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Abstract

Inhibition of viral entry using entry inhibitors is a promising target for new
antiviral therapy. Peptides that bind regions of HCV-envelope 2 (E2) protein
which interact with cell entry receptors may provide an interesting approach to
prevent HCV infectivity. Five a-peptides derived from human lactoferrin were
synthesized, characterized, and evaluated for E2 binding. E2 from HCV genotype
1b was expressed in mammalian cells and purified using affinity chromatography.
An ELISA-based binding assay was developed to determine the binding affinity
of peptides for E2 protein. Two of the peptides bound E2 specifically with
submicromolar to low micromolar affinity. These two peptides had the highest
helical content in solution as observed by CD spectroscopy, suggesting that
binding affinity increases with increase in helicity. In addition, a facile synthetic
strategy was developed to synthesize a new class of peptidomimetic B*-peptides
using natural a-amino acid. A representative B’-hexapeptide was synthesized
from L-aspartic acid monomers that adopted a right-handed helical conformation
in TFE solution. These results will assist in the identification of peptide and
peptidomimetic lead compounds that will facilitate the development of novel

therapeutic agents for HCV.
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Chapter 1 Introduction

1.1 Hepatitis C Virus

Background. Hepatitis C virus (HCV) infection was first recognized in
1975, when the majority of transfusion-associated infections were found to be
unrelated to hepatitis A and B, the two hepatitis viruses recognized at that time.
This transmissible disease was then simply called “non-A, non-B” hepatitis.
Sequencing of the HCV genome was accomplished in 1989, and the term hepatitis
C was subsequently applied to infection with this single strand ribonucleic acid
(RNA) virus (1).

The propensity of HCV to cause chronic infection is explained by the
extraordinary ability of this virus to avoid destruction by the body’s immune
system. Once established, HCV infection causes an inflammation of the liver
called chronic hepatitis. This condition can progress to scarring of the liver, called
fibrosis, or more advanced scarring, called cirrhosis. Some individuals with
cirrhosis go on to develop liver failure or complications of cirrhosis including
hepatocellular carcinoma (HCC).

HCV infection, transmitted primarily by the parenteral route, is now
recognized as a serious national problem. WHO estimates that about 180 million
individuals in the world (3% worldwide) have been infected with HCV. It is
estimated that three to four million persons are newly infected each year,
70 percent of whom will develop chronic hepatitis. HCV is responsible for
50-76 percent of all liver cancer cases, and two thirds of all liver transplants in

the developed world (2).



HCV Genome and Proteins. Hepatitis C virus (HCV) is a small,
enveloped RNA virus belonging to the family Flaviviridae, genus Hepacivirus. -
HCV genome is composed of a single-stranded positive sense RNA of
approximately 9600 nucleotides which codes for a polyprotein of about 3,000
amino acids. The polyprotein precursor is processed by host and viral proteases
to yield structural and non-structural proteins, which are essential for assembly of
new viral particles and replication (Figure 1.1). The three structural proteins,
namely, core and envelope glycoproteins E1 and E2, are located within the N
terminus of the polyprotein, whereas the non-structural (NS) proteins reside

within the C-terminal part (4).

~ 5'NCR 3'NCR

Re signal
peptidase

Wby

Figure 1.1 HCV genome organization and polyprotein processing (4).

HCYV Genotypes. HCV is classified into at least six genotypes and more
than 50 subtypes (3). These genotypes differ by as much as 30-35% in their
nucleotide sequences, whereas subtypes differ by 15-20% based on full-length
genomic sequence comparisons. The extensive genetic heterogeneity of HCV has

important diagnostic and clinical implications, perhaps explaining difficulties in



vaccine development and the lack of response to therapy (4). Moreover, HCV
genotypes distribution varies by region (5). Genotype 1 is most common in North
America and Europe, and is considered the most difficult to treat with current

medication (~50% response rate) (4).

Interferon-ribavirin Therapy. Interferon alfa (IFN-a)-ribavirin
combination therapy is the standard treatment for chronic hepatitis C since late
1990s (6). The therapeutic efficacy of the combination therapy has been
subsequently improved by pegylation of IFNo in order to improve
pharmacokinetic and pharmacodynamic (allowing weekly injections) properties.
The PEG-IFNs display enhanced virological response both as monotherapy and in
combination with ribavirin. Other modifications of IFN, such as a fused form of
[FN-a2b with human serum albumin (in phase II clinical), for better
bioavailability and optimized pharmacokinetics have also been explored.
Ribavirin, a synthetic guanosine analog is administered at a dose of 0.8 to 1.2
g/day according to body weight and the HCV genotype. Efforts have been
devoted to develop ribavirin analogs to reduce dosage and improve the safety

profiles associated with hemolytic anemia (7).

PEG-IFNa with ribavirin is the current treatment option for all HCV-
infected patients. Although this combination therapy has led to a dramatic
improvement in the treatment outcome, the low efficacy of the therapy along with
resistance problems, poor tolerability, and high cost necessitates exploration of
new and more effective therapies (8, 9). Recently, Law et al. have reported

specific human monoclonal antibodies that neutralize genetically diverse HCV



isolates (10). These antibodies hold promise for the development of a

prophylactic vaccine against HCV.

1.2 HCYV Envelope 2 Glycoprotein

The HCV envelope 2 (E2) glycoprotein extends from aa 384 to 746 of the
polyprotein and carries regions of extreme variability (11). E2 is a heavily
glycosylated protein (~65 kDa) with N-terminal ectodomains and C-terminal
hydrophobic anchors (12). The most variable region, known as hypervariable
region 1 (HVR-1), is located within the N-terminal 27 residues (aa 384-—411) of
E2. HVR-1, exposed at the outside of the virus, contains linear B-cell epitopes,
which create positive escape mutants. These mutants lead to persistent viral
infection and are resistance to treatment (11). Other hypervariable regions in E2
that might also play a role in viral entry are HVR2 (aa 474-482) and HVR3 (aa
431-466) (13).

E2 has highly conserved glycosylation sites, four O-linked and eleven N-
linked, which play an important role in its function (14). It has been shown that
the removal of O and N glycosylation sites leads to significant inhibition of viral
entry (14). Furthermore, E2 is considered responsible for HCV binding to host
cells. Antibodies specific for epitopes within HVR-1 have been reported to inhibit
the binding of E2 to cells, and block HCV infectivity (15). E2 mediates
attachment to target cells and binds to several receptor candidates for the HCV.
Several candidate receptors (Figure 1.2), such as, large extracellular loop of

tetraspanin CD81, scavenger receptor class B type 1 (SR-B1), mannose binding



lectins DC-SIGN and L-SIGN, heparan sulfate proteoglycans (HSPG), and low-
density lipoprotein, at the surface of target cells have been proposed which play

an important role in HCV entry (16-21). All of these together have been proposed

Nucleocapsid(Core)

Lipidmembrane

LSEC

DC—ll/ /DC-SIGN

Figure 1.2 Model of hepatocellular HCV binding and entry. In the begining,
HCV may be captured by L-SIGN of liver sinusoidal endothelial cells (LSEC).
Captured HCV may then be transferred to hepatocytes by binding to liver
complex receptor (22).
as components of a putative HCV-receptor complex. These studies suggest that
E2 is the primary binding site on HCV that allows initial docking of HCV on the
target cells.
1.3 Lactoferrin

Lactoferrin (LF) is an 80 kDa iron-binding milk glycoprotein consisting of
692 amino acids that belongs to the transferrin family (23). The protein consists
of a single polypeptide chain, folded in 2 symmetric globular lobes, representing

its N and C-terminal halves (residues 1-334 and 346—692 in human LF). Apart

from its potent antibacterial and antiviral activity, LF is an antioxidant because of



its iron binding ability that inhibits the iron catalyzed formation of free radicals
(24).

LF displays antiviral activity against both DNA and RNA viruses,
including human cytomegalovirus, respiratory syncytial virus, herpes viruses,
hepatitis B virus, and HIV. The antiviral effect of LF lies in the early phase of
infection. Lactoferrin prevents entry of virus in the host cell, either by blocking
cellular receptors, or by direct binding to the virus particles (25). LF is known to
bind cell surface glycosaminoglycans and low-density lipoprotein receptors,
which in turn act as binding sites for HSV1 and HIV (26). Camel lactoferrin
which is similar to human and bovine LF, leads to a complete HCV (genotype 4)
entry inhibition into human leukocytes through direct interaction with virus
molecules rather than interaction with cells (27). Bovine LF was able to prevent
early phase of adenovirus replication (28).

LF is the first physiological substance other than interferon that shows
anti-HCV activity. LF is believed to reduce serum HCV RNA levels in patients
with chronic hepatitis. It binds and neutralizes the activity of HCV virions,
thereby inhibiting viral adsorption to hepatocytes (29). Clinical studies reported
that LF monotherapy is associated with a decrease in serum HCV RNA and
alanine aminotransferases (ALT) in some patients with chronic hepatitis.
Although the effects are limited (30, 31), 25% of hepatitis C patients with high
viral load of genotype 1b were responders to bovine LF treatment using a dose of

3.6 g/day, for 12 months (31).



1.4 HCV Entry Inhibitors

Virtually, all steps of the HCV life cycle can be targeted by specific
inhibitors, including inhibitors of (i) viral entry, (ii) replication of the viral
genome by polymerases, and (iii) proteolytic processing of viral polyproteins
(Figure 1.3). Currently, the principal targets of new antivirials are the HCV NS3
protease and the RNA-dependent RNA polymerase (RARp)(32). More recently,
cyclophilin inhibitors that target host-virus interactions have also gained attention
(33). Several molecules inhibiting these targets are currently in either preclinical

or clinical stages.

Figure 1.3 HCV life cycle can be targeted by specific class of antiviral drugs

(32).



Competitive inhibitors of the NS3 serine protease that form a covalent and
reversible complex with NS3 have been reported (34) . Telaprevir (VX-950) and
Boceprevir (SCH 503034), peptidomimetic NS3/4A serine protease inhibitors, are
two such molecules with promising profiles that have now advanced to phase II
clinical trials. Valopicitabine (NM283), a nucleoside analogue and an orally
bioavailable pro-drug, inhibits HCV NS5B (or RdRp) polymerase. At higher
doses, NM283 displayed superior rapid response rates but was associated with
gastrointestinal and hematological disorders(35). However, combination
therapy of Valopicitabine and boceprevir showed enhanced anti-replicon
activity against HCV(36). The above mentioned drugs which target replication
cycle are susceptible to cross-resistance due to the high mutation rate of the virus
(33).

Another attractive mechanism that targets the cellular host proteins
required for HCV RNA replication is the cyclophilin inhibitors (CsA) (33). These
inhibitors have been reported to block the binding of cyclophilin B to NS5B
leading to inhibition of HCV RNA replication. Debio 025 has been shown to
exert anti-HCV activity that is independent of the HCV genotype (33). These
agents do not affect the viral escape achieved through mutations. However,
strategies that target cellular proteins risk interfering with important cellular
processes (35).

The early steps of the HCV life cycle are also attractive targets for novel

therapies, such as virus attachment to host cells, internalization of the virus-



receptor complex, and the fusion that releases the nucleocapsid into the
cytoplasm. However, the later targets have been less explored.

Virus entry inhibitors act extracellularly by blocking the binding of the
virus to the host cell and this process of shielding the virus from attachment to the
target cells seems more facile compared to targeting other intracellular sites that
require exacting precision. HCV entry inhibitors prevent HCV from binding to
the hose cell receptor(s). Compounds that block HCV envelope protein E2 from
binding to cellular receptors by binding to the receptor itself may also inhibit
important cellular functions. However, molecules that target the viral envelope
protein or bind to the viral envelope protein exclude themselves from interfering
with cellular processes, providing additional opportunities for the discovery of
novel drugs.

The entry of virus into host cells is an obligatory step in virus replication
that presents a multi-faceted opportunity for drug discovery (37-39). Although
the entry mechanism of HCV remains unclear, it has become evident that the
initiation of the infection takes place by association of the viral envelope protein
E2 with specific cell-surface receptor(s). Many groups have demonstrated that
the truncated soluble versions of E2 bind specifically to human cells. This
glycoprotein is used to identify interaction with CD81, SR-B1, LDL, DC-SIGN
and L-SIGN. Inhibition of this interaction between E2 and the cell-surface
receptors has therefore been identified as a possible target for designing anti-HCV
molecules. This approach, still at its inception, holds a promise as evidenced by

the recent success of FDA approved HIV entry inhibitor, Fuzeon.



Fuzeon, T20, or enfuvirtide is the first virus entry inhibitor, approved in
2003 for the treatment of HIV infection. Fuzeon is a synthetic 36 amino acid
peptide that mimics the sequence of heptad repeat 2 (HR2) domain (aa 127-162)
of HIV’s gp4l protein preventing the formation of 6-helix bundle and thus
arresting the HIV entry process (40).

Small Molecules Inhibitors. Several groups have designed small
molecules that inhibit binding of HCV-E2 to CD81 (41, 42). Molecules with bis-
imidazole scaffold, as mimics of helix D of CD81 (Figure 1.4A), were found to
inhibit binding of HCV-E2 to CD81 (41). A variety of amine complexes with
1-boraadamatane, namely, amantidine analogues (Figure 1.4B) showed
antiproliferative effect on CD81-enriched cell lines (43). Recently, an oral
antiviral Arbidol (ARB, Figure 1.4C), an indole derivative has been shown to
inhibit HCV entry via HCV pseudoparticles (HCVpp). Arbidol inhibited HCVpp-
mediated membrane fusion in a dose-dependent manner in different HCV

genotypes, namely, la, 1b, and 2a (44).
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Figure 1.4 Small molecule HCV entry inhibitors. (A) bis-imidazole scaffold as
CD81 mimic (41), (B) 1-boraadamantane (43), and (C) Arbidol (44).
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Furthermore, carbohydrate-binding agents (CBAs) derived from different
prokaryotic and plant lectins have antiviral activity due to their carbohydrate-
binding properties. These agents interact with the viral envelope glycoprotein and
efficiently prevent the HCV entry process. Pradimicin-A, a non-peptidic (CBAs)
plant lectin, is a small molecule produced by actinomycete strain (Actinomadura
hibisca) that inhibits entry of HCV to target cell. It interferes with the virus
capture via DC-SIGN by binding to the glycan in the envelope protein (45).

Peptide-based Entry Inhibitors. Two peptides derived from
cyanobacterium and human lactoferrin (LF) have been reported as HCV entry
inhibitors (46, 47).

Cyanovirin-N, a 101-residue peptide (11 kDa), from cyanobacterium
Nostoc ellipsospofum has been shown to inhibit HCV entry by binding to the
envelope protein. Cyanovirin-N shows broad inhibitory effect against various
genotypes in nanomolar concentrations. The mode of action is thought to be
through interaction with N-glycans of the E2 protein preventing E2 binding to the
CD&81, consequently blocking HCV entry to the target cell (46).

Another peptide derived from the C-terminal region of human LF showed
binding activity to HCV-E2, leading to the inhibition of HCV infection in the
target cells (47, 48). Using a cell-based assay, it was shown that 33-residue LF
fragment or Nozaki peptide specifically prevented HCV infection in human
hepatocytes. Furthermore, the Nozaki peptide did not bind the hyper variable
region (HVR-1) located at the N-terminal of E2 protein (384-415). The authors

demonstrated that the mechanism of action of this peptide fragment is by binding
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to the E2 protein of HCV, thereby blocking its entry into the host cell, rather than

binding to the host cell-surface receptors (47).

1.5 Peptidomimetic Entry Inhibitors

Peptidomimetics, such as B-peptides that fold into predicted secondary
structures, that can be prepared via straight forward modular chemistry, and that
enable display of a wide range of functional groups are attractive as a basis for
creating biologically active agents (49, 50). These molecules are interesting from
a pharmaceutical stand-point as mimics of o-peptides as they do not have
disadvantageous peptide characteristics, and therefore may generate viable
pharmaceuticals. Peptidomimetics are mostly protease-resistant, resistant to
metabolism, and may have reduced immunogenicity relative to o-peptide
analogues (51).

Several B—peptides that inhibit protein-protein interactions have been
recently reported (37). For instance, English et al. have developed B—peptides
that mimic the glycoproteins heptad repeat of human cytomegalovirus (HCMV)
and block virus entry. The most potent B-peptide inhibits HCMV infection in a
cell based-assay with an ICsy of ~ 30 uM and is more potent than the native a-
peptide (52). Also, peptidomimetic terphenyl derivatives have been used to
mimic the helical HR2 domain of the HIV protein. The most potent molecule
with hydrophobic side chains at the ortho position of the three phenyl rings

efficiently inhibits HIV-1 infection in a cell fusion assay (ICsy 15.7 pg/ml) (53).
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Our efforts toward the design and synthesis of helical a-peptides as HCV

entry inhibitors are described in Chapter 2. Potent a-peptides can be mimicked

using more stable PB-peptide analogues. Strategies for synthesizing helical -

peptides are described in Chapter 3.
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Chapter 2 Synthesis and Evaluation of HCV Entry Inhibitors

2.1 Background

Human and bovine LF inhibit HCV infection in cultured human hepatocytes
(PH5CHS), which demonstrated that the anti-HCV activity of LF was due to the
direct interaction between LF and HCV. The interaction of LF and HCV occurs
faster than HCV entry to the cells, suggesting that the rapid interaction with HCV
is due to a neutralizing activity which prevents the entry of HCV virion in to
cultured PH5CHS8 human hepatocytes and MT-2C human lymphocyte cells (1).
Furthermore, it was found that a basic N-terminal loop of bovine LF did not
exhibit any anti-HCV activity, suggesting that some other region is involved in
anti-HCV activity (2).

LF can prevent adsorption to target cells by the fact that it binds to the E1
and E2 envelope proteins of HCV (3). Studies with LF also show that some of its
antiviral activity is due to peptides released by proteolysis (4). By inhibiting viral
infection of host cells, LF possesses antiviral activity toward HCV. LF is an 80-
kDa milk glycoprotein consisting of two homologous iron-binding lobes (N- and
C-lobe). It is considered to be a primary defense protein possessing potent
bacteriostatic and bactericidal activities against pathogenic bacteria, as well as
inhibitory activity against pathogenic viruses (5-9). In an elegant work by Nozaki
et al., a small peptide fragment of 33 residues was identified starting from 692-
residue full length LF. It was shown that 33-residue LF fragment (Nozaki
peptide, Np) from the C-terminal of LF specifically binds HCV-E2 and prevents

HCV infection in PHSCHS hepatocyte cells (10). Figure 2.1 highlights the 33-
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residue LF fragment in colour and shows that these amino acids are present on the

surface of LF in the C-terminal domain.

Figure 2.1 Crystal structure of recombinant human lactoferrin (pdb 1CB6) (11).
Residues 600-632 (33-residue Nozaki peptide) are shown in color.

The Nozaki peptide, however, was found to possess weaker E2-protein
binding activity and anti-HCV activity to that of human LF (10). Next, the authors
made tandem repeats of the 33-fragment LF in order to enhance binding activity
leading to better anti-HCV activity. The results show that the binding activity of
the three-repeats [(33-Np)s;] was stronger than two-repeats [(33-Np),] which in
turn was stronger than the 33-residue Nozaki peptide (12). However, the activity
of these tandem repeat peptides was still less than the full length LF.

Our group decided to study the 33-residue LF fragment more closely to
synthesize and evaluate peptide libraries based on its sequence. Our goal is to
identify peptide sequences smaller than 33 amino acids that can latter serve as

lead peptides for the design of proteolytically and metabolically stable
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peptidomimetics. Such peptide mimics will be of great clinical interest, as there
is no vaccine for HCV and current therapeutic strategies yield poor response rates.

We decided to synthesize five peptides (1-5) derived from LF sequence
based on the results of Nozaki ef al. Peptide 1, a 33-residue peptide, is same as
the Nozaki peptide except that it has biotin (MW 361) on the N-terminus, whereas
the Nozaki peptide has maltose-binding protein (MW 44000) on the C-terminus.
The three-dimensional structure of Nozaki peptide shows that it consists of a
central helical region (aa 607-620) and two flexible loops on both the sides as

shown in Figure 2.2 A. Peptides 2 and 3, consisting of 27 and 17 amino acids,

Figure 2.2 (A) Three-dimensional structure of 33-residue lactoferrin-derived
peptide (600-632 amino acids) obtained from the crystal structure of recombinant
human lactoferrin (pdb 1CB6). Structure is shown as a ribbon diagram
highlighting the helical (red) secondary structure. (B) Amino acid sequence of
the 33-residue lactoferrin-derived peptide. Helical residues are underlined.

have either N-terminal loop or both N- and C-terminal loops deleted, respectively
(Figure 2.3). Finally, peptides 4 and 5 were designed with binding enhancing

mutations. Peptides 4 and 5 are same as peptides 1 and 2 but with two mutations

-each, namely, S626A and D630A (10).

19



2.2 Objective

Binding of the HCV to the cell surface followed by viral entry is the first
step required for the initiation of infection. Because this step represents a critical
determinant of tissue tropism and pathogenesis, it is a major target for host cell
responses and a promising target for new antiviral therapy. Although the entry
mechanism of HCV is still unclear, several HCV receptor proteins have been
identified. Most of the receptor have been shown to interact with the soluble and
truncated form of HCV-envelope protein 2 (E2). Lactoferrin and a 33-residue
peptide derived from LF have been identified as potent binders of E2 that prevent
HCV infection in hepatocytes. The objective of my research was to synthesize
and evaluate binding activity of five LF-derived peptides (1-5) to E2 protein.
Peptides 1-5 were synthesized manually using solid-phase peptide synthesis
(SPPS). His tagged E2 protein (E2H and E2N) was expressed in mammalian cells
and purified using Immobilized Metal Ion Affinity Chromatography (IMAC).
Finally, an ELISA-based binding assay was developed to assess binding affinity
of the synthesized peptides for E2 protein. Two potent binders, peptides 3 and §,
of E2N were identified. The results from this study will allow design and
evaluation of next generation peptide libraries, and may allow identification of a

lead molecule for the development of HCV entry inhibitor based therapeutics.

20



2.3 Results and Discussion

2.3.1 Synthesis of a-Peptide Ligands

Five a-peptides 1-5 (Figure 2.3) derived from the C-terminal region of
human lactoferrin were synthesized manually on Wang resin using standard Fmoc
solid-phase peptide synthesis (SPPS). HBTU or BOP and HOBt were used as
coupling agents. For peptides 1 and 4, methionine (Met) was replaced by
norleucine (Nle) in order to avoid any oxidation problems. After addition of all
the amino acids on solid phase, the peptides were biotinylated at the N-terminus.
The biotinylated peptides were used to develop an ELISA-based binding assay for
the evaluation of binding affinity of these peptides toward HCV-E2 envelope

protein.

Peptide Amino acid sequence Number of residues

1 b-VVSRLyDKVERLKQVLLHQQAKFGRNGSDCPDKF 33
2 b-KVERLKQVLLHQQAKFGRNGSDCPDKF 27
3 b-KVERLKQVLLHQQAKFG 17
4 b-VVSRLyDKVERLKQVLLHQQAKFGRNGADCPAKF 33

5 b-KVERLKQVLLHQQAKFGRNGADCPAKF 27

Figure 2.3 Sequence of five lactoferrin-derived peptides synthesized and studied
herein. Residues that are underlined indicate a change from the native lactoferrin
sequence. Ly stands for norleucine and b denotes biotin covalently linked to the
N-terminus of the peptides.
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The details of all the synthesized peptides are listed in Table 2.1. The mass
of the crude and pure peptides were confirmed by MALDI-TOF mass
spectrometry. Peptides were purified on a semi-preparative reverse-phase HPLC
column using either isocratic or a gradient elution method as listed in Table 2.1.
Purity of the peptides was confirmed by analytical HPLC (0.46 x 250 mm, 5 um,
flow rate 1 ml/min) and mass spectrometric analysis. The RP-HPLC
chromatographs for the purified peptides are shown in Figure 2.4. The yield of

the purified peptides ranged between 50-65%.

Table 2.1: The HPLC purification details for peptides 1-5.

Peptide Mass [M+H]" Solvent used for HPLC  Elution Pure

Observed (Calcd.) purification time Yield

(min)
1 4040 (4039) 10-45% ACN/H,O 22.3 50%
2 3370 (3369) 30% ACN/H,0 12.8 55%
3 2249 (2249) 30% ACN/H,0 3.2 65%
4 3980 (3979) 20-65% ACN/H,O 33.1 56%
5 3309 (3309) 20-65% ACN/H,0 29.8 52%
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Figure 2.4 RP-HPLC chromatographs for the a-peptides 1-5.
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2.3.2 Circular Dichroism of a-Peptides

Circular dichroism (CD) spectroscopy was used to evaluate the secondary
structure of the synthetic peptides in solution. CD samples were prepared in PB
(pH 7.4) at three different concentrations, namely, 25, 50, and 100 uM. The CD
spectra obtained for peptide 1-5 are shown in Figure 2.5. The spectra were found
to be independent of concentration suggesting no aggregation in this
concentration range. The CD data were normalized and expressed in terms of

mean residue ellipticity (deg cm® dmol™).

[6] x 10° (deg cm’ dmol™)

195 210 225 240
Wavelength (nm)

Figure 2.5 CD spectra of peptides 1-5 in PB (10 mM, pH 7.4) at 25 °C. The

ellipticity was expressed as the mean residue molar ellipticity (0) in deg cm? dmol”
1

In all peptides, helical structure was induced as indicated by the
appearance of distinct negative bands at 206-207 nm and negative shoulders near

220 nm (Figure 2.5). Initial inspection of the CD spectra suggested maximum
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secondary structure in peptide 5 followed by peptide 3. This was further
confirmed by quantitative analysis of the secondary structure using CDPro
software (Table 2.2) (13). Quantitative analysis of the distribution of secondary
structure showed that peptides 3 and S have high helical content of 38 and 71%,
respectively. Both the 33-residue peptides, 1 and 4, displayed similar secondary
structure with about 32-34% o-helix. Surprisingly, peptide 2 with 27 amino
acids, same as peptide 5, showed substantial loss of a-helical structure, however,

displayed more of the 3-sheet conformation (35%).

Table 2.2: CD Analysis of the secondary structure fractions of peptides 1-5 in

PB at 25 °C.

Peptide® Number of o-helix B-sheet coil

residues

1 33 0.32 0.20 0.48
2 27 0.12 0.35 0.53
3 17 0.38 0.15 0.47
4 33 0.34 0.16 0.51
5 27 0.71 0.05 0.23

? The final concentration of all the peptides was 50 uM in 10 mM PB
(pH 7.4).

2.3.3 Expression and Purification of HCV-E2

The first contact between a virus and its host cell occurs via binding of the
virus envelope to cell-surface receptors. Neutralization of this interaction is
expected to be one of the major infection neutralization modes (14). The HCV
major envelope E2 glycoprotein, exposed on the surface of virions, is likely to be

involved in the interactions with the host and has been identified as responsible
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for binding of HCV to target cells (15). HCV-E2 binds with high affinity to target
cells only when expressed in mammalian cells, which is most likely due to the N-
glycosylation and conformational changes it undergoes when expressed
specifically in mammalian cells.

A large number of peptide-based entry inhibitors can be synthesized based
on the preliminary experiments of Nozaki ef al.(10) . However, an in vitro assay
is essential for initial high-through put screening of such HCV entry inhibitors.
Therefore, an ELISA-based binding assay for evaluating binding affinity of the
peptide ligands for E2 protein was developed. For the ELISA assay, E2 proteins
from two HCV genotypes (Ectodomains of E2 proteins, aa 334-661, with an
additional tag of six histidine residues at the C-terminus) were expressed in
mammalian cells. Plasmids for expressing E2 protein from two different
genotypes of HCV, namely 1a (isolate H77) and 1b (isolate N2) were obtained
from IRBM, Italy. The protein were expressed in Kneteman laboratory and the

results of the protein expression are discussed below.

2.3.3.1 Bacterial Transformation
The uptake of exogenous DNA by cells that alters the phenotype or
genetic trait of a cell is called transformation. For cells to uptake exogenous

DNA they must first be made permeable so the DNA can enter the cells. This

state is referred to as competency.
Plasmid vectors E2H661 (genotype la isolate H77) and E2N2661

(genotype 1b isolate N2) were transformed into competent E. coli DH5a and the
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kanamycin resistant clones were selected. Two different colonies from each
strain, namely HC,;, HC,, NC;, and NC, were grown in LB medium, and the
plasmid DNA were purified. The plasmid DNA were digested with Hindlll and

analyzed in 5% agarose gel electrophoresis (Figure 2.6).

M HG HC, NG, NC,

3
+—- + - + - + — HindIll

Figure 2.6 Agarose gel electrophoresis for purified vector DNA samples. The
lanes 1, 3, 5, and 7 are the Hindlll digested samples, where as the lanes 2, 4, 6,
and 8 are the samples before digestion.

+ : Single fragment corresponding to 5796 bp.

— : Anomylous migration of closed circular plasmid DNA.

As shown in Figure 2.6, the even number lanes are the control samples before
digestion, and the odd numbers represent the samples obtained after Hindlll DNA
digestion. The predicted 5796 bp migration of the digested plasmid confirms that
the transformation of the DNA has occured and the plasmid DNA is present in the
transformed cells. The resulting plasmid DNA were grown and purified in large

scale for expression of the E2 protein.

27



2.3.3.2 Transfection of HCV-E2 in Mammalian Cells

293 Human Embrionic Kidney (HEK) cells were transfected with either
the E2 plasmid of N (genotype 1b) or H (genotype 1a) strain using Lipofectamine
2000, and the two proteins E2N and E2H were harvested after 48 hr as described
in the Experimental Section (Section 2.5.5). The expected molecular weight of
the glycosylated E2 protein is in the range of 62-66 kDa depend on glycosylation
sites (20). Western blot analysis of the expressed proteins suggested the
expression of E2 protein from both strains with MW ~63 kDa (Figure 2.7).
However, the expkression of E2H seemed to be less compared to E2N when the

same amounts of plasmids (2 or 5 pg) were used for transfection.

106.904
93.636

52.264

37.226
28.244

Figure 2.7 Western blot analysis of E2N and E2H proteins, probed with mouse
anti-His6 mAb (1:1000) 1° antibody and goat anti-mouse (1:10000) 2° antibody.
Columns M, C, N2, N5, H2, and H5 stand for marker, control (without plasmid),
2 ug N2 plasmid, 5 pg N2 plasmid, 2 ug H plasmid, and 5 pug H plasmid,
respectively.

Accordingly using the same conditions, the transfection was repeated with

increased amount of DNA. For both strains, 10 or 20 pug of the DNA was
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transfected. As a result, expression of E2 was readily observed for both E2N and

E2H as shown by the Western blot analysis using anti-His6 mAb (Figure 2.8).

Figure 2.8 Western blot analysis of E2N and E2H proteins, probed with mouse
anti-His6 mAb (1:1000) 1° antibody and goat anti-mouse (1:10000) 2° antibody.
Columns M, C, N10, N20, and H20 stand for marker, control, 10 pug N2 plasmid,
20 pg N2 plasmid, and 20 pug H plasmid, respectively.

These results suggest that increase in the DNA concentration in the
transected cells, allows expression of both strains in the mammalian cells. After

successful transfection of both strains, a large scale transfection of the HEK cells

for the isolation and purification of the expressed E2 proteins was attempted.

2.3.3.3 Purification of the Expressed E2 Glycoprotein
The expressed E2H and E2N proteins contain a His tag at the C terminus

which facilitates purification using a nickel nitrilotriacetic acid resin (Ni-NTA)
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column. The crude cell lysate containing the His-tagged E2 protein was
incubated with the Ni-NTA resin allowing non-covalent binding of the protein to
the resin. The resin was then washed thoroughly to remove any unbound
impurities and the pure protein was eluted with high concentration of imidazole
(300 mM, elution buffer). All the fractions were analyzed by Western blot and
the fractions containing pure protein were combined and subjected to dialysis.
The Western blot analysis showed that the fractions collected with the elution

buffer contained pure protein (Figure 2.9).

H ( genotype 12) N { genotype 1b)

Figure 2.9 Western blot analysis of the fractions obtained from the IMAC probed
with mouse anti-His6 mAb (1:1000) 1° antibody and goat anti-mouse (1:10000)
2° antibody. column during purification of the E2H and E2N proteins. CL: crude
lysate; FT: flow through; 1-7: fractions 1-7 obtained using the elution buffer.

At this stage, attention was directed solely toward the production of E2N
protein. The tranfection and purification steps were repeated for the E2N protein.
The identity of E2N was further confirmed by Western blot analysis using anti-

E2-mAb against 1b genotype. Figure 2.10 shows the presence of E2N protein in

fractions 3-7 (or E3-E7) using both the anti-E2-mAb and anti-His6-mAb.
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M C CL FT W3 E2 E3 E4 E5 E6 E7 E8 E9 E10 EL

(KDa) 12% SDS- PAGE ( Anti-E2-Ab)

M C CL FT W3 E2 E3 E4 E5 E6 E7 E8 E9 E10 EL

(KDa)"

12% SDS- PAGE ( Anti-His-Ab)

Figure 2.10 Western blot analysis of the fractions obtained from the IMAC
column during E2N purification, probed with mouse anti-E2 mAb (1:20) (top)
and anti-His6 mAb (1:1000) (bottom) 1° antibody. C: control; CL: crude lysate;
FT: flow through; W3: wash # 3; E2-E10: fractions 2-10 obtained using the
elution buffer; EL: E2 protein sample from previous expression.

Five fractions, E3-E7, containing the highest concentrations of the pure
protein were combined and dialyzed against PBS. Protein concentration was
determined by the method of Lowry assay using bovine serum albumin (BSA) as

a standard. The concentration of the pure E2N was 16.6 pg/ml with a total

volume of 7.8 ml.

2.3.4 Binding of Lactoferrin-derived Peptides to E2 Protein

An ELISA-based binding assay was developed to access the binding
affinity of the lactoferrin-derived synthetic peptides for E2N glycoprotein. In this
assay, biotin-labeled peptides bind to E2 protein allowing detection of the E2-
bound peptides using a strepavidin-horseradish peroxidase (Strep-HRPO)
conjugate. At the end of the assay, absorbance of the TMB substrate for Strep-
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HRPO is observed at 650 nm. All the five peptides (1-5) tested here displayed
dose-dependent response of peptide binding to E2 protein. Several attempts were
made for optimizing the conditions for the binding assay in order to obtain the
binding constant of the synthesized peptides. The results of the final five binding
assays for the five peptides are presented here. During the assays, biotin without
the peptide was used as a control. For each peptide, the binding assay was
repeated at least 3-4 times.

It was suggested by Nozaki et al. that the lactoferrin-derived peptides bind
to a single site on the surface of the E2 protein (10). Based on this hypothesis, it
was assumed that all the peptides will display binding curves following the

Scheme 1,

Scheme 1

P+ L PL

K dissoc.

where P = E2 protein, L = ligand or peptide, and PL = noncovalent protein-
peptide adduct. Initial glance at the binding curves showed that peptides 3 and 5
displayed an exponential rise in absorbance with increasing peptide concentration
(Figure 2.11). However, peptides 1, 2, and 4 displayed a more complex
mechanism of binding. These peptides show an initial lag in the binding curve
suggesting non-specific binding or multiple binding sites for the peptide ligands

on E2 protein (Figure 2.12).
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Figure 2.11 Binding of E2 protein to peptides 3 (top) and § (bottom). Shown is
absorbance of TMB substrate at 650 nm as a function of different peptide
concentration. The symbols are experimental data points whereas the line was
calculated by fitting the data to Scheme 1 as described in the text.
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Accordingly, the data for peptides 3 and 5 were fitted to Scheme 1 using DynaFit
program (16) as described in the Experimental Section. DynaFit is a software that

allows nonlinear least-squares regression of the equilibrium or kinetic data to

obtain binding constants (Kp). Using this program, Kp values of 28.8 + 2.9 and

0.569 x 0.04 uM were obtained for peptides 3 and 5, respectively.

1.0}
0.8}

0.6}

Absorbance

04}

0.2}

0'0 i 1 N 1 "
0.0 0.5 1.0 15 20 25

[Peptide] (xM)

Figure 2.12 Binding of E2 protein to peptides 1 (A), 2 ([1), and 4 (o). Shown is
absorbance of TMB substrate at 650 nm as a function of different peptide
concentration. The symbols are experimental data points whereas the line is
drawn to guide the eye.

The results of the binding assays suggest that 27-residue peptide § and 17-
residue peptide 3 are the most potent binders of E2 protein and suitable candidates
for further investigation using cell-based anti-HCV assay. These peptides will
also serve as the lead molecule for the design of future peptide-based libraries.
Interestingly, both the peptides are smaller than 33-residue Nozaki peptide.

Previously, Nozaki er al proposed that 33-residue peptide was the minimum
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length needed for binding E2 and anti-HCV activity. They proposed that the two
loop regions on both sides of the helix of 33-residue peptides are critical for E2
binding. Having said that anti-HCV activity of peptides 3 and § remains to be
tested. Finally, our designed peptide S5 with two mutations (S626A and D630A),
which individually showed enhanced binding affinity during alanine scan (by
Nozaki et al.) of the Nozaki peptide, displayed better binding profile compared to
33 residue Nozaki peptide (or peptide 1). Our results further confirm that these
mutations augment binding activity.

The 17-residue peptide 3 (607-622aa) is the smallest peptide sequence that
was found to biﬁd E2 specifically. This peptide does not contain the C-terminal
loop present in the Nozaki peptide. The cysteine residue (aa 628) in the C-
terminal loop was identified as a critical residue for E2 binding via a disulphide
bridge interaction (10). However, 3 bound E2 with low micromolar affinity
suggesting the possibility of other interactions, such as, electrostatic or hydrogen
bonding interactions, to be predominant.

It is also noteworthy that peptides 3 and S have the highest helical content
as observed by CD spectroscopy (Table 2.8). The helical region may be crucial
for binding as also pointed out by Nozaki and coworkers (10). The 33-residue
Nozaki peptide derived from lactoferrin is located on the surface of the C-terminal
domain in the three-dimensional structure of human LF and is thought to be

important for E2 binding activity.
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2.4 Summary

HCV infection is a major worldwide public health concern for which
novel therapies are in urgent demand. In this chapter, we summarize our efforts
toward the design and synthesis of peptides that binds tightly and specifically to
the HCV-E2 envelope glycoprotein. These peptides may prove to be the next
generation entry inhibitors that may help in preventing the spread of HCV
infection.  Five peptides (1-5), derived from lactoferrin sequence, were
synthesized and tested in vitro for binding activity to E2 from N strain. All the
peptides bound to E2 in a dose-dependent manner as found by an ELISA-based
binding assay. Two of the peptides, 3 and 5, bound to E2 specifically at a single
binding site with low micromolar affinity. Further investigation of these peptides
using a cell-based assay or an in vivo animal model will confirm their ability to

block HCV entry into the target cells and suppress viral infectivity.

2.5 Experimental Section
2.5.1 General

Solvents and reagents: all commercially available solvents and reagents
were used without further purification. DMF, DCM, methanol, IPA, ACN,
diethyl ether, pyridine, and piperidine were purchased from Caledon Laboratories
LTD (Canada). D-Biotin was purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Wang resin and BOP were obtained from Novabiochem (San Diego,
USA). HOBT, HBTU, and Fmoc-protected amino acids were purchased Peptides

international (Louisville, USA). The side chains of the amino acids used in the
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synthesis were protected as follows: Boc (Lys), Bur (Ser, Thr), OBur (Asp, Glu),
Trt (Asn, Cys, Gln, His), and Pbf (Arg).

All peptides were manually synthesized using the HBTU / BOP activation
protocol for Fmoc solid-phase peptide synthesis. Peptide syntheses were
performed in plastic columns with plastic sinters at their base for solvent removal
under suction. RP-HPLC purification and analysis were carried out on a Waters
(625 LC system) HPLC system using Vydac semi-preparative C18 (1 x 25 cm, 5
um) and analytical C8 (0.46 x 25 cm, 5 um) columns. Compounds were detected
by UV absorption at 220 nm. Mass spectra were recorded on a MALDI Voyager
time-of-flight (TOF) spectrometer, (VoyagerTM Elite) Department of Chemistry,
University of Alberta, Edmonton, Alberta, or on a Waters micromass ZQ, Faculty
of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton,
Alberta. The CD measurement was made on an Olis CD spectrometer (Georgia,
USA) at 25 °C in a thermally controlled quartz cell over 190-260 nm, Department
of Chemistry, University of Alberta, Edmonton, Alberta.

Plasmid vectors E2H661 (genotype la isolate H77) and E2N2661
(genotype 1b isolate N2) were kindly provided by IRBM (Merck, Italy) (17). The
concentration of E2H661 and E2N2661 was 710 and 10 ug/ul, respectively. E.
coli strain DH5a, ethidium bromide, lipofectamine 2000, 0.05% Trypsin / EDTA,
OptiMEM-I, nitrocellulose membrane Dulbecco's Modified Eagle's Medium
(DMEM) and fetal bovine serum (FBS) were purchased from Invitrogen
(Carlsbad, Canada). Human Embrionic kidney (HEK) 293 cells were obtained

from American Type Tissue Culture (Bethesda, MD, USA). Kanamycin, bovine
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serum albumin (BSA), agarose, 2-mercaptoethanol, imidazole and Folin-phenol
were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Equipment and
reagents for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting were from Bio-Rad (Mississauga, Canada). The
anti-Hiss mAb was purchased from Novagen (Madison, USA). Restriction
endonucleases Hindlll was obtained from Life Technologies (Burlington,
Canada). Plasmid Mega Kit, plasmid mini-preparation kit and Ni-NTA-agarose
resin was obtained from Qiagen (Mississauga, Canada). Enhanced
chemiluminescence (ECL) immunodetection kits, antimouse horseradish
peroxidase-linked secondary antibodies and DNA molecular weight markers were
purchased from Amersham Biosciences (Oakville, Canada). Anti-HCV-E2
mouse monoclonal antibody was purchased from ViroStat (Portland, ME).
96-well microtiter immunoplates for ELISA were obtained from Maxisorb
Immunoplates, Nunc, (Roskilde, Denmark). Recombinant Hepatitis C Virus E2
antigen for the initial ELISA was obtained from AUSTRAL Biologicals (San
Ramon, CA USA). For subsequent ELISAs, E2 antigen was expressed in the
mammalian cells. Streptavidin-horseradish peroxidase (SA-HRPO) and BSA
(bovine serum albumin) were obtained from Sigma Chemical Co. (St. Louis, MO,
USA).  Substrate solutioh T™MB (3,3',5,5-tetramethylbenzidine) including
Peroxidase substrate & Peroxidase substrate solution B was obtained from KLP

Laboratories, (Gaithersburg, USA).
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2.5.2 Synthesis of Peptides 1-5

b-VVSRLyDKVERLKQVLLHQQAKFGRNGSDCPDKF-OH 1
b-KVERLKQVLLHQQAKFGRNGSDCPDKF-OH 2
b-KVERLKQVLLHQQAKFG-OH 3

b-VVSRLyDKVERLKQVLLHQQAKFGRNGADCPAKEF-OH 4
b-KVERLKQVLLHQQAKFGRNGADCPAKF-0OH 5

2.5.2.1 Preparation of Peptides through Fmoc-amino Acid Coupling Method

Stepwise synthesis of the peptides was done manually on a 0.3-mmol scale
of Wang resin following the standard Fmoc solid-phase peptide chemistry (18).
Wang resin was swelled in dry DCM for 30 minutes, followed by washing with
DCM, IPA, and DMF twice each, and the resin was suspended in dry DMF.

In a separate vial, Fmoc amino acid (0.6 mmol) was activated by the
addition of HBTU (0.6 mmol), HOBt (0.6 mmol), NMM (1.2 mmol), and 1 ml
DMF and the mixture was vortexed for 5 minutes. The pre-activated amino acid
was added to the resin suspended in DMF, and the reaction mixture was shaken at
room temperature for 30 minutes. After coupling the resultant suspension was
drained and washed with DMF, IPA, and DCM four times each. The completion
of each coupling step was confirmed by Ninhydrin test (Kaiser test) allowing
determination of any residual free amine. Fmoc group was removed by
suspending the resin with 20% piperidine in DMF twice for 7 minutes each.

Solvents were drained for 5 minutes followed by wash with DMF, IPA, and DCM
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four times each. The resin was then suspended in DMF and was allowed to swell
for 10 min for the next coupling.

The synthesis cycles (coupling, washing, deprotection, and washing) were
continued up to the addition of 27 amino acids. At this stage, a portion of the
resin was saved to obtain peptide 2 and the remaining resin was used to carry out
the synthesis of peptide 1. Similarly for peptides 4 and 5, the resin was split after
the addition of 27 amino acids. Peptide 3 which contains 17 amino acids was
synthesized separately. With the increase in chain length, the coupling time and
the deprotection time were increased to a maximum of 3 hours for each coupling
step and 10 minutes for each deprotection step. Also, coupling of the amino acids
was repeated where necessary and the deprotection with piperidine was done

three times for 10, 7, and 5 minutes for the last 10 amino acids.

2.5.2.2 Biotinylation of the Peptides

After complete assembly of the peptide on the resin, the N-terminus was
used for covalent modification with biotin. The resin with complete peptide
sequence was suspended in DMF. Biotinylation was achieved by addition of
biotin (0.5 mmol), DIC (0.5 mmol), and HOBT (0.5 mmol) dissolved in 5 ml
DMF to the resin. The suspension was allowed to stir for 27 hours at room
temperature. The resin was washed extensively with DMF (10 times). Kaiser test

was carried out to ensure the completion of the biotinylation reaction.
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2.5.2.3 Cleavage of the Peptides from the Resin

A test cleavage was performed after each five residues were coupled, and
the desired product was confirmed by MALDI-TOF mass spectrometry. Each test
peptide was cleaved from the resin with a mixture of 87.5% TFA, 5% phenol, 5%
water, and 2.5% ethanedithiol for 90 min at room temperature with mechanical
shaking.

The biotinylated peptide chain was released from solid support, with
concomitant removal of acid labile side-chain protecting groups using the same
procedure as used for the test cleavages. The filtrate from the cleavage reactions
was collected, combined with TFA washes (3 X 2 min, 1 ml), and concentrated in
vacuo. Cold diethyl ether (~ 15 ml) was added to precipitate the crude cleaved
peptide. After trituration for 2 min, the peptide was collected upon centrifugation
and decantation of the ether. The crude peptide precipitate was dried under

vacuum and stored at -20 °C.

2.5.2.4 HPLC Purification of the Peptides

The crude material was dissolved in 10-20% aqueous ACN and purified
on a semi-preparative VYDAC C18-reversed phase HPLC column (10 x 250 mm,
5 um) using an acetonitrile/water (in the presence of 0.05% TFA, v/v) gradient
(flow rate = 2 ml/min, monitored at 220 nm) over a period of 40 minutes. The
details of the gradient elution method used for each peptide purification are listed
in the Table 2.1. The identity and purity of the peptides were assessed by

analytical VYDAC C8 (046 x 25 c¢m, 5 um) HPLC columns and mass
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spectrometric analysis. Mass spectrometric analysis of the crude as well as the
pure peptides was confirmed using matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry and was performed on a

Voyager™ Elite instrument using a-cyano-4'-hydroxycinnamic acid as the matrix.

2.5.3 Circular Dichroism of Peptides 1-5

The CD measurement was made on an Olis CD spectrometer (Georgia,
USA) at 25 °C in a thermally controlled quartz cell over 190-260 nm, Department
of Chemistry, University of Alberta, Edmonton, Alberta, Canada. The sample
was dissolved in appropriate amount of phosphate buffer (1 mM, pH 7.4). The
final concentrations for CD measurements were 25, 50, and 100 pM. The length
of the cuvette was 0.02 cm and number of scans was set to 10. The CD data are

normalized and are expressed in terms of mean residue ellipticity (deg cm?® dmol®

1).

2.5.4 Bacterial Transformation and Plasmid Purification

Protein expression experiments were done in collaboration with Kneteman
laboratory under the supervision of Dr. Donna Douglas (Department of Surgery,
Faculty of Medicine and Dentistry, University of Alberta, Edmonton, Alberta,

T6G 2B7 Canada).
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2.5.4.1 Bacterial Transformation

DH5a E. coli (50 ul) was thawed on ice and 2 ul of E2H661 or 2 pl of
E2N2661 plasmid was gently mixed with E. coli. After incubation on ice for 10
minutes, E. coli was incubated at 42 °C for 45 seconds and then kept on ice for
another 2 minutes. After heat shock treatment, E. coli was recovered by culturing
in LB broth (200 pl) for 1 hr. The resulting E. coli suspension was spread on the
LB agar plate containing 30 pg/ml kanamycin and the plate was incubated at 37
°C overnight for the colony formation. Fresh individual colonies (2-per strain) of
the transformed E. coli (HC;, HC,, NC;, and NC,) were picked from the plates
and were inoculated individually in 12 ml LB medium containing 30 ug/ml
kanamycin and allowed to grow over night at 37 °C in an incubator shaker to
generate the starter culture.

The overnight starter culture (2 ml) from the two different colonies of each
strain (HC;, HC;, NC;, and NC,) was purified using the QIAprep Spin Miniprep
Kit following the manufacturer's instructions. The plasmid DNA was digested

with HindlIl and analyzed by 5% agarose gel electrophoresis.

2.5.4.2 Restriction Digestion and Gel Electrophoresis

Purified vector DNA samples of each strain (HC;, HC,, NC;, and NC,)
were digested with HindlIll. Restriction digests were set up using 5 pl aliquots of
purified plasmid DNA along with 2 pl of the appropriate restriction enzyme

buffer, 2 pl of the restriction enzyme, and 12 pl of sterile water. After incubating

43



the reaction mixture at 37°C for one hour, 2 pl of sample was loaded on 5%
agarose gel.

Gel electrophoresis experiment was run for the four plasmid DNA samples
(HC;, HC,, NC;, and NC,) and the corresponding controls, where the control
samples were not digested with Hindlll. A 5% agarose gel containing 0.5 pg/ml
ethidium bromide was run in a horizontal gel electrophoresis unit along with 1 Kb
ladder DNA molecular weight marker. The running buffer was TAE (40 mM
Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.0). Electrophoresis was carried out

at 100 V for 40 minutes.

2.5.4.3 Large Scale Plasmid Purification

The overnight starter culture, 10 ml each NC; and HC;, was diluted to 500
ml fresh LB medium containing 30 pg/ml of kanamycin and was grown at 37 °C
with vigorous shaking overnight. The resulting plasmid DNA was purified using
the Qiagen Plasmid Mega Kit following the manufacturer's instructions. The
concentration was estimated by spectrophotometry at 260 nm. The plasmids were
purified from the culture in two batches. From a 50 ml culture of NC1 and HC2,
pure plasmids (100 pl) were obtained with a concentration of 1.5 pg/pl and 1.1
pg/pl for the N and H strains, respectively. In a second attempt, 250 ml of the
culture produced 100 pl of pure plasmids with a concentration of 4.2 pg/ul and

0.85 pug/ul for N and H, respectively.
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2.5.5 Cell Culture and Transfection

2.5.5.1 Cell Culture

Human Embrionic kidney (HEK) 293 cells were grown in 75 cm? flasks
and maintained in high-glucose Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10 % (v/v) fetal bovine serum at 37 °C in a humidified 5%
CO; atmosphere. The cells were sub-cultured weekly, and the attached cells were

treated with trypsin-EDTA followed by counting of the cells.

2.5.5.2 Transient Transfection

One day before transfection, cells were trypsinized and resuspended in
DMEM, and plated into two 6-well plates, one plate for the N strain (genotype 1b)
and the other for H strain (genotype 1a). The cells were transfected at a density of
1.5 x 10° cells per 0.6 ml per well. Transfections were performed using
Lipofectamine 2000. In separate vials, 2 ug and 5 pg of the vector DNA for the N
strain (genotype-1b) was transferred and allowed to stand for 5 minutes. To each
of these vials was added 2 pl of lipofectamine 2000 suspended in 50 ul of
OptiMEM-I medium. The contents of the vial were gently mixed and were
incubated at room temperature for 20 minutes. After 20 minutes the mixture was
diluted to 400 pul with OptiMEM-I and the contents of the vial were transferred to
a single well of the plate. Prior to the addition of the plasmid, cells were washed
with the OptiMEM-I medium. The cells were incubated with the lipid/DNA
complex mixture for 4 hours followed by addition of fresh, pre-warmed to 37°C,

DMEM medium (2 ml) to each well. Cells were allowed to transfect for 48 hours.
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Lipofectamine 2000 without the vector DNA was used as a transfection negative
control.

Transfection of the vector DNA for the H strain (genotype-la) was
performed similarly using 2 and 5 pg of the DNA vector. For each strain, cells
were harvested two days after transfection at about 90% confluence. Cells were
washed with cold PBS, harvested in ice-cold lysis buffer [S0 mM Tris pH 7.4, 1
M NaCl and 1 mM phenylmethylsulfonyl fluoride (PMSF) as protease inhibitor],
lysed on ice for 30 minutes followed by sonication (twice) for 10 seconds.
Finally, cells were pre-cleared by centrifugation at 10,000 g for 10 minutes. The
supernatant was carefully transferred into 15 ml Falcon tubes and stored at -20 °C
until further use.

Transfection of HEK-293 cells with N and H DNA vectors was repeated
with increased amount of DNA (10-20 pg) to improve the amount to protein

expressed.

2.5.5.3 SDS-PAGE and Western Blot

The supernatant containing protein lysate was loaded onto 12% SDS-
PAGE gel. Prior to loading on the gels, the samples were treated by heating at 95
°C for 5 minutes in sample loading buffer (80 mM Tris-HCI, pH 6.8, 2% SDS,
10% glycerol, 2% B—mercaptoethanol, 0.02% bromophenol blue). Gel-separated
proteins were electroblotted onto nitrocellulose membrane in blotting buffer
containing Tris (48 mmol/L), glycine (39 mmol/L), SDS (0.037%), and methanol

(20% vol/vol) for 1 h at 100 V in the cold room. The membrane was blocked
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overnight at 4 °C in 5% skim milk in a buffer containing Tris-buffered saline
(TBST, 0.05 M Tris, 0.15 M NaCl, 0.05% Tween, pH 7.4). The membrane was
washed with TBST (10 ml x 1 min followed by 10 ml x 10 min) followed by
incubation for 1 h with the anti-Hiss mAb (1:1000 dilution). Subsequently the
membrane was washed with TBST (as before) and incubated with antimouse
horseradish peroxidase-linked secondary antibodies GAM-HRPO (1:10,000
dilution) for 1 h. Following a final washing step, the binding of mAbs to antigen

was detected using the enhanced chemiluminescence substrate (ECL).

2.5.6 Purification of the Expressed E2 Glycoprotein

Expression of proteins fused to a His tag allows purification using a nickel
nitrilotriacetic acid resin (Ni-NTA) column under denaturing conditions according
to the protocol provided by the manufacturer (Qiagen). Briefly, the crude cell
lysate (CL) was incubated with Ni-NTA resin at a ratio of 1 ml of resin per 5 ml
of the CL, and the suspension was incubated overnight at 4 °C with gentle
rocking. 50 ul of the CL was saved for SDS-PAGE analysis. The resin was
loaded on a plastic IMAC column (15 ml) and then equilibrated with 10 bed
volumes of the lysis buffer (50 mM Tris—HCI, 1 M NaCl, pH 7.4). It was then
washed with 20 bed volumes of washing buffer #1 (0 mM imidazole, 50 mM
Tris—HCI, and 1 M NaCl, pH 7.4), followed by 10 bed volumes of washing buffer
# 2 (20 mM imidazole, 50 mM Tris—HCl, and 1 M NaCl, pH 7.4), and finally with
20 bed volumes of washing buffer # 3 (40 mM imidazole, 50 mM Tris—HCl, 1 M

NaCl, pH 7.4). His-tag protein was then eluted using elution buffer (50 mM Tris—
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HCl, 1 M NaCl, and 300 mM imidazole, pH 7.4), and 7 fractions (~1 ml each)
were collected. After elution with 300 mM imidazole, 50 pl of each fraction was
subjected to SDS-PAGE analysis and Western blot as described in Section 2.2.3
using anti-Hiss mAb (Figure 2.9).

In a second attempt to produce large amount of E2 protein, the
transfection and purification for the N strain was repeated using 20 pg of the
DNA vector in five 6-well plates. After Ni-NTA column purification, 10
fractions of ~1.5 ml each were collected. All the fractions were analyzed by SDS-
page and Western Blot using anti-Hiss mAb and anti-E2-mAb (Figure 2.10). Five
fractions (E3 to E7) containing the highest concentrations of the pure protein were
combined and dialyzed against phosphate buffered saline (PBS) pH 7.4 overnight
at 4 °C. The purified protein was aliquoted into five vials and stored at -80 °C.

The protein concentration was determined by the method of Lowry et al.
(1951) using bovine serum albumin (BSA) as standard. Duplicates were prepared
for both the standards and the experifnental samples. Experimental samples
consisted of 50 puL of the purified E2N or E2H protein. Protein concentrations
were determined using the standard curve obtained for BSA and was found to be
38.1 pg/ml for E2N and 65.0 pg/ml for E2H. The protein concentration of E2N
obtained in the second attempt (20 pg DNA used) was 16.6 ug/ml for a total
volume of 7.8 ml and in a third attempt (15 pg DNA used) protein concentration

was 25.07 ug/ml for a total of 3.7 ml pure protein.
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2.5.7 ELISA-based Binding Assay

An Enzyme-linked Immunosorbent Assay (ELISA)-based binding assay
was developed to examine the binding affinity between the E2 protein and peptide
ligands. E2 (N strain) antigen (100 puL, 150 or 200 ng/well) in PBS (1 mM, pH
7.4) was added to the wells of a 96-well microtiter immunoplate and incubated
overnight at 4 °C to allow the antigen to adsorb to the surface. Excess antigen
was removed from the plate by rinsing each well with 300 pul PBS (1 mM, pH 7.4)
containing 0.05% Tween-20. Subsequently the wells were blocked by incubating
with 200 ul of 2% BSA in PBS. After discarding the supernatant, each well was
washed with 0.05% Tween-20 in PBS (300 ul). Stock solutions of peptides 1-5
were diluted with PBS in small aliquots (300 pl) in eppendorf tubes to obtain
different peptide concentrations. Concentraﬁon of the stock solutions of peptides
1-§ was obtained by Lowry assay. Biotin samples with different concentrations
were prepared and used as a control without the peptide. Peptide solution or
biotin (100 pl/well) was added to each well in duplicates and the plate was
incubated at room temperature on a shaker (200 rpm) for 3 h. The supernatant
was discarded and the wells were rinsed with 0.05% Tween-20 in PBS (300 pl).
To each well was then added a solution (100 ul) of Strep-HRPO (0.1 pg) in 1%
BSA and the plate was incubated at room temperature for lh while gently
agitating on a shaker. After discarding the Strep-HRPO solution, plate was rinsed
with 0.05 % Tween-20 in PBS (300 ul x 3) and substrate solution (100 ul, TMB
Peroxidase:Peroxidase solution B, 1:1, v/v) was added to each well. The plate

was then incubated at room temperature for about 15 minutes until the absorbance
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levels reached an appropriate level (0.7-0.8). The absorbance in each well was
measured using ELISA Vqyax Kinetic microplate reader at 650 nm (Molecular
Devices Corp., California, USA). (Tables 2.3-2.7).

Table 2.3: ELISA-based binding data for peptide 1 when 30 nM/well (200
ng/well) E2N was used (Figure 2.12).

Peptide Absorbance Final
concentration (M) at 650 nm Absorbance
0 (PBS) 0.0893 -

50 0.0975 0.0082
200 0.1115 0.0222
400 0.1352 0.0459
600 0.1715 0.0822
800 0.2583 0.1690
1000 0.3267 0.2374
1500 0.5277 0.4384
2000 0.7690 0.6797

Table 2.4: ELISA-based binding data for peptide 2 when 40 nM/well (200
ng/well) E2N was used (Figure 2.12).

Peptide Absorbance Final
concentration (uM) at 650 nm Absorbance
0 (PBS) 0.0597 -
50 0.0639 0.0042
200 0.0637 0.004
400 0.0892 0.0295
600 0.1447 0.085
800 0.1302 0.0705
1000 0.1722 0.1125
1200 0.1882 0.1285
1600 0.3262 0.2665
2000 0.4122 0.3525
2400 0.5722 0.5125
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Table 2.5: ELISA-based binding data for peptide 3 when 30 nM/well (150
ng/well) E2N was used (Figure 2.11).

Peptide Absorbance Final
concentration (LM) at 650 nm Absorbance
0 (PBS) 0.092 -
500 0.1705 0.0785
2500 0.258 0.166
5000 0.4217 0.3297
10000 0.7226 0.6306
15000 0.9094 0.8174
20000 1.0768 0.9848
25000 1.1857 1.0937
30000 1.3015 1.2095

Table 2.6: ELISA-based binding data for peptide 4 when 30 nM/well (150
ng/well) E2N was used (Figure 2.12).

Peptide Absorbance Final
concentration (LWM) at 650 nm Absorbance
0 (PBS) 0.0657 -

50 0.1187 0.028
200 0.1035 0.0379
400 0.1482 0.0825
600 0.182 0.1164
800 0.2756 0.2100
1000 0.4813 0.4157
1500 0.8043 0.7387
2000 1.0473 0.9816

Table 2.7: ELISA-based binding data for peptide 5 when 40 nM/well (200
ng/well) E2N was used (Figure 2.11).

Peptide Absorbance Final
concentration (UM) at 650 nm Absorbance
0 (PBS) 0.1719 -
100 0.3918 0.2199
250 0.5855 0.4136
500 0.8638 0.6919
750 1.061 0.8892
1000 1.205 1.0331
1500 1.312 1.1401
2000 1.397 1.2250
3000 1.463 1.2914
4000 1.511 1.3390
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Absorbance values for the duplicate wells were averaged and blank (PBS)
was subtracted from each well to give the final absorbance. The final absorbance
and the corresponding peptide concentration were plotted for all the peptides
(Figures 2.11 and 2.12). The data was fitted to Scheme 1 for peptides 3 and 5 (P
= E2 protein and L = ligand or peptide). Nonlinear least-squares regression of the
data was performed using DynaFit (19) to obtain Kp values for 3 and 5. The
binding constants were estimated by fitting the equilibrium data to the single site
protein-ligand complex formation model as shown in Scheme 1." The input script
files for peptides 3 and S and some of the pertinent results (output files) from

Dynafit are shown in Figures A.1 and A.2 (Appendix A), respectively.
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Chapter 3 Synthesis of Peptidomimetic B3-Peptides

3.1 Background

The number of native and modified peptides used as drugs is constantly
increasing (1). However, the use of peptides as drugs is limited by the following
factors: a) their low metabolic stability towards proteolysis in the gastrointestinal
tract and in serum; and b) their rapid excretion through liver and kidneys. The
unfavourable pharmacokinetic properties associated with peptides when used as
orally administered drugs can, in principle, be avoided by development of

peptidomimetics.

In recent years intensive efforts have been made to develop peptides or
peptidomimetics that display more favorable pharmacological properties than
their prototypes. Most of the research carried out concerns with the preparation of
analogues with different chemical structure and possibly modified conformational
preferences, in order to induce changes in the biological response. Such
compounds that mimic or block the biological effects of a peptide or a protein
motif, with the potential to act as a drug are known as peptidomimetics.
Numerous structural modifications with peptidomimetic backbone have proved to
be promising for the future drug development.

Peptidomimetic foldamers, such as azapeptides which are formed by
replacing the Co of amino acid residues with nitrogen, the closely related azatides

(2), peptoids which are N-substituted glycines (3), B—peptides, y-peptide (4), and
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d—peptides (5) have attracted a lot of attention because of their unique

conformations and interesting bioactivities (Figure 3.1).

R R 0 R R 0}
B S NJ\/U\% % %/ \é\ /K/\/@
o 0o
o-peptide B3-peptide Y-peptide S-peptide
R 0] II{

R . H

TR U TOVE L G WL
| N N~ S N \[r
R O H | H

O R o

peptoid azapeptide azatide

Figure 3.1 Examples of monomeric units of peptidomimetics.

B-Peptides are one of the most extensively studied peptidomimetic
oligomers or foldamers (6, 7). PB-peptides i) are stable toward proteolysis and
metabolism, ii) can form helices, B-strands, and coil-like structures, iii) can be
designed specifically for a target with a large surface area, and iv) are non toxic
to humans. These characteristics make them attractive scaffolds for mimicking

the a-peptides.
3.1.1 pB-Peptides

B-Peptides are oligomers of B-amino acids that contain an additional

methylene group compared to a-amino acids. [B-Peptides are subdivided into
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mainly three types B>, p°-, and p>’-peptides depending upon the substitution of

side chain(s) on the 3-aminoalkanoic skeleton (Figure 3.2) (8).

\i L/ I
H,N COOH COOH
? COOH H,N HZN)\(

R
p2-amino acid p3-amino acid B?3-amino acid

Figure 3.2 Nomenclature for B-peptides depending upon the substitution of the
backbone carbon.
3.1.2 Synthesis of p*-Peptides

In 1996, B’-peptides consisting of P’-amino acid residues with
proteinogenic side chains were synthesized and described for the first time by
Seebach et al. (9), Seebach’s method is the most widely used procedure for
obtaining B’-homoamino acids. This method utilizes B-homoamino acids
synthesized via Arndt-Eistert homologation for composing p’-peptides. Arndt-
Eistert synthesis is a popular method for producing B’-amino acid from a-amino
acid. Acid chlorides react with diazomethane to give diazoketones. In the
presence of a nucleophile (water) and a metal catalyst (Ag,0), diazoketones form
the desired acid homologue (Scheme 3.1).

This procedure for obtaining B*-amino acids requires the use of
diazomethane which is a highly toxic and explosive gas, making the synthetic
procedure non trivial. In addition, it is based on direct conversion of a-amino
acid to the corresponding B’-amino acid, making the synthesis limited to the

natural a-
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H
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Scheme 3.1 Arndt Eistert homologation affords p*-substituted amino acid.

amino acids only. Novel methods for easy access of these oligomers with a wide

variety of side chains are therefore sought for.

3.1.3 Conformation of p-Peptides

The biological activity of peptides is strongly dependent on their three-
dimensional structures. Because bioactive peptides must adopt a specific
conformation in order to bind to a receptor, the characterization of the binding
conformation is important in order to obtain potent and selective therapeutic
agents. P-Peptides have more conformational freedom than a-peptides, because
of an additional methylene unit present in the polymer backbone. Consequently,
whereas a-peptide helices most commonly adopt the a-helix conformation, -
peptide require relatively few residues to adopt several distinct secondary

structures like turns, helices or sheets (6). Many types of helix structures
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consisting of B-peptides have been reported. These conformation types are
distinguished by the number of atoms in the hydrogen-bonded ring that is formed

in solution; 8-helix, 10-helix, 12-helix, and 14-helix (10) (Figure 3.3).

8-Helix

Ay

12-Helix 14-Helix

Figure 3.3 Nomenclature for $-peptide helices based on hydrogen-bonding
patterns (6).

It has been shown that monosubstituted - or p-peptides adopt 14-helical
secondary structure and alternating [32/[33-peptides prefer 10/12 helices (11). B*-
peptides that fold into stable 14-helical conformations have received particular
attention (9, 12-14) The helical secondary structure is enhanced by the presence
of organic solvents, such as methanol and 2,22-trifluoroethanol (TFE), and
efforts have been made to stabilize this conformation in aqueous solutions (15-
19). Introduction of constraints like cyclic ring systems, salt-bridge formation, or
neutralization of the helix macrodipole have been utilized to obtain stable helical

structures in aqueous media (12, 15, 20). The finding that B-peptides are able to
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adopt stable helical conformation in solution has provided a useful starting point

for the design of functional mimics of natural peptides and proteins.

3.1.4 Biological Activity of p-Peptides

Natural peptides often make poor drugs and have therapeutically limited
use due to their low cell permeability, high proteolytic sensitivity, and poor
pharmacokinetics (21). B-peptides are more attractive then o-peptides for
developing bioactive compounds because of several desirable characteristics, such
as, metabolic stability against proteolytic enzymes (22) and long elimination half-
lives (23). Several antibacterial B-peptides have been designed by incorporating
the amphipathic helix with appropriate side chains (24, 25). Gellman’s group has
reported a 17-residue B-peptide (B-17) with 12-helix that possess potent
antibacterial activity against a variety of Gram-positive and Gram-negative
bacteria (26)

Seebach’s group designed a B-peptide with BB’ motif to mimic the
peptide hormone somatostatin (27). This oligomer binds to one of the
somatostatin receptor subtype (hsst4) with Kp of 83 nM. Kritzer et al. designed a
B3-peptide with 14-helix structure in water, that showed nanomolar activity (Kp =
233 nM) for hDM2 (human oncogene product double minute 2) protein, an
important candidate in cancer therapy (28). More recently, English and
coworkers have explored 3-peptides as inhibitors of human cytomegalovirus entry
(29). Finally, Gellman and colleagues have synthesized a highly cationic B°-

decapeptide that bound TAR RNA with a Kp of 29 nM, competitively inhibiting
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the Tat-TAR interaction (30). These studies and many more strongly corroborate
the versatility of B-peptides as peptidomimetic therapeutic agents in diverse

circumstances.

3.2 Objective

In this Chapter, we describe our efforts toward the synthesis of B3 -peptides
using a novel synthetic procedure. The synthetic strategy involves the use of
easily available L-aspartic acid monomers for building up the f-peptide backbone.
Using the new synthetic procedure, the syntheses of three model $*-hexapeptides
(6, 7, and 8) was attempted. Synthesis of one of the p’-peptides, 6, was
accomplished successfully and sufficient peptide was purified for solution

structure studies using CD and NMR spectroscopy.

3.3 Results and Discussion

3.3.1 l53-Peptides from L-Aspartic Acid Monomers

As mentioned above (Section 3.1.2), p*-peptides are typically synthesized
using N-Fmoc-protected B’-amino acid monomers. These p*-amino acids are
usually made from corresponding a-amino acids. The synthesis of Fmoc-f-amino
acids from Fmoc-a-amino acids is non trivial and this synthetic procedure allows
access to only a limited number of Fmoc-B3-amino acids. This also renders B3-
amino acids extremely expensive starting materials.

To this end, our group has employed a novel synthetic strategy for the

synthesis of mono-substituted B*-peptides using easily available L-aspartic acid
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monomers that allow synthesis of p>-peptides with a wide variety of side chains

(Figure 3.4)(31). The a~carboxy group of L-aspartic acid is left free for the

a-carboxy group that can be

easily protected or functionalized R? R? R!
HO. O . HN. O HN. O HN. O
/HzN B O{ N 3 3 3% "NH
a-amino group involved B-carboxy group involved
in the peptide backbone in the peptide backbone
L- aspartic acid B3- peptide

Figure 3.4 Synthesis of mono-substituted B>-peptides from L-aspartic acid
monomers.

introduction of different substituents (to obtain heterooligomer) during the
synthesis or same substituent as a final functionalization step (to obtain
homooligomer), whereas, the B-carboxy group is used for building the peptide
backbone. The independent buildup of the backbone and side-chain sequences
leads to a very high level of synthetic versatility. Using this strategy, we
attempted to synthesize three model B3-peptides (6, 7, and 8) with acyl-substituted
side chains (Figure 3.5).

The model B>-hexapeptide 6 was designed to mimic a helical pB°-
hexapeptide reported by DeGrado ef al (24). The reported B*-peptide adopts an
amphiphilic helix with a 14-helical conformation in organic solvent (24). The
presence of an additional amide bond in the side chains of 6 increases the
opportunity for hydrogen bond interactions, and is speculated to provide stable

secondary structure in solution for such peptides. In peptide 7, two hydrophobic
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side chains present in 6 were replaced with charged carboxylate side chains.
Finally, peptide 8 was designed with side chains containing all free carboxylates.
Peptides 7 and 8 were designed to study the influence of side chain substitution on
the secondary structure compared to peptide 6. While peptides 6, 7, and 8 were
designed to establish the synthetic procedure for this novel class of B’-peptides,
our goal is to synthesize mimics of helical a-peptides, such as peptide 5§, identified
in chapter 2, using this pathway.

B>-hexapeptides were synthesized utilizing an Fmoc/Allyl or Fmoc/tBu
combined solid-phase strategy (Scheme 3.1), where Fmoc protection was used to
build the backbone of the peptide and Allyl or tBu protection was used to

introduce the side chain functionalities. The same strategy allowed the synthesis

N AYH/

OvNH OVNH OvNHo OVNH OVNH OVNH 6
H H 2
NH, NH

OVNH OYNH O - OH OYNH OYNH O\-,OH

(0]

§i

0]
N NH
H

05 OH Os OH Oy OH 0, OH O(_OH_ 0 OH,

/\)k /\/\ j\/'\ ;.\)()\N/\)O\N
H H H

ﬁ

NH

Figure 3.5 The chemical structures of *-hexapeptides 6,7, and 8.
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of either heterooligomeric P-peptides, such as 6 and 7 or homooligomeric p-
peptides (e.g. 8). In heterooligomeric 3-peptides 6 and 7, the different side chains
were introduced after coupling of each monomer and deprotection of the side
chain carboxy group. Two of the side chains were chosen with a free amino
group (lysine side chain mimic) to keep a balance between both the hydrophobic
and the charged groups and enhance solubility in aqueous medium. In the case of
B-peptide homooligomer 8, the backbone was synthesized first, and all the side
chain protections (allyl or tBu) were removed in the end.

Using the above mentioned synthetic approach, the synthesis of B>-peptide
6 was completed and purified peptide was used for three-dimensional structure

elucidation using NMR spectroscopy. Unfortunately, the synthesis of B3—peptides

o 0 BOP, HOB, 0 (0] Pd(PPh,),, HO. (¢
* h e DMF Y o PhSiH, Y o
Fmoc\N/‘\/COOH R Fmoc\INI A - » Fmoc\ﬁ/\)l\NH
H Step 1 Step 2 @
BOP,HOBt, R, R, R, R,
DME HI{I 0 Hlll 0} Hlll 0 HI'V 0
e oo am N0y o N0 N0
2 /E\)]\ piperidine /'\)J\ — /\)k /\)l\
— Fmoc R
N N NH H,N N NH
H H
Step 3 Steps 1-4

Scheme 3.2 General pathway of solid phase synthesis of B*-peptides from L-
aspartic acid.
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7 and 8 was not accomplished. The details of the synthesis of each peptide are

discussed below.

3.3.2 Synthesis of Bs-Hexapeptide 6 using Orthogonally Protected L-Asp

NH,

Y/%Y/%

O\,NH OVNH OVNHO VNH OVNH OVNH

The backbone of p*-peptide 6 was prepared from orthogonally protected
L-aspartic acid, N*-Fmoc-L-aspartic acid a-allyl ester using BOP with HOBt on
Rink amide MBHA resin (Scheme 3.2). The reaction was monitored by the
ninhydrin test. The side chain was deallylated followed by the introduction of the
corresponding amine using the same coupling reagents as mentioned above. To
achieve complete deallylation of the side chain carboxyl, the reaction was
optimized by (i) varying the amount of palladium catalyst used, (ii) the length of
the reaction time, and (iii) the number of times the reaction was repeated (Table
3.1). Treatment with 0.08 equivalents of Pd(PPh;3)4 and 8 equivalents of PhSiH;
for 35 minutes and repeating the reaction twice led to complete deallylation.
During optimization, the reaction was monitored by test cleavage followed by
mass spectrometric analysis.

The synthesis of B’-hexapeptide 6 on solid phase was completed by
coupling L-aspartic acid six times along with the addition of appropriate side

chain amine after every amino acid coupling. At the end of the synthesis, and
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Table 3.1: Deallylation of the allyl group from side chain carboxylic acid.

Time (min) x the number of times No of equiv. of Deallylation

the reaction was repeated (Pd(PPh;)4 (%)
35x1 0.08 20
60x1 0.16 95
15x2 0.16 45
20x2 0.16 65
30x2 0.08 30
15x3 0.08 30
35x3 0.08 >99

after the removal of the terminal Fmoc group, p-peptide 6 was cleaved
from the resin using TFA/H,O/silane at room temperature for 2 hours. Crude
peptide was purified using semi-preparative reverse phase HPLC with an overall
yield of 53%. The identity and purity of 6 were assessed by analytical HPLC
(Figure 3.6) and electrospray ionization mass spectrometry (Figure 3.7). Pure
peptide eluted as a single peak at 23 minutes on a C8 analytical HPLC column as
shown in (Figure 3.6). The mass of this peak was found to be 1040.5 [M+H]"
(caled ([M+H]" 1040.0), as determined by using electrospray ionization mass
spectrometry (Figure 3.7).

'H-NMR of 6 further confirmed the purity and identity of the peptide. An
NMR sample of 6 in trifloroethanol (CF;CD,OH) displayed well dispersed peaks
(Figure 3.8) and the chemical shifts for all the peaks were assigned (see

Experimental Section).
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Figure 3.6 RP-HPLC chromatogram of B3-hexapeptide 6. (C8 VYDAC HPLC
column, 0.46 x 25 cm, 5 um, flow rate = 1 ml/min, gradient of 10-40 % CH3CN in

0.05% aqueous TFA over a period of 40 min).
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Figure 3.7 Electrospray mass spectrum of pure 8°-hexapeptide 6.
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Figure 3.8 'H-NMR (500 MHz) spectrum of B>-peptide 6 in CF;CD,OH.

3.3.3 Solution Conformation of B’-Hexapeptide 6

3.3.3.1 Circular Dichroism of 6

The ability of the p’-peptide 6 to adopt an ordered secondary structure was
evaluated by CD spectroscopy in four different solvents, namely, TFE, methanol,
water, and phosphate buffer (pH 7.4). Peptide was studied at different
concentrations (100-500 #M), and the CD spectra were found to be independent
of concentration, suggesting that no changes in aggregation state occur in this

concentration range. The CD spectra of 6 display a marked difference in organic
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solvents (TFE and methanol) and aqueous solvents (water and phosphate buffer).
In TFE, there is a minimum at 214 nm (© = -20 x 10°) and a maximum at 204 nm
(Figure 3.9). Similarly, in methanol there is a minimum at 214 nm; however, this

peak is not present in aqueous solvents.
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Figure 3.9 Circular dichroism spectra of 6 in water, phosphate buffer (1 mM, pH
7.4), methanol, and TFE at 25 °C.

Organic solvents like TFE and methanol have been suggested to be
conducive to secondary structure formation (19, 32) and the CD spectra of 6
suggest gain of some structural feature in organic solvents. The CD spectra of
monosubstituted p>-peptides typically display a negative minimum at 214-220 nm
and a positive maximum near 200 nm that have been ascribed to 14-helical
structure (12, 15, 20) B-peptide 6 is different from the reported B-peptide (6, 12,

15, 20), as it contains an extra amide group in the side chain and the CD of this
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peptide measures the collective signal of all the amides, including those within the
side chain making the spectrum difficult to interpret. Therefore, high resolution

structure is required to fully interpret the CD results.

3.3.3.2 NMR Spectroscopy of 6

The 1D NMR spectrum of 6 in TFE (Figure 3.10) and preliminary 2D
NMR experiments suggested the presence of helical structure and one major
conformational isomer. The well dispersed chemical shifts in the amide region
allowed assignment of all the backbone and side chain protons (Figure 3.10
top). In this context, it is of particular interest to note that Fernandez-Santin et
al. observed a helical structure for a PB>-polypeptide, poly(a-isobutyl-L-
aspartate), made by polymerization of a-isobutyl-L-aspartate based on X-ray
diffraction and molecular modeling studies (33). This also supported our
initial conjecture regarding the helical nature of B-peptides from L-aspartic
acid. However, for complete three dimensional structure elucidation of [33 -

peptides, such as 6, detailed NMR studies are required.

6 lost all the secondary structure in water as evidenced by the limited
dispersion of amide chemical shifts in NMR (Figure 3.10 bottom). Asp-
derived B>-peptides are expected to be more soluble than the “normal” p°-
peptides. Therefore, 6 should be less prone to self-association in water
compared to analogous sequences with similar distribution of hydrophobic side

chains as shown by Gellman and coworkers (34).
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Figure 3.10 1D NMR of B’-peptide 6 showing the amide H-atoms in 100%
TFE-d2 (top) and 90% H,0/10% D,0 (bottom). HN refers to the backbone
amide proton and HS refers to the one in the side chain. The number in the
parentheses is for the number of overlapping peaks and impurities are marked
with *.
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3.3.3.3 Solution Structure of 6

B3-Peptides synthesized from L-aspartic acid monomers contain an
extra amide bond in the side chain of the B-peptide scaffold making them more
polar than the previously reported B-peptides (Figure 3.11). However, this
extra amide bond provides opportunities for more hydrogen-bonding
capabilities and is speculated to give unprecedented secondary structure in this
class of B-peptides. Furthermore, the stereochemistry at the B° carbon is

opposite in these two classes of p>-peptides (Figure 3.11).

R
O§_/NH 0 R 0
; H
o e
B3-peptide from B3-peptide from
L-aspartic acid monomers B3-amino acid monomers

Figure 3.11 Chemical structure of B3-peptide from L-aspartic acid monomers
(left) and B3-peptides from B3-amino acids derived from natural L-amino acids

(right).
A two-dimensional NOESY experiment of 6 performed at 10°C in
CF3;CD,0H showed multiple (five out of six possible) long-range C H(i) —
CpH(i+3) NOEs (protons at -carbon are not stereospecifically assigned) (see

Appendix B, Figure B.1). These peaks are a hallmark of 14-helical secondary

structure (14, 17). A three-dimensional structure of 6 was obtained using the
NOE data (see Appendix B, Figure B.3) and the program CYANA (35) as

described in the Experimental section. The pdb coordinates of the 10
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structures (rmsd of all backbone atoms 0.47 + 0.11 A) obtained from CYANA

were averaged to obtain final structure of 6 in TFE (Figure 3.12).

Right-handed
14-helix

Figure 3.12 Solution structure of p>-hexapeptide 6 in TFE obtained by NMR
spectroscopy.

B3-hexapeptide 6 forms a right-handed 14-helical structure with a
radius of 2.6 A and 4.69 A rise/turn. In contrast, the reported p>-peptides
formed from B*-amino acids derived from naturally occurring L-amino acids

form left-handed 14 helices (6, 36). The difference in the conformation of the

two helices (right-handed versus left-handed) could be due to the opposite
stereochemistry at the B> carbon in the peptide backbone. The radius and the

pitch for the two helices are found to be similar (6, 7). The right-handed 14-
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helical conformation of 6 is a better mimic of right-handed a-helix of a-

peptides (Figure 3.13).

a-Peptide p3-Peptide
(from (8)-«-amino acid (from L {or S)-aspartic acid
monomers) monomers)

Right-handed
14-helix

Right-handed
a-helix

Figure 3.13 Backbone conformation of right-handed a-helix in an a-peptide
and 14-helix in a B-peptide from L-aspartic acid monomers. N and C stand for
N- and C-terminus of the peptides, respectively.

3.3.4 Synthesis of 8’-Hexapeptide 7 at Ambient and Elevated Temperatures
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Another model peptide, 8*-hexapeptide 7, was designed to be synthesized
using the same synthetic strategy as discussed above from L-aspartic acid
monomers. The steps involved in the synthesis of 7 were essentially the same as
for B*-peptide 6, except for the addition of residues 1 and 4. For residues 1 and 4,
the side chains were left as free carboxylates and can be introduced using N-a-
Fmoc-L-aspartic acid a-t-butyl ester. The t-butyl protection can be removed at
the end during acid cleavage of the peptide from the resin.

Synthesis of 7 was carried out on MBHA resin, and BOP with HOBt was
used for coupling orthogonally protected L-aspartic acid (Scheme 3.3). A test
cleavage was performed after the addition of each amino acid and coupling was
confirmed by mass spectrometric analysis.

Mass analysis after the addition of second amino acid confirmed the
presence of Fmoc-dipeptide (caled. [M+H]" 540.0, observed [M+H]" 540.07) by
electrospray ionization mass spectrometry. After the removal of Fmoc group,
several attempts were made to couple the third amino acid. The test cleavage
showed the presence of neither the starting material nor the product.

Gellman and co-workers reported that both microwave and conventional
heating (oil bath at 60 °C) provided a method for rapid synthesis of B-peptides
with high-purity. Moreover, they showed that the heat and LiCl worked
synergistically during coupling and deprotection of the Fmoc-amino acids on the
solid phase and provided a product up to 85% purity (37). Accordingly, the
synthesis of peptide 7 using elevated temperatures was attempted. The coupling

and deprotection steps involved in the buildup of the backbone were
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OH
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NH,

Observed Mass = 540.7 [M+H]*

Scheme 3.3 Synthesis of heterooligomeric B°-hexapeptide 7 at room temperature.

performed at 60 °C, whereas, the steps involved for the addition of the side chains
were done at room temperature. Unfortunately, the synthesis at elevated
temperature did not yield even the dipeptide. A test cleavage after the addition of
side chain amine (trityl 1, 4 diaminobutane) for the second amino acid showed the
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presence of the starting material, allyl deprotected di-peptide. The mass of the
dipeptide was 470.06 [M+H]" (caled. 470.0 [M+H]") as determined by
electrospray ionization mass spectrometry. The coupling of the side chain amine
was repeated several times, however, this led to the disappearance of all the peaks

in the mass spectrum suggesting polymerization on the resin.

3.3.5 Synthesis of B’-Peptide 8 using Fmoc-Asp-OAll or Fmoc-Asp-OtBu

OVOH OVOH O OH O\/OH O\/OH o

H (0]

5 OH,

NH,

A
8

153-hexapeptide 8 was designed to study its ability to adopt 14-helical
structure in aqueous solution compared to the 153-peptide 6. Synthesis of 8 on
MBHA resin involved coupling of Fmoc-Asp-OAll six times following the
coupling, capping, and deprotection steps for the peptide buildup. The six side
chain allyl groups can be deallylated all together prior to the cleavage of the
peptide from the resin.

A test cleavage after the addition of fourth amino acid showed the
presence of tripeptide with mass 705.06 (calcd. 705.0 [M+H]") as determined by
electrospray ionization mass spectrometry (Scheme 3.4), suggesting difficuity in
coupling of the fourth amino acid. Repeated attempts to couple the fourth amino
acid showed no progress, consequently the synthesis was stopped. The reluctance
of the fourth amino acid to couple could be due to the high hydrophobicity of the
tri-O-allyl-peptide.
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repeated

Observed Mass: 705. 6 [M+H]*

Scheme 3.4 Synthesis of homooligomer B*-peptide 8 using Fmoc-Asp-OAll

Next, we attempted the synthesis of 8 using Fmoc-Asp-OtBu following
the same procedure as above was attempled. The difference in the hydrophobity
of the two amino acid monomers, namely, Fmoc-Asp-OAll and Fmoc-Asp-OtBu
may allow synthesis of the hexapeptide. Synthesis of peptide 8 was carried out on
MBHA resin and N-a-Fmoc-L-aspartic acid a-t-butyl ester was coupled to the
resin in the presence of BOP with HOBt at room temperature. This was followed
by Fmoc deprotection (Scheme 3.5). After stepwise coupling/deprotection of the
amino acids, the peptide was cleaved from the resin; the crude peptide was tested

by the mass analysis.
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The mass spectrum of the complete sequence showed the presence of the
final product with mass of 708.13 (caled. 708.0, [M+H]"), along with three
truncated peptides, namely, tripeptide, tetrapeptide, and pentapeptide, with mass
of 363.05 (caled. 363.0, [M+H]"), 477.97 (calcd. 478.0, (IM+H]"), and 592.98,

[M+H]" (caled. 593.0, [M+H]"), respectively. The appearance of the truncated

be be

Fmoc Piperidine NH, 0\/0 BOP. HOBt O\/O o
30 min
—_ Fmoc : COOH — Fmoc /\)j\
\E/\/ SN NH
Step 1 H

20%
Piperidine

H,N NH

Step 2

95% TFA 0\_/0

-------- -
H.
N
|
Observed Mass Observed Mass Observed Mass Observed Mass
363.05 [M+H]* 477.97 [M+H}* 592,98 [M+H]* 708.13 [M+H]*

Scheme 3.5 Synthesis of homooligomer B*-peptide 8 using Fmoc-Asp-OtBu.
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peptides could be due to the incomplete coupling. More optimization of the
coupling time along with a test cleavage after each amino acid coupling may lead

to the completion of the sequence.

3.4 Summary

We report a solid phase synthesis method for the preparation of novel p°-
peptides derived from r-aspartic acid monomers. The methodology allows
independent buildup of the B-peptide backbone and the introduction of sequential
side chain substitutions. Attempts were made to synthesize three representative
peptides, namely, 6, 7, and 8 using this methodology. P>-hexapeptide 6 was
synthesized, purified, and fully characterized. The synthesis of 7 and 8 was
completed only up to the dipeptide and tripeptide, respectively, due to the
unsuccessful coupling of the subsequent amino acids.

B*-peptides obtained from L-aspartic acid monomers contain an additional
amide bond in the side chain that provides opportunities for additional hydrogen
bonds and is speculated to give unprecedented secondary structures in this class of
B-peptides. CD and NMR spectroscopy were used to study the solution
conformation of 6 in TFE and water which suggested the presence of solvent-
dependent secondary structure. Three dimensional NMR solution structure of 6 in
TFE was obtained. 6 forms a right-handed 14-helical structure in TFE. This
helical conformation is same as the 14-helical conformation for the B*-peptides
which do not have an additional amide bond in the side chain. However, 6 forms

a right-handed helix and the B>-peptides obtained from the p*-amino acids derived
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from L-amino acids form left-handed helices, most likely due to the opposite
stereochemistry at the B° carbon in the peptide backbone. These results will
facilitate the design of B3-peptides that mimic biologically active a-peptides, such

as the helical peptide (5) that binds HCV-E2 discussed in Chapter 2.

3.5 Experimental Section
3.5.1 General

Solvents and reagents: Rink amide MBHA resin (0.58 mmol/g), N-a-
Fmoc-L aspartic acid a-allyl ester, mono-trityl 1,4-diaminobutane acetic acid salt,
BOP, and HOBt were purchased from NovaBiochem (San Diego, CA). Isobutyl
amine, isopropyl amine, methylamine, phenylsilane, and triisopropylsilane were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). N-methyl
morpholine (NMM) and trifluoroacetic acid (TFA) were purchased from Aldrich,
while piperidine was purchased from Caledon (Canada). All other reagents were
purchased from Sigma-Aldrich. All commercial reagents and solvents were used
as received.

Peptide syntheses were performed manually in polypropylene peptide
synthesis vessel with frit at the bottom and screw cap with a septum at the top for
addition of reagents. Solvents and soluble reagents were removed by suction.

Equipment: RP-HPLC purification and analysis were carried out on a
Waters (625 LC system) HPLC system using Vydac semi-preparative C18 (1 x 25
cm, 5 um) and analytical C8 (0.46 x 25 cm, 5 pum) columns. Compounds were

detected by UV absorption at 220 nm. Mass spectra were recorded on a MALDI
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Voyager time-of-flight (TOF) spectrometer (VoyagerTM Elite) or electrospray
ionization mass spectrometry on a Waters micromass ZQ spectrometer, Faculty of
Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton. CD
measurements were made on an Olis CD spectrometer (Georgia, USA) at 25 °C in
a thermally controlled quartz cell over 190-260 nm. NMR experiments were
recorded on a Varian INOVA 500 MHz NMR spectrometer equipped with a
triple-resonance HCN Cold Probe with z-axis pulsed field gradients, at the
Quebec/Eastern Canada High Field NMR Centre, McGill University, Montreal,
Quebec. The CD measurement was made on an Olis CD spectrometer (Georgia,
USA) at 25 °C in a thermally controlled quartz cell over 190-260 nm, Department

of Chemistry, University of Alberta, Edmonton, Alberta, Canada.

3.5.2 Synthesis of *-Hexapeptide 6

YH)%Y/A

O NH O NH O _NH, O NH O NH O NH

HN/\)\/\)k/\)l\/\),\/\)l\/\)k

Rink amide resin (145 mg, 0.1 mmol), washed with DCM, DMF, and IPA
twice each, was swelled in DMF for 30 min at room temperature. After addition
of 20% piperidine in NMP (3 ml), the mixture was stirred for 30 min. The resin
was washed with DCM twice, drained for 5 min, again washed with DCM, DMF,

and IPA twice each, and was swelled in DMF for 10 min. N-a-Fmoc-L-aspartic
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acid a-allyl ester (79 mg, 0.2 mmol) was activated by addition of BOP (86 mg,
0.2 mmol), HOBt (27 mg, 0.2 mmol), and NMM (50 pl, 0.45 mmol) in DMF (1
ml) and the mixture was allowed to stand for 5 min. The preactivated amino acid
was added to the resin and the amino acid was allowed to couple to the resin for
2.5 hr at room temperature. Following extensive washing of the resin with DCM,
DMEF, and IPA (twice each), it was swelled in DMF for 10 min under nitrogen.
Palladium catalyzed deprotection of the side chain allyl from carboxyl
group (All) was done under nitrogen. PhSiH3 (99ul, 0.8 mmol) in NMP (1 ml)
was added to Pd(PP3)4 (9.2 mg, 0.08 mmol) preweighed in a vial and the solution
was flushed with nitrogen. Palladium solution was transferred to the resin using a
steel canulla, and the resulting resin suspension was stirred under nitrogen for 30
minutes. The resin was washed and the deprotection step was repeated two more
times. Following deprotection of the side chain allyl, coupling of the carboxyl
was carried out using corresponding amine (RNH,, 5 equiv) and the same
coupling agents as above for 6-8 h at 25 °C. The resin was washed with DMF
and DCM followed by removal of the N*-Fmoc group and the sequence of
reactions was repeated to complete the synthesis of 6. The details for the
reactions times for coupling and deprotection of the side chain as well as the
peptide backbone are listed in Table 3.2.
B>-hexapeptide 6 was cleaved from the resin using cleavage reagent (5 ml,
95:2:3, TFA/H,O/triisopropylsilane) at room temperature for 2 hours and then
washing the resin with the cleavage reagent (2 x 2 min, 3 ml). The cleaved

peptide was collected, combined with TFA washes, and concentrated by rotary
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Table 3.2: Coupling and deprotection times for the synthesis of B>-hexapeptide 6.

Fmoc-Asp-OAll Allyl RNH, Fmoc-
coupling deprotection coupling deprotection
aa  Time (hr) Time (min) Amine  Time (hr) Time (min)
First 2.5 30x3 Isobutylamine 4x3 15 x2
Second 3.5 30x3 Trityl 1, 4 4x3 16 x2
diaminobutane
Third 3.5 30x4 Isopropylamine 5x3 16 x2
Fourth 3.5 30x4 Isobutylamine 5x3 15x3
Fifth 4 30x5 Trityl 1, 4 5x3 15x3
diaminobutane
Sixth 3x2 30x5 Isopropylamine 5x3 15x3
40 x 2

evaporation. Cold diethyl ether (~ 10 ml) was added to precipitate the crude
cleaved peptide. The cleaved peptide was collected, combined with TFA washes,
and concentrated by rotary evaporation. Cold diethyl ether (~ 10 ml) was added
to precipitate the crude cleaved peptide. The peptide was collected upon
centrifugation and decantation of the ether. The crude peptide was reconstituted
in 30% CH3CN and purified on a semipreparative Vydac C18 HPLC column (10
X 250 mm, flow rate = 2 ml/min, monitored at 220 nm) using a gradient of 10-40
% CH3CN in 0.05%aqueous TFA over a period of 40 min. The identity and
purity of the hexapeptide 6 were assessed by analytical HPLC (Figure 3.6) and
electrospray ionization mass spectrometry (Figure 3.7). 'H NMR [CF3CD,0OH,
500 MHz]: & 0.83-0.96 (m, 12H, isovaleric methyls), 1.12-1.28 (m, 12H,
isopropyl methyls), 1.56-1.69 (m, 8H, two side chain CH, linkages to amine,

CH,CH,CH,CH,NH,), 1.7-1.85 (m, 2H, two isovaleric CH), 2.5-2.85 (m, 12H,
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backbone CHy), 2.9-3.1 (m, 4H, two isovaleric CHj), 2.95-3.05 (m, 4H, two side
chain methylenes CH,CH,CH,CH,NH,), 3.15-3.32 (m, 4H, two side chain
methylenes CH,CH,CH,CH,NH,), 3.95-4.1 (m, 2H, two isopropyl CH), 4.2-4.28
(m, 1H, backbone CH N-terminal), 4.85-5.25 (m, 5H, backbone CH), 6.67 (s, 1H,
carboxamide), 6.84-6.92 (m, 1H, side chain isovaleric NH), 7.22 (d, 1H, J= 7.4
Hz, backbone amide), 7.27-7.42 (m, 3H, one backbone NH, one side chain NH,
and one carboxamide NH), 7.45 (d, 1H, J=7.3 Hz, isopropyl side chain NH), 7.8-
7.88 (m, 1H, backbone amide), 8.18 (d, 1H, J=7.4 Hz, isopropyl side chain NH),
8.21-8.32 (m, 2H, side chain amides), 8.57 (d, 1H, J= 8.78 Hz, backbone amide),
8.78 (d, 1H, J= 7.7 Hz, backbone amide), 9.06-9.14 (m, 1H, backbone amide)
(Figure 3.8). . MALDI-TOF calcd for C4HgsN;5012, [M + H]Jr 1040.00; found

[M + H]" 1040.50 and [M + Na]* 1062.46; overall yield 53%.

3.5.2.1 Circular Dichroism of B°-Hexapeptide 6

The stock solution of the B-peptide was diluted with different solvents,
namely, water, phosphate buffer (1 mM, pH 7.4), methanol, and TFE to obtain
final concentrations of 100, 250, and 500 uM for CD measurements (Figure 3.9).
The length of the cuvette used was 0.02 cm and number of scans was set to 10.
All CD scans were performed at 25 °C and the blank reading was subtracted from

the sample data at the end. The CD data were normalized and expressed in terms

of mean residue ellipticity (deg cm® dmol™).
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3.5.2.2 2D NMR and Structure Elucidation of °*-Hexapeptide 6
Two-dimensional NMR measurements and structure elucidation was done
in collaboration with Dr. Tara Sprules (Quebec/Eastern Canada High Field NMR
Centre, McGill University, Montreal, Quebec). A 1.5 mM sample of 6 in 100%
TFE-d2 (CF;CD,OH) (Cambridge Isotope Laboratories, Inc.) was prepared for
2D NMR experiments. Sequence specific assignments were established by
following the procedures used for a-amino acid peptides (38). 2D TOCSY (60
ms mixing time), COSY and NOESY (mixing time 100, 200 and 300 ms) spectra
were recorded at 10°C on a Varian INOVA 500 MHz spectrometer at McGill
University. 153 upper distance restraints for structure calculations were obtained
from a 300 ms mixing time 2D-['H,'H]-NOESY recorded at 10°C on a Varian
INOVA 800 MHz NMR spectrometer, equipped with an HCN cold probe and
pulsed-field gradients. Calculation of the complete three-dimensional structure
was performed with the program CYANA v 2.1(35). Input data and structure
calculation statistics are summarized in Tables B.2 and B.3 (Appendix B). The
final calculation was started with 200 randomized conformers all of which
converged to the helical conformation (average backbone RMSD to mean for 200
structures: 0.61 + 0.21 A). A bundle of the 10 lowest energy CYANA conformers

were used to represent the NMR structure (Figure 3.12).
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3.5.3 Synthesis of Heterooligomeric B-Peptide 7

NH

h

OVNH O N 0\,0H OYNH O\/NH 04O,

3.5.3.1 Solid Phase Synthesis of 7 at Room Temperature

Rink amide resin (172.4 mg, 1 mmol) was washed and deprotected as
before. N-a-Fmoc-L-aspartic acid a-allyl ester or Fmoc-Asp-OtBu (82.3 mg, 0.2
mmol) was activated by addition of BOP (86 mg, 0.2 mmol), HOBT (27 mg, 0.2
mmol), and NMM (50 pl, 0.45 mmol) in NMP (1 ml). The amino acid mixture
was allowed to stand for 5 minutes and was then added to the resin. The amino
acid was allowed to couple for 2.5 hr. After washing the resin, Fmoc group was
deprotected. The second amino acid was coupled by addition of Fmoc-Asp-OAll
(79 mg, 0.2 mmol) activated with BOP (86 mg, 0.2 mmol), HOBt (27 mg,
0.2mmol), and NMM (50 pl, 0.45 mmol) in NMP (1 ml). The mixture was stirred
for 2.5 hr, followed by washing and deprotection of the side chain allyl group.
Palladium catalyzed deprotection was repeated three times to ensure complete
deallyaltion. The resin was washed, and BOP (44.2mg, 0.1 mmol), HOBT (14
mg, 0.1 mmol), and NMM (33pl, 0.3mmol) in NMP (1 ml) were added to activate
the free side chain carboxyl. To this mixture, trityl 1, 4 diaminobutane (100 mg,
0.3 mmol) was added and allowed to stir for 4 hr at room temperature. Resin was

washed and the amine was coupled twice again (4 hr each). A test cleavage
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confirmed the presence of the di-peptide of mass found to be (540.07, [M+H]"),
same as the calculated mass (540.0, [M+H]"), as determined by electrospray
ionization mass spectrometry (Scheme 3.3). The third amino acid was added
following the same procedure as above; however, the test cleavage did not show
the presence of any product or the starting material. The synthesis was

discontinued at this stage.

3.5.3.2 Solid Phase Synthesis of 7 at Elevated Temperature

The synthesis of 7 was repeated at 60 °C following the same procedure as
above (Section 3.5.5.1), except the side chain allyl deprotection and amine
coupling were done at room temperature. During all the coupling steps at
elevated temperatures, 0.8 M LiCl in NMP was added. A test cleavage after the
dipeptide showed the presence of some stating material (allyl deprotected di-
peptide of mass found to be (470.06, [M+H]"), same as the calculated mass
(470.0, [M+H]"), as determined by electrospray ionization mass spectrometry.
Therefore, coupling of the amine (trityl 1, 4 diaminobutane) was repeated three
more times (4 hr x 3) with no success. At this point the synthesis was

discontinued.

3.5.4 Synthesis of Homooligomeric ﬂs-Peptide 8

OVOH O\/OH O OH O\,OH O\/OH o

/\)’\/\A

§-O0Hg

/\/\/\)\/\/k

NH
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3.5.4.1 Solid Phase Synthesis of 8 using Fmoc-Asp-OAlL

The synthesis of 8 was performed following the same procedure as for [33 -
peptide 6. Briefly, Rink amide resin (172.7 mg, 0.1 mmol) was washed and
swelled in DMF for 30 min. After deprotection of the Fmoc group with 20%
piperidine, the resin was washed extensively and swelled in DMF. N-a-Fmoc-1L-
aspartic acid a-allyl ester or Fmoc-Asp-OAll (79 mg, 0.2 mmol) activated by
BOP, HOBt, and NMM was added to the resin and the resin was stirred for 2.5 hr
at room temperature. Following extensive washing of the resin, any remaining
free amino groups on the resin were capped by addition of acetic anhydride (50
ul, 0.5 mmol) and NMM (110 pl, 1 mmol) in NMP (1 ml). The mixture was
stirred for 15 minutes and this step was repeated. Following this, the Fmoