue peaks: Coupled ester product and
associated CO2 adduct.

The glycine residue at position 10 was incorporated using Fmoc-(DMB)-Gly-OH as a

building block (Figure 21). The role of the DMB (dimethoxybenzyl) protecting group is to prevent

aspartamide formation after the Asp9 residue is added. Once Fmoc-(DMB)-Gly-OH is installed

into the growing peptide chain the N-terminus of the resulting peptide is a tertiary amine. It was

found that deprotection of the Fmoc moiety on this peptide required more time due to steric

hindrance. Moreover, once the Fmoc group has been removed from this residue, the resulting N-
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terminus is a secondary amine which are known to couple slower than primary amines. At the end
of the synthesis of some of the analogues, some truncated peptides were isolated and identified by
MS (mass spectroscopy). This was probably due to incomplete formation of the peptide bond
between Gly10 and Asp 9. It is possible that the new 10 min coupling time used for peptide bond
formation was insufficient to allow for complete bond formation between Gly10 and Asp 9 and

this may account for some of the overall low yields of some of the peptides (Table 2.3).

Fmoc\N/A\n/OH

o °
MeO OMe

15

Figure 21. The structure of Fmoc/DMB-protected glycine (15).

Table 3. Yields of Dap analogues

Analogue Yield
Dap-D-Asn(Me)2 4%
Dap-D-Asn(Et)2 7%
Dap-D-Asn("Pr)2 3%
Dap-D-Asn("Bu)2 4%
Dap-D-Asn(Hex)2 3%
Dap-D-Asn(Oct)2 10%
Dap-D-Asn(Pip)2 8%

2.2.3 MIC Determinations
The MIC value of Dap and each analogue against B. subtilis ATCC 6051 were determined

using a broth microdilution assay. The results are summarized in Table 4. All the analogues

exhibited MIC values that were higher than Dap. Analogues bearing a Me, Et, n-Pr, n-Bu and n-
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hexyl group exhibited MIC values that were 2-4 times higher than Dap while the octyl and

piperidine analogues were 8 and 32-fold greater respectively.

Table 4. MIC values of Dap and Dap analogues against B. subtilis ATCC 6051.

Dap or Dap Analogue MIC (pg/mL)
Dap 1
Dap-D-Asn(Me)2
Dap-D-Asn(Et)2
Dap-D-Asn("Pr)2
Dap-D-Asn("Bu)2
Dap-D-Asn(Hex)2
Dap-D-Asn(Oct)2
Dap-D-Asn(Pip)2 32

o R - " -\

2.2.4 Membrane Insertion Studies

Membrane insertion curves (see Section 1.4.1) were obtained for each analogue using 1:1
DOPG/DOPC liposomes (Figures 22). The hexyl and octyl derivative exhibit a higher fluorescence
value than Dap in the absence of Ca®" suggesting that they can insert into the membrane to some
extent without Ca?*. This is probably due to their much greater hydrophobicity compared to Dap
and they do not require Ca** to neutralize some of the negative charges on Dap to partially insert
into the membrane. The octyl derivative shows only a small increase in fluorescence as the
concentration of Ca?" is increased (Figure 22) suggesting that its antibacterial activity may be
independent of Ca?" concentration. The Elshahawi group has reported that certain highly
hydrophobic appendages on Trp 1 result in loss of Ca®>" dependence on activity (see section 1.7),

however, these Trp analogues were more potent than Dap. %!
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Figure 22. Membrane insertion curves for Dap analogues with amino acids containing alkyl
substitutions at position 2. Upper panel: data not normalized to 100%. Lower panel: data not
normalized to 100%. Dap membrane insertion curve for Dap bolded red for emphasis. Data
plotted at 0.001 mM Ca** contains 0 mM Ca?".
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The hexyl analogue shows some Ca?" dependence for activity and its fluorescence at 10
mM Ca®* is considerably greater than that of Dap suggesting that the Kyn residue in the hexyl
analogue is inserted deeply into the membrane; however, the hexyl analogue is 4-fold less active

than Dap suggesting that its orientation in the membrane is not optimal for activity.

Apart from the hexyl derivative, none of the other analogues exhibited a maximal
fluorescence value as great as that as Dap even at 10 mM Ca?" (Figure 22). This suggests that the
Kyn residue in these Asn analogues does not insert as deeply into the membrane compared to the

Kyn residue in Dap even though these analogues should be more hydrophobic than Dap.

From the normalized data in Figure 22 it can be seen that, with the exception of the methyl
analogue, the membrane insertion curves of the Et, Pr, Bu and Pip analogs are shifted to the right
of the Dap insertion curve meaning that these analogues require more Ca** than Dap to achieve
maximal membrane insertion. The piperidyl analogue, which is much less active than Dap, exhibits
a membrane insertion curve that is shifted far to the right compared to Dap and requires a much
higher concentration of Ca®" to reach maximal insertion compared to Dap. This phenomenon,
where analogues that are less active than Dap require a higher concentration of Ca** to reach
maximal activity or membrane insertion has been reported by Barnawi et al with other Dap

analogues.®

2.3 Concluding remarks

NMR structures of Dap in the absence of PG but in the presence or absence of Ca>* have
been reported by several groups. 38334 Each group obtained their spectra under different conditions
(pH etc.) and so obtained somewhat different structures. Nevertheless, some conformational

similarities amongst the structures highlight Dap’s amphipathic nature. The macrocycle adopts a
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hairpin structure with the hydrophobic side chains Kynl13, Trpl and the fatty acid forming a
hydrophobic face at one end of the hairpin while the side chains of the four acidic residues and
Orn6 form a hydrophilic face at the other end. There were no major differences between the
structures in the presence and absence of Ca*>" and no Ca?* binding site was obvious in any of the
structures. NOEs between the protons of the fatty acid and the aromatic rings of Trp1, Kyn13, and
D-Asn2 indicate spatial proximity and suggest that these three residues may be involved in
interactions with the cell membrane since the fatty acid is almost certainly involved in hydrophobic
interactions with the cell membrane.?® This hypothesis is consistent with the increase in activity
found for Dap analogues bearing hydrophobic groups on Trpl and Kyn13 (see Section 1.7) but is
not consistent with our results on Asn2 which clearly show that appending hydrophobic groups to
the side chain of D-Asn2 leads to a decrease in activity. However, it is important to keep in mind
the NMR structures of Dap are not a very good guide for predicting how Dap will respond to
modifications since it is known that Dap undergoes a large conformation change when bound to

Ca”" and PG (see section 4.1.1) and the structure of the Dap/Ca**/PG complex is not known.

Our finding that the methyl, ethyl, propyl and butyl analogues were only 2 to 4-fold less
active than Dap suggests that the primary amide of the D-Asn2 side chain is not crucial for activity.
However, the least active of all the D-Asn2 analogues studied here by far was the piperidinyl
analogue which has a tertiary amide side chain. This removes any hydrogens on the side chain
amide nitrogen. It could be that at least one of N-H hydrogens on the side chain of D-Asn2 is
important for activity and may be involved in hydrogen bonding with a membrane target such as

PG.
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Chapter 3- Modification of DXDG Motif in Dap

3.1 Objectives

As discussed in Section 1.8.2, Dap exhibits very modest activity in the presence of | mM
Zn*". Armed with the knowledge that hydroxamic acids have a very high affinity for Zn?*, the
objectives of the work described in this chapter is to determine if it is possible to synthesize Dap
analogs in which hydroxamic acid substitution occurs at either or both of the Asp residues in the
DXDG motif. Residues 7 and 9 in Dap (DXDG motif) are believed to be involved in Ca*"
chelation, so we propose that substitution with Asn(OH), will result in novel Dap analogues that

exhibit good activity in the presence of Zn>*.”’

3.2 Results and Discussion

3.2.1 Amino Acid Synthesis
For the synthesis of the Dap analogues, we needed to prepare Fmoc-L-Asn(OTrt)-OH. The

synthesis of Fmoc-L-Asn(OTrt)-OH is more involved than the alkyl analogues but is still quite

straightforward using the route used by Xia et al. (Scheme 7).%

D

MeCN, DIPEA 0 60% TFA/DCM OH
(o]
0 arcon g rah
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Scheme 7. Synthesis of Fmoc-Asn(O-Trt)-OH
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Beginning with Fmoc-Asp(‘Bu)-OH (16), the terminal carboxyl group was protected using
excess allyl bromide, in the presence of DIPEA in acetonitrile to give compound 17 in a 90% yield.
The tert-butyl moiety in 17 was removed with 60% TFA/DCM yielding compound 18. After
removal of the TFA by rotary evaporation, crude compound 18 was treated with isobutyl
chloroformate (IBCF) and NMM followed by O-tritylhydroxylamine which gave compound 19 in
a 75% yield over 2 steps. Removal of the allyl group in 19 using N-ethyl aniline and a catalytic
amount of Pd(Ph3)4 provided Fmoc-L-Asn(OTrt)-OH (20) in a 77% yield. The overall yield was

52%.

3.2.2 Synthesis of Dap Analogues

Although our ultimate target was a Dap analogue with both Asp7 and Asp 9 substituted
with Asn(OH), we first attempted to prepare the monosubstituted analogs, Dap-Asn(OH)7 and
Dap-Asn(OH)9, using the conditions employed by Xia et al. (PyBOP, DIPEA in DMF/DCM, 1 h)
for installing Fmoc-Asn(OTrt)-OH into peptides (Scheme 8). Peptides 21 and 22 were prepared
by Fmoc SPPS and then this peptide was subjected to Fmoc-Asn(OTrt)-OH (20, 4 equiv) under
the above-mentioned conditions. Unfortunately, none of the desired peptides, 23 or 24, were
obtained as the ninhydrin test for amines still showed the presence of a free amine. This was
confirmed by cleaving the peptide from the support and examining the crude mixture by MS which
showed only the uncoupled starting peptides. We also tried extending the reaction conditions to
24 h but still none of peptides 23 and 24 were formed. We also tried using DIC/HOBt as coupling

agents, but these conditions were also unsuccessful.
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Scheme 8. Coupling attempts of Fmoc-Asn(OTrt)-OH on Dap-L-Asn(OH)7 linear sequence (22)
and Dap-L-Asn(OH)9 linear sequence (21)

Our inability to prepare peptides 23 and 24 was surprising. To determine if the installation
of Fmoc-Asn(OTrt)-OH is dependent upon the amino acid sequence, we decided to see if we could
prepare a Dap analogue containing Asn(OH) at position 2 (replacing Asn2 with Asn(OH) to give
Dap-D-Asn(OH)2). Peptide 25 was prepared using Fmoc SPPS. Using the conditions of Xia et
al. Fmoc-D-Asn(OTrt)-OH was installed with out difficulty within 1 h, yielding peptide 26. Trpl
and the acyl tail was installed to give peptide 27 and then our usual Fmoc SPPS route/conditions
were used to complete the desired peptide Dap-D-Asn(OH)2 (Scheme 9). These results indicate

that the installation of Fmoc-Asn(OTrt)-OH is sequence dependent.
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Scheme 9. Synthesis of Dap-D-Asn(OH)2

We reasoned that the steric bulk of the Trt protecting group might be preventing the
coupling from taking place at positions 7 and 9. Therefore, we decided to prepare a new building
block in which the side chain of Asn(OH) was protected with a smaller dimethoxybenzyl group.
This building block was prepared using the route originally devised by Barlaam and coworkers
shown in Scheme 10.%” Dimethoxybenzylalcohol (28) and N-hydroxyphthalimide (29) were
coupled using a Mitsunobu reaction to give compound 30 in a 98% yield. Treating 30 with
hydrazine hydrate provided O-DMB-hydroxylamine (31) in a 79% yield. Compound 31 was
coupled to amino acid 18 using EDC/HOBL to give fully protected amino acid 32 in a 70% yield.

The allyl group in compound 32 was removed using our previous conditions to give Fmoc-
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Asn(ODMB)-OH (33) in an 82% yield (Scheme 10). Unfortunately, attempts to install amino acid

33 into peptide 21 using both PyBOP/DIPEA or DIC/HOBt were also unsuccessful.
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32,70% Fmoc-Asn(ODMB)-OH (33, 82%)

Scheme 10. Synthesis of Fmoc-Asn(ODMB)-OH

Our next tactic was to try and install the Asn(OH) using no PGP on the side chain. The Trt
group in amino acid 20 was removed using 25% TFA in DCM for one hour to give amino acid 34
(Scheme 3.5) in an 89% yield. We also found that amino acid 34 could be prepared by reacting
amino acid 18 with NMM/ICBF and hydroxylamine hydrochloride to give amino acid 35, which

upon allyl group removal provided amino acid 34 (Scheme 11).
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Scheme 11. Alternative synthetic routes to prepare Fmoc-Asn(OH)-OH

It is possible that building block 34 could cyclize upon activation and that this cyclic
compound could react with the N-terminus of the peptide and form the desired product (Scheme

12).
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Scheme 12. Possible activation and subsequent coupling of 34 to the peptide sequence.

Peptides 21 and 22 were subjected to building block 34 and the conditions of Xia et al. The
reaction involving peptide 21 resulted in a very complex mixture and no coupled product 36 as
determined by MS and HPLC. The reaction involving peptide 22 yielded a complex mixture by
HPLC; however, MS analysis showed that some of the desired peptide (37) was formed. Although
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many byproducts were present, we decided to proceed with peptide 37. Therefore, Orn6 was
installed (38), the peptide was cleaved from the support, cyclized and then globally deprotected
(Scheme 13). MS analysis of the crude mixture showed that the desired peptide was formed;

however, after attempting to purify it by HPLC, only trace amounts of product were obtained.
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Scheme 13. Synthetic routes for Dap-Asn(OH)9 (Top) and Dap-Asn(OH)7 (Bottom).

Our finding that using building block 34 yielded complex mixtures was not entirely

unexpected. It is entirely possible that PyBOP could react with both the a-COOH and
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hydroxylamine groups. If it reacted with the side chain, then it is possible that it could undergo a
Lossen rearrangement, as outlined in Scheme 14. The Lossen rearrangement shares similarities
with the Curtius and Hofmann rearrangements which result in the formation of isocyanates which
are good electrophiles.® It is understood the reaction begins with the activation of the hydroxamic
acid in the presence of base and involves a carbon migration, however studies have shown little
evidence proving the exact mechanism. Recently, researchers have proposed a self-propagative
mechanism which needed a source of initiation. In summary, the initiation comes from a base in
the environment which causes a homo-condensation event. This later undergoes a Lossen
rearrangement, producing an isocyanate.®® However, the Lossen rearrangement usually requires
elevated temperatures (about 90 °C). This condition, along with the fact that MS analysis of the
crude reaction mixture did not detect a peptide having a mass that was 16 amu less than the desired

product suggests that the Lossen rearrangement probably did not occur.
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Hoo H o [ j H o Hoo
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Scheme 14. Proposed mechanism of Lossen rearrangement

Another possibility is the formation of an aspartimide during peptide synthesis. This is a
commonly encountered side reaction in peptide synthesis where amino acids can cyclize on the
protected side chains of Asp, Asn, Glu and GIn (though the reaction is by far more prevalent on
Asp) during Fmoc deprotection (Scheme 15). This reaction can occur whenever the peptide is
subjected to piperidine. This reaction almost always occurs when there is an Asp-Gly sequence in
the peptide. It can be prevented by using a DMB protecting group on the Gly a-amino group. This
is why a DMB PG on Gly10 was used during the syntheses of Dap and its analogues. It is possible

that aspartimide formation could also occur when using building block 34 as shown in Scheme 16.
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Since we had a DMB-protected Gly at position 10, then this reaction could not have occurred when
we tried to install Asn(OH) at position 9, but it could occur if Asn(OH) was installed at position
7. MS of the crude products after deprotection and extension of peptide 37 showed peaks that were

66 amu greater than the expected mass indicating that aspartimide formation had occurred.
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Scheme 15. Proposed mechanism of aspartimide formation on O'Bu-protected Asp.
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Scheme 16. Proposed mechanism of aspartimide formation on hydroxamate amino acids

3.2.3 Biological Studies
Since we had Dap-D-Asn(OH)2 we tested it for biological activity against B. subtilis

ATCC 6051 and found that it had an MIC of 2 mg/mL, which is only 2-fold greater than that of
Dap. Its membrane insertion curve was very similar to that of Dap (Figure 23). However, this

analogue requires slightly more calcium to reach maximum fluorescence.
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Figure 23. Membrane binding curves measuring Kyn13 fluorescence for Dap and Dap-D-
Asn(OH)2 at 439 nm. Red: Dap. Blue: Dap-D-Asn(OH)2. Top panel: Data not normalized.
Bottom panel: Data is normalized.
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3.3 Future Directions

The synthesis of Dap analogues having Asn(OH) at positions 7 or 9 has proven to be more
challenging than anticipated. The fact that we could install Asn(OH) at position 2 without difficulty
suggests that the peptides 21 and 22 adopt a conformation that is not amenable to coupling using
building blocks 20 and 33. Perhaps the side chain protecting groups on these building blocks are
too large and sterically hinder the coupling reaction. One possible solution to this problem is to
prepare tetrapeptide 39 in solution and then couple it to peptide 40 to give peptide 41 as outlined
in Scheme 17. Peptide 44 would be converted into the desired target analogue using our usual Dap

synthesis protocols.

FmocHN\)J\ /\n/ \_)]\ /\n/

DMB O
o

NHOPG NHOPG
PG = Trt or DMB

39

Q. Q

5 O CHj,
NBoc /& o NBoc Trt\NH < FmocHN\)LN/Y
(6] O NH 7 o OVN HN
5’ 39, coupling o H\)CJ)\ Y PGOHNj( r\fo
N/\n’ N/Y agent > H/\n’ NHOPG
H H NH DMBN (¢}
CgH1g\Ir C9H19\Ir
0
t+BuO NHz 0 tBuO
Ot Bu Ot Bu
N BOC N Boc
Ot-Bu Ot-Bu

Scheme 17. Synthesis of peptide 41 using tetrapeptide 39 as a building block.
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Chapter 4- Experimental Section

4.1 General Experimental Method

All reagents used for peptide synthesis were obtained from commercial sources including
coupling reagents, resins and Fmoc amino acids. Unless stated otherwise ACS grade N-
dimethylformamide (DMF), 4-methylpiperidine (4-MP), N-methyl-pyrrolidinone (NMP),
trifluoroacetic acid (TFA) and triisopropylsilane (TIPS) were purchased from commercial
suppliers and used without further purification. CH>Cl, (DCM) was distilled from calcium hydride
under nitrogen. THF was distilled from sodium and benzophenone under nitrogen.

Chromatography was performed using 60 A silica gel.

Resin loading was estimated using the procedure described by Gude at al.*® Peptide
synthesis was performed manually using a rotary mixer for agitation. Peptide synthesis progress
was monitored by treating small portions of resin with 95/2.5/2.5 TFA/H>O/TIPS for 60 min,
removing the solvent under a N> stream, redissolving the peptide in 1:1 MeCN/H2O, and analyzing

by RP-HPLC and LRMS using a linear ion trap mass spectrometer.

Analytical and semi-preparative HPLC was performed using a Waters 600 controller
equipped with Waters 2487 dual wavelength detector set to 220 nm and 280 nm. Analytical HPLC
was accomplished with a Higgins Analytical Inc., (Mountainview, CA, USA) CLIPEUS reversed-
phase C18 column (10 mm, 250 mm x 4.6 mm, 1 mL min™! flow rate). Semi-preparative HPLC
was performed with a Higgins Analytical Inc., CLIPEUS reversed-phase C18 column (10 mm, 250

mm x 20 mm, 10 mL min™' flow rate).

High-resolution positive ion electrospray (ESI+) mass spectra were obtained using a hybrid

quadrupole-orbitrap mass spectrometer, dissolving samples in 1:1 MeOH:H>O + 0.1% formic acid.
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All mass spectra were collected in positive mode. 'H and '*C NMR spectra were collected on a
Bruker ASCEND 300 MHz spectrophotometer. Chemical shifts (8) for 'H and '*C NMR spectra
run in DMSO-ds are reported in ppm relative to the residual solvent peaks at 2.50 ppm and 39.52
ppm, respectively. & for '"H NMR spectra run in CDCl; are reported in ppm relative to the residual

solvent peak at 7.26 ppm. All peaks are relative to an internal standard (trimethylsilane, O ppm).

Antibacterial activity of each synthetic antibiotic was determined using a broth dilution
assay in which overnight bacterial cultures are diluted to approximately 1x10® CFU/mL based on
the measured optical density at 600 nm (OD600).”° A series of two-fold serial dilution in LB broth
were preformed directly on a 96-well microplate which were then inoculated with equal volume
of diluted bacterial culture. 96-well plates were then incubated for 24 h at 37 °C at which point the
MIC was determined by the lowest peptide concentration at which there was no visible bacterial

growth was observed.

Large unilamellar vesicles (LUVs) were prepared from 1,2-dioleoyl-sn-glycero-3-
phosphoglycerol sodium salt (DOPG) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
(Avanti Polar Lipids, Alabaster, Alabama) in a 1:1 molar ratio by polycarbonate membrane

extrusion as previously described by Muraih et al.>*

The combined lipid concentration was 5 mM,
dissolved in a HEPES buffered saline solution (pH 7.4, 20 mM HEPES, 150 mM NaCl). The molar

extinction coefficient of Dap at 365 nm was determined to be & = 4530 Mlcm™.*!

Fluorescence emission spectra were acquired with a PTI QuantaMaster 400 fluorometer
(Horiba) following a protocol that has been previously described for daptomycin.®® Measurements
were taken in 20 mM HEPES buffer solution containing LUVs at a concentration of 250 pM,

peptide concentration of 3 uM, 150 mM NaCl at pH 7.4 and buffer was warmed to 37 °C. A
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calcium chloride solution was added to give the desired final concentrations. Emission spectra

were collected following a 3 min equilibration time.

4.2 Experimental Section for Chapter 2

Fmoc-D-Asn(Me)-OH (8): 4-Methylmorpholine (0.15 mL, 1.34 mmol) was added to a solution
of Fmoc-Asp-O'Bu (0.50 g, 1.22 mmol) in anhydrous THF (20 mL), followed by isobutyl
chloroformate (0.17 mL, 1.34 mmol) at 0 °C. The solution was stirred at 0 °C for 10 min and
methylamine in H>O (1 mL, 3.66 mmol) was added. Reaction mixture was allowed to stir for 18 h
under N> at room temperature. The reaction was quenched with addition of saturated aqueous
NH4Cl (30 mL) and the reaction mixture extracted with ethyl acetate (3 x 30 mL). The combined
organic layer was dried over anhydrous MgSOs, then evaporated under vacuum. The crude mixture
was dissolved in 25% TFA/DCM and stirred for 1 h. The reaction mixture was evaporated, and the
crude solid was washed with diethyl ether/hexanes. Once filtered and dried, 8 was obtained as an
off-white solid and used without further purification in subsequent steps. (0.42 g, 84%). 8 is a
literature compound and characterized using '"H NMR: (300 MHz, DMSO-de): § 7.77 (d, T = 7.2
Hz, 2H), 7.68 (bs, NH), 7.58 (d, J = 8.5 Hz, 2H), 7.42 (d, J=8.7 Hz, NH), 7.25 (m, 4H), 4.16 (m,

4H), 2.44 (m, 3H), 2.38 (m, 2H).

General Amino Acid Coupling Procedure for compounds 10-12,15: To a solution of Fmoc-D-
Asp-O'Bu (3 equiv.) and NMM (10 equiv.) in N,N-dimethylformamide (DMF) (10 mL) was added
HCTU (5 equiv.), then the corresponding alkyl amine (1.1 equiv.). The reaction stirred at room

temperature for 1 h. Upon completion the product was precipitated with water (20 mL). The
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product was filtered and dried. A white solid was obtained and used without further purification in

subsequent steps.

General Amino Acid Coupling Procedure for Compounds 13-14: To a solution of Fmoc-D-
Asp-O'Bu (1 g, 4 eqiuv.) and DIPEA (5 equiv.) in dichloromethane (DCM) (50 mL) was added
BOP (4 equiv.), then the corresponding alkyl amine (1.1 equiv.). The reaction stirred at room
temperature for 1 h. The product was concentrated, then redissolved in DMF (5 mL), and
precipitated with water (20 mL). This process was repeated once more. Product was obtained as

an off-white solid.

General Procedure for zert-butyl Deprotection: Crude Fmoc-Asn(R)-O'Bu was dissolved in 25
% TFA/DCM and stirred for 3 h. The reaction mixture was evaporated, and the crude solid was
washed with diethyl ether/hexanes. Once filtered and dried, the corresponding amino acid was

obtained as an off-white solid and used without further purification in subsequent steps.

Fmoc-D-Asn(Et)-OH (11): '"H NMR: (300 MHz, DMSO-ds): & 7.88 (m, 3H), 7.70 (d, ] = 7.2 Hz,
2H), 7.52 (d, J= 7.2, NH), 7.38 (m, 4H), 4.29 (m, 4H), 3.07 (m, 2H), 2.57 (dd, J= 5.0, 15.1 Hz,
1H), 2.45 (m, 1H), 1.41 (m, 2H), 1.05 (t, 3H, J="7.5 Hz). '3C (75 MHz, DMSO-d¢): § 173.6, 169.2,
156.3, 1443, 141.2, 128.1, 127.5, 125.7, 120.6, 66.1, 51.2, 47.1, 37.5, 33.9, 15.1. HRMS

(ESI+) m/z: [M + H]" calcd for C21H2305N2 383.16015; found 383.16140

Fmoc-D-Asn(Pr)-OH (11): 'H NMR: (300 MHz, DMSO-dg): & 7.90 (m, 3H), 7.71 (d, ] = 7.3 Hz,
2H), 7.47-7.27 (m, NH), 7.38 (m, 4H), 4.27 (m, 4H), 3.00 (dq, J= 6.1 Hz, 12.5 Hz, 2H), 2.61 (m,
1H), 2.45 (m, 1H), 1.41 (m, 2H), 0.826 (t, 3H, J= 5.7 Hz). *C (75 MHz, DMSO-d): & 173.6,
169.4, 156.3, 144.3, 141.2, 128.1, 127.5, 125.7, 120.6, 66.2, 51.2, 47.1, 37.6, 22.8, 11.8. HRMS

(ESI+) m/z: [M + H]" caled for C22H2505N2 397.17580; found 397.17454
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Fmoc-D-Asn(Bu)-OH (12): 'H NMR: (300 MHz, DMSO-de): § 7.90 (d, J = 7.1 Hz, 2H), 7.82 (1,
J=7.1 Hz, NH), 7.71 (d,J = 7.7 Hz, 2H), 7.53 (d, J=9.5 Hz, NH), 7.38 (m, 4H), 4.33 (m, 4H), 3.04
(dd, J= 6.5 Hz, 13.0 Hz, 2H), 2.58 (dd, J=5.8, 15.3, 1H), 2.46 (dq, J=8.3, 15.3, 2H), 1.31 (m, 4H),
0.845 (t, 3H, J=7.3 Hz). 3C (75 MHz, DMSO-ds): & 173.6, 169.2, 156.3, 144.3, 141.2, 128.1,
127.6, 125.7, 120.6, 66.2, 51.2, 47.1, 37.5, 33.9, 15.1. HRMS (ESI+) m/z: [M + H]" calcd for

C23H2705N; 411.19145; found 411.19086

Fmoc-D-Asn(Hex)-OH (13): 'H NMR: (300 MHz, DMSO-de): § 7.90 (d, J = 8.5 Hz, 2H), 7.84
(t, J=9.9 Hz, NH), 7.71 (d, J = 7.4 Hz, 2H), 7.54 (d, J= 8.2 Hz, NH), 7.38 (m, 4H), 4.32 (m, 4H),
3.03 (dd, J=5.6 Hz, 11.8 Hz, 2H), 2.62-2.43 (dq, J=5.7,J=13.1, 2H), 1.31 (m, 8H) 0.845 (t, 3H,
J=6.9 Hz). 1*C (75 MHz, DMSO-dq): § 173.6, 169.3, 156.3, 144.3, 141.2. 128.1, 127.5, 125.7,
120.6, 66.2, 51.2,47.1, 37.5, 31.5, 29.5, 26.5, 22.5, 14.4. HRMS (ESI+) m/z: [M + H]" calcd for

C25H3105N2 439.22275; found 439.22103

Fmoc-D-Asn(Oct)-OH (14): 'H NMR: (300 MHz, DMSO-ds): 5 7.84 (d, J = 7.5 Hz, 2H), 7.78
(b, NH), 7.66 (d, I = 7.5 Hz, 2H), 7.53 (d, J=7.5 Hz, NH), 7.32 (m, 4H), 4.27 (m, 4H), 2.98 (b,
2H), 2.49 (dd, J=5.8, 15.3, 1H), 2.46 (dq, J=9.4, 14.1, 2H), 1.25 (m, 4H), 0.775 (b, 3H). 3C (75
MHz, DMSO-de): & 173.6, 169.3353, 156.2738, 144.2247, 141.1699, 128.1125, 127.5391,
125.7054, 120.5656, 66.2118, 51.2326, 47.0705, 37.5494, 31.7155, 29.5076, 29.1922, 29.1203,
26.846, 22.5395, 14.3822. HRMS (ESI+) m/z: [M + H]" caled for Ca7H3s0sN, 467.25405; found

467.25458

Fmoc-D-Asn(Pip)-OH (15): 'H NMR: (300 MHz, DMSO-de): § 7.89 (d, J = 7.6 Hz, 2H), 7.70 (d,
J=17.4 Hz, 2H), 7.38 (m, 4H), 7.36 (bs, NH), 4.34 (m, 4H), 3.38 (m, 4H), 2.73 (m, 2H), 1.48 (m,

6H).
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General Procedures for Fmoc SPPS of Dap Analogues: The SPPS synthesis was performed
manually 2’-CI-TrtClI polystyrene resin (theoretical substitution = 1.5 mmol/g, 66.6 mg, 0.1 mmol,
1 equiv. in the synthesis of Dap analogues). The resin was then transferred to a disposable peptide
cartridge and rinsed with DCM, followed by loading with Fmoc-Gly-OH (4.0 equiv.) and DIPEA
(8.0 equiv.) in DCM (10.0 mL) for 24 h. The resin was capped with 17:2:1 DCM:MeOH:DIPEA
(3 x 10 min), and the loading efficiency was determined to be 0.694 mmol g'! in the synthesis of

Dap alkyl analogues and 0.459 mmol g™! in the synthesis of Dap-Asn(OH) analogues.

General Deprotection and Peptide Coupling Procedure for Dap-D-Asn(Me)2: The resin was
swollen in DMF (30 min) then Fmoc-deprotected with 2-methylpiperidine (2-MP)/DMF (20%; 2
% 10 min). After washing the resin with DMF (3 % 5 min), a solution of Fmoc-L-Thr-OH (4 equiv.),
hydroxybenzotriazole (HOBt, 4 equiv.) and diisopropylcarbodiimide (DIC, 4 equiv.) in DMF (4
mL) was added to the resin. After rotary agitation for 3 h at room temperature, the cartridge was
drained and was washed with DMF (3 x 5 min). All subsequent Fmoc deprotections and couplings,

with the exclusion of the ester bond and the cyclization, were performed in this way.

General Deprotection and Peptide Coupling Procedure for Dap-D-Asn(R)2: For the peptides
containing compounds 9-15, the resin was swollen in DMF (30 min) and then Fmoc-deprotected
with 4-methylpiperidine (4-MP)/DMF (10%; 2 x 5 min). After washing the resin with DMF (3 x
5 min), a solution of Fmoc-L-Thr-OH (3 equiv.), hexafluorophosphate 6-chlorobenzotriazole
tetramethyl uronium (HCTU, 5 equiv.) and N-methylmorpholine (NMM, 10 equiv.) in DMF (2.5
mL) was added to the resin. After rotary agitation for 10 min at room temperature, the resin
containing cartridge was drained and the resin was washed with DMF (3 x 5 min). All subsequent
Fmoc deprotections and couplings, with the exclusion of the ester bond and the cyclization, were

performed in this way.
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General Esterification Procedure: Esterification of all peptides (with exception of Dap-D-
Asn(Hex)2) with Fmoc-Kyn(Boc)-OH involved adding a solution of amino acid (10 equiv) in dry
DCM (2.5 mL) with addition of DIC (10 equiv) and the mixture was incubated for 30 min. The
solution was added to peptide followed by DMAP (0.1 equiv). The rection was agitated for 18 h
before the cartridge was drained and the resin was washed with DCM (3 x 5 min) then DMF (5 x

5 min). Reaction completion was tested by RP-HPLC and MS.

Esterification of Dap-D-Asn(Hex)2: Esterification used the same procedure as other Dap-D-
Asn(R)2 analogues, but dry DCM solvent was replaced with a solution of 1:1:1 NMP:DCM:DMF

and 1% Triton X-100. Reaction completion was tested by RP-HPLC and MS.

General Resin Cleavage Procedure: Once Fmoc-Orn(Boc)-OH was coupled on and Fmoc-
deprotected with 4AMP/DMF, the peptide was cleaved from the resin by swelling in DCM (10 min)
and then treating with 1% TFA/DCM (6 x 1 min) followed by 1% MeOH/DCM (6 % 1 min). A
ninhydrin test was used to determine when all the peptide was removed from the resin. The peptide

containing solution was then diluted with toluene and concentrated.

General Peptide Cyclization Procedure: The residue was dissolved in dry DMF (200 mL) and
to this was added a solution of (7-azabenzotriazol-1-yloxy)tripyrrolidinophospho-nium
hexafluorophosphate (PyAOP, 5 equiv.), 1-hydroxy-7-aza-benzotriazole (HOAt, 5 equiv.) and
2,4,6-collidine (10 equiv.) in DMF (5 mL). After stirring at room temperature for 48 h, the
cyclization was determined to be complete by TLC (90:10:1 DCM:MeOH:AcOH). The cyclization
solution was concentrated in vacuo and the residue was dissolved in EtOAc (200 mL) and then
washed with NaHSO4 (1 M, 2 x 200 mL), saturated aqueous NaHCO3 (2 x 200 mL) and brine
(2x200 mL). After drying the organic layer with MgSOs, the crude peptide was filtered and

concentrated in vacuo.
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General Global Deprotection Procedure: The crude peptide was cooled in an ice-water bath and
suspended in TFA:TIPS:H,O (95:2.5:2.5). Cooling was removed immediately after the addition
and the resulting solution was stirred for 1.5 h at room temperature. The solution was then
concentrated with a stream of dry N». The deprotected peptide was precipitated from the oily
residue through the addition of cold diethyl ether. The solid was washed with diethyl ether 3 times
before being dissolved in 3:2 H20:MeCN. Pure peptides were isolated from this solution by semi
preparative HPLC in H,O and MeCN over 60 min. Dap-containing fractions were combined,
concentrated in vacuo and lyophilized from Milli-Q H2O to give Dap-Asn(R)2 peptides as an oft-

white powder.

Dap-D-Asn(Me)2: Purity of the peptide was verified by analytical RP-HPLC (# = 31.6 min, linear
gradient of 90:10 to 10:90 H2O/MeCN + 0.1% TFA over 60 min). HRMS (ESI+) m/z: [M +

2H]** calcd for C73H10s026N17 817.87028; found 817.87279

Dap-D-Asn(Et)2: Purity of the peptide was verified by analytical RP-HPLC (¢ = 33.8 min, linear
gradient of 90:10 to 10:90 H.O/MeCN + 0.1% TFA over 60 min). HRMS (ESI+) m/z: [M +

H]" caled for C74H107026N17 1649.75677; found 1649.75521

Dap-D-Asn(Pr)2: Purity of the peptide was verified by analytical RP-HPLC (# = 36.1 min, linear
gradient of 90:10 to 10:90 H2O/MeCN + 0.1% TFA over 60 min). HRMS (ESI+) m/z: [M +

H]?** calcd for C75sH109026N17 831.88593; found 831.88506

Dap-D-Asn(Bu)2: Purity of the peptide was verified by analytical RP-HPLC (# = 35.2 min, linear
gradient of 90:10 to 10:90 H2O/MeCN + 0.1% TFA over 60 min). HRMS (ESI+) m/z: [M +

H]" caled for C76Hi11026N17 1677.78807; found 1677.78698
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Dap-D-Asn(Pip)2: Purity of the peptide was verified by analytical RP-HPLC (# = 35.6 min, linear
gradient of 90:10 to 10:90 H2O/MeCN + 0.1% TFA over 60 min). HRMS (ESI+) m/z: [M +

H]" caled for C77H113026N17 1689.78807; found 1689.78766

Dap-D-Asn(Hex)2: Purity of the peptide was verified by analytical RP-HPLC (# = 38.1 min,
linear gradient of 90:10 to 10:90 HoO/MeCN + 0.1% TFA over 60 min). HRMS (ESI+) m/z: [M +

H]" caled for C7sH115026N17 1705.81937; found 1705.81194

Dap-D-Asn(Oct)2: Purity of the peptide was verified by analytical RP-HPLC (# =42.1 min, linear
gradient of 90:10 to 10:90 H2O/MeCN + 0.1% TFA over 60 min). HRMS (ESI+) m/z: [M +

HJ** calcd for CsoH119026N17 866.92506; found 866.92653

4.3 Experimental Section for Chapter 3

Fmoc-Asp(O'Bu)-OAllyl (17): Fmoc-Asp(Oz-Bu)-OH (16) (3.0 g, 7.51 mmol) and DIPEA
(2.57 mL, 15.02 mmol) and allyl bromide (8.3 mL, 11.62 mmol) were stirred in acetonitrile
(15 mL) and heated under reflux at 40 °C for 3 h. The resulting solution was allowed to cool, then
into the flask was poured ethyl acetate (200 mL). The solution was washed with brine (3 x 200
mL) and the organic layer was collected and dried over MgSOs, then concentrated in vacuo, to
afford compound 17 as an off-orange oil and used without further purification in subsequent steps.
(2.7 g, 90%). 17 is a literature compound and characterized using 'H NMR: (300 MHz, DMSO-
ds): 6 7.88 (d, J = 7.2 Hz, 2H), 7.86 (b, NH), 7.70 (d, J = 6.4 Hz, 2H), 7.38 (m, 4H), 5.89 (m, 1H),
531(d,J=17.8 Hz, 1H), 5.20 (d, J = 10.2 Hz, 1H), 4.59 (d, J = 4.9 Hz, 2H), 4.47 (m, 1H), 4.34

(d, J = 6.8 Hz, 2H), 4.24 (t, ] = 6.5 Hz, 1H), 2.69 (m, 1H), 1.39 (s, 9H).
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Fmoc-Asn(OTrt)-OAllyl (19): Compound 17 was subjected to 25% TFA/DCM (20 mL) for 4 h
at room temperature. The solution was evaporated in vacuo with toluene (3 x 10 mL) and
redissolved in ethyl acetate (150 mL). The solution was washed with subsequent additions of 1 M
NaHSO4 (2 x 200 mL) and brine (2 x 200 mL) and the organic layer was collected and dried over
MgSOs4, then concentrated in vacuo, to afford compound 18, which was used without further
purification. 4-Methylmorpholine (0.72 mL, 5.57 mmol) was added to a solution of 18 (2.0 g, 5.06
mmol) in anhydrous THF (20 mL), followed by isobutyl chloroformate (0.62 mL, 5.57 mmol) at
0 °C. The solution was stirred at 0 °C for 15 min and O-tritylhydroxylamine (1.39 g, 5.06 mmol)
was added. Reaction mixture was allowed to stir at room temperature for 18 h under argon. The
reaction was quenched by saturated aqueous NH4Cl (30 mL) and the reaction mixture was
extracted with ethyl acetate (3 x 30 mL). The combined organic layer was dried over anhydrous
MgSO4 and evaporated in vacuo. The crude product was purified using column chromatography
(30% ethyl acetate in hexanes) to afford compound 19 (2.4 g, 75%) over two steps as an off-white
solid. 19 is a literature compound and characterized using '"H NMR: (300 MHz, DMSO-ds): & 7.90
(d,J=7.5Hz, 2H), 7.70 (d, ] = 7.3 Hz, 2H), 7.38 (m, 4H), 7.35 (m, NH), 7.32 (b, 15H), 5.83 (m,
1H), 5.26 (dd,J=1.2, 17.5 Hz, 1H), 5.17 (d, J=10.5, 1H), 4.50 (d, J = 4.9 Hz, 2H), 4.28 (m, 4H),

2.29 (m, 2H).

Fmoc-Asn(OTrt)-OH (20): N-ethylaniline (1.62 mL, 12.9 mmol) was added into a solution of 19
(2.4 g, 3.82 mmol) in anhydrous THF (20 mL) under argon. Pd(PPh3)4 (350 mg, 0.43 mmol) was
added, and the reaction mixture was stirred for 3 h under argon at room temperature. The reaction
was quenched using 0.1 M HCI (15 mL) and the reaction mixture extracted with ethyl acetate (3 x
30 mL). The combined organic layer was dried over anhydrous MgSQ4, then evaporated under

vacuum. The crude product was precipitated in diethyl ether to afford compound 20 (1.8 g, 77%).
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20 is a literature compound and characterized using 'H NMR: (300 MHz, DMSO-de): & 7.90 (d, J
=7.4 Hz, 2H), 7.73 (d, ] = 7.3 Hz, 2H), 7.38 (m, 4H), 7.33 (m, 15H), 4.27 (m, 4H), 2.34 (m, 1H),

2.24 (m, 1H).

N-(2,4-dimethoxybenzyloxy)phthalimide (30): To a solution of 2,4-dimethoxybenzyl alcohol
(2.7 g, 1 equiv.) in chloroform (120 mL) under argon were added N-hydroxyphthalimide (3.5 g,
1.3 equiv.) and triphenylphosphine (5.7 g, 1.3 equiv.). Diethylazodicarboxylate (3.5 ml, 1 equiv.)
was added and the solution stirred overnight at room temperature. The solvent was evaporated in
vacuo and the residue purified by flash chromatography on silica using dichloromethane as eluant,
yielding 30. (4.9 g, 98%): 'H NMR (CDCls): 7.78 (m, 2H), 7.72 (m, 2H), 7.30 (d, 1H, J= 8.2 Hz),

6.43 (m, 2H), 5.21 (s, 2H), 3.79 (s, 3H), 3.72 (s, 3H).

0-2,4-dimethoxybenzylhydroxylamine (31): 30 (4.5 g, 14 mmol) and hydrazine hydrate (10 ml)
in ethanol (95 %, 100 ml) was heated under reflux for 15 minutes and then allowed to cool. The
mixture was filtered and the residue washed with ethanol. The filtrate was evaporated to dryness
in vacuo to give 31. (2.1 g, 79%) as a colourless oil: 'H NMR (CDCls): 7.27 (d, 1H, J= 9.1 Hz),

6.49 (m, 2H), 5.30 (bs, 2H), 4.70 (s, 2H), 3.85 (s, 3H), 3.83 (s, 3H).

Fmoc-Asn(ODMB)-OAllyl (32): Compound 31 was first prepared as a colourless oil as
previously described by Barlaam et al.*’ To a solution of 18 (200 mg, 0.50 mmol) in DMF (2 mL)
was  successively added HOBt (88 mg, 0.65 mmol), 2,4-dimethoxybenzyl
hydroxylamine (31) (135 mg, 0.74 mmol), and dimethylaminopropylethylcarbodiimide
hydrochloride (143 mg, 0.74 mmol). The mixture was stirred at room temperature for 18 hours.
The mixture was diluted with ethyl actetate and washed with water, saturated NaHCO3, brine, then

dried over MgSO4 and evaporated in vacuo. The residue was redissolved in DMF and compound
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32 was precipitated from solution and filtered. This compound was used in subsequent steps

without further purification.

Fmoc-Asn(ODMB)-OH (33): N-ethylaniline (0.2 mL, 0.87 mmol) was added into a solution of
Fmoc-Asn(OTrt)-OAllyl (32) (162 mg, 0.29 mmol) in anhydrous THF (2 mL) under argon.
Pd(PPh3)4 (70 mg, 0.03 mmol) was added, and the reaction mixture was stirred for 3 h under argon
at room temperature. The reaction was quenched using 0.1 M HCI (15 mL) and the reaction
mixture extracted with ethyl acetate (3 x 30 mL). The combined organic layer was dried over
anhydrous MgSQOs, then evaporated under vacuum. The crude product was subject to flash
chromatography in 28/70/2 ethyl acetate/hexanes/AcOH yielding compound 33 (0.123 mg, 82%)).
NMR: (300 MHz, DMSO-de): & 7.86 (d, J= 7.4 Hz, 2H), 7.70 (d, J= 5.8 Hz, 2H), 7.45 (m, 4H),
7.30 (m, NH), 6.53 (m, 2H), 6.35 (m, J=7.0 Hz, 1H), 5-01-4.90 (m, 2H), 4.10-4.65 (m, 1H), 4.46
(m, 2H), 4.31 (m, J=5.7 Hz, 1H), 3.87 (m, 6H), 3.40-2.77 (m, 2H). 1*C (75 MHz, DMSO-ds): &
173.3, 166.7, 161.5, 159.3, 144.3, 141.2, 132.5, 128.1, 127.6, 125.7, 120.5, 116.5, 104.9, 98.7,
79.6, 71.9, 66.2, 559, 55.7, 50.8, 47.0. HRMS (ESI+)m/z: [M + H] caled for

C28H2008N> 521.19184; found 521.19311

Fmoc-Asn(OH)-OH (34): 20 (500 mg, 0.84 mmol) was dissolved in 25 % TFA/DCM (10 mL)
and stirred for 1 h. The reaction mixture was diluted with toluene (5 mL) and evaporated. The
crude solid was then washed with diethyl ether/hexanes. Once filtered and dried, 34 was obtained
as an off-white solid. (1.5 g, 65%). HR-MS was attempted to characterize this amino acid, however
we believe that it undergoes a Lossen rearrangement in the instrument, avoiding detection. 'H
NMR: (300 MHz, DMSO-ds): & 8.00 (d, J= 7.1 Hz, NH), 7.88 (d, J= 7.4 Hz, 2H), 7.70 (m, 2H),
7.37 (m, 4H), 4.31 (m, 4H), 2.84 (m, 1H), 2.54 (m, 1H). 3C NMR: (75 MHz, DMSO-d¢): § 173.2,

172.2,156.3, 144.3, 141.2, 128.1, 127.6, 125.7, 125.6, 120.6, 66.2, 51.0, 47.1, 36.6
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General procedures for Fmoc SPPS of Dap-Asn(OH) Analogues: The Dap-Asn(OH)2
analogue was prepared via Fmoc SPPS as previously described, with slight variation. Coupling of
amino acid 20 on peptide 25 used 4 equiv. of the appropriate Fmoc-protected amino acid and
PyBOP (4 equiv.) which were dissolved in 1:1 DMF:DCM. DIPEA (8 equiv) was added into the
mixture to activate the Fmoc-amino acid. The solution was added to the resin and agitated for one
hour at room temperature. The resin was then washed with DMF (3 x 1 min), DCM (3 x 1 min),
successively. The completion of coupling was tested using the Ninhydrin reagent, yielding peptide
26. Peptide 23 was coupled with amino acid 34 using the PyBOP procedure described above. The
Dap-Asn(OH)7 analogue was prepared via Fmoc SPPS as previously described, with slight
variation where the residue at position two was coupled as Fmoc-D-Asn(Trt)-OH using general

Fmoc SPPS procedure and the sequence was continued as previously described.
Dap-D-Asn(OH)2

Purity of the peptide was verified by analytical RP-HPLC (¢ = 31.9 min, linear gradient of 90:10
to 10:90 HoO/MeCN + 0.1% TFA over 60 min). HRMS (ESI+) m/z: [M + 2H]*" calcd for

C72H103N17027 818.85992; found 818.8680
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Appendix A: Chapter 2

Figure A. 1. HPLC chromatogram of crude Dap-D-Asn(Me)?2 after cleavage. 70-45
(H2O/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm.

Figure A. 2. HPLC chromatogram of pure synthetic Dap-D-Asn(Me)2. Gradient: 90-10
(H20/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm.
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Figure A. 3. ESI+HRMS of pure Dap-D-Asn(Me)2. [M+H]" at m/z=1635.73669 and [M+2H]**
at m/z=817.87279.
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Figure A. 4. ESI+HRMS of pure Fmoc-D-Asn(Et)-OH. [M+H]" at m/z=383.16140 and [M+K]"
at m/z=421.11634.
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Figure A. 5. HPLC chromatogram of crude Dap-D-Asn(Et)2 after cleavage. 70-55
(H20/MeCN+0.1 % TFA) in 60 min (A=220 nm)

0,01

min

Figure A. 6. HPLC chromatogram of pure synthetic Dap-D-Asn(Et)2. Gradient: 90-10
(H2O/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm.
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Figure A. 7. ESI+HRMS of pure Dap-D-Asn(Et)2. [M+H]" at m/z=1649.75521, [M+Na]" at
m/z=1670.75423 and [M+2H]*" at m/z=824.84853.
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Figure A. 8. ESI+HRMS of pure Fmoc-D-Asn(Pr)-OH. [M+H]" at m/z=397.17454, [M+Na]" at
m/z=419.15583 and [M+K]" at m/z=435.12989.

]

Figure A. 9. HPLC chromatogram of crude Dap-D-Asn(Pr)2 after cleavage. 65-60
(H20/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm.
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Figure A. 10. HPLC chromatogram of pure synthetic Dap-D-Asn(Pr)2. Gradient: 90-10
(H20/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm.
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Figure A. 11. ESI+HRMS of pure Dap-D-Asn(Pr)2. [M+H]" at m/z=1663.76127 and [M+2H]**
at m/z=831.88506.

86



Figure A. 12. ESI+HRMS of pure Fmoc-D-Asn(Bu)-OH. [M+H]" at m/z=411.19086
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Figure A. 13. HPLC chromatogram of crude Dap-D-Asn(Bu)2 after cleavage. 70-55
(H20/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm.
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Figure A. 14. HPLC chromatogram of pure synthetic Dap-D-Asn(Bu)2. Gradient: 90-10
(H20/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm
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Figure A. 15. ESI+HRMS of pure Dap-D-Asn(Bu)2. [M+H]" at m/z=1677.78698 and [M+2H]**
at m/z=838.85522.
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Figure A. 16. ESI+HRMS of pure Fmoc-D-Asn(Hex)-OH. [M+H]" at m/z=439.22103, [M+K]*
at m/z=477.17692

Figure A. 17. HPLC chromatogram of crude Dap-D-Asn(Hex)2 after cleavage. 65-50
(H2O/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm.
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Figure A. 18. HPLC chromatogram of pure synthetic Dap-D-Asn(Hex)2 after cleavage. 90-10
(H20/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm.
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Figure A. 19. ESI+HRMS of pure Dap-D-Asn(Hex)2. [M+H]" at m/z=1705.81194 and
[M+2H]*" at m/z=863.90016
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Figure A. 20. ESI+HRMS of pure Dap-D-Asn(Oct)2. [M+H]" at m/z= 467.25458

Figure A. 21. HPLC chromatogram of crude Dap-D-Asn(Oct)2 after cleavage. 75-35
(H20/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm.
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Figure A. 22. HPLC chromatogram of pure synthetic Dap-D-Asn(Oct)2. Gradient: 90-10
(H20/MeCN+0.1 % TFA) in 60 min (A=220 nm)
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Figure A. 23. ESI+HRMS of pure Dap-D-Asn(Oct)2. [M+H]" at m/z=1733.84145, [M+2H]*" at
m/z=866.92653 and [M+H+Na]*" at m/z=877.91477.

Figure A. 24. HPLC chromatogram of crude Dap-D-Asn(Pip)2 after cleavage. 70-55
(H20/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm.
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Figure A. 25. HPLC chromatogram of pure synthetic Dap-D-Asn(Pip)2. Gradient: 90-10
(H2O/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm.
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Figure A. 26. ESI+HRMS of pure Dap-D-Asn(Pip)2. [M+H]" at m/z=1689.78666 and [M+2H]**
at m/z=844.85514
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Figure A. 27. 'H-NMR spectrum of Fmoc-Asn(Et)-OH (300 MHz, DMSO-ds) at 298 K
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Figure A. 28. >*C-NMR spectrum of Fmoc-Asn(Et)-OH (75 MHz, DMSO-de) at 298 K
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Figure A. 29 "H-NMR spectrum of Fmoc-Asn(Pr)-OH (300 MHz, DMSO-de) at 298 K
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Figure A. 30. >*C-NMR spectrum of Fmoc-Asn(Pr)-OH (75 MHz, DMSO-ds) at 298 K
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Figure A. 31 'H-NMR spectrum of Fmoc-Asn(Bu)-OH (300 MHz, DMSO-ds) at 298 K
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Figure A. 32. '*C-NMR spectrum of Fmoc-Asn(Bu)-OH (75 MHz, DMSO-ds) at 298 K
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Figure A. 33. 'H-NMR spectrum of Fmoc-Asn(Hex)-OH (300 MHz, DMSO-ds) at 298 K
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Figure A. 34. '*C-NMR spectrum of Fmoc-Asn(Hex)-OH (75 MHz, DMSO-d) at 298 K
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Figure A. 35. 'H-NMR spectrum of Fmoc-Asn(Oct)-OH (300 MHz, DMSO-dg) at 298 K
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Figure A. 36. 3C-NMR spectrum of Fmoc-Asn(Oct)-OH (75 MHz, DMSO-ds) at 298 K
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Appendix B: Chapter 3

Figure B. 1. HPLC chromatogram of crude Dap-D-Asn(OH)2 after cleavage. 65-50
(H2O/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm.

Figure B. 2 HPLC chromatogram of pure synthetic Dap-D-Asn(OH)2. Gradient: 90-10
(H2O/MeCN+0.1 % TFA) in 60 min. Top Panel: A=280 nm. Bottom Panel: A=220 nm.
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Figure B. 3. ESI+HRMS of pure Dap-D-Asn(OH)2. [M+H]" at m/z=1636.70748 and [M+2H]**
at m/z=818.86080.
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Figure B. 4. '"H-NMR spectrum of Fmoc-Asn(DMB)-OH (300 MHz, DMSO-dy) at 298 K
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Figure B. 5. >*C-NMR spectrum of Fmoc-Asn(DMB)-OH (75 MHz, DMSO-ds) at 298 K
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Figure B. 6. ESI+HRMS of pure Dap-D-Asn(DMB)-OH. [M+H]" at m/z= 521.19311 and
[M+Na]" at m/z=543.17645
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Figure B. 7. 'TH-NMR spectrum of Fmoc-Asn(OH)-OH (300 MHz, DMSO-ds) at 298 K
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Figure B. 8. >*C-NMR spectrum of Fmoc-Asn(OH)-OH (75 MHz, DMSO-ds) at 298 K
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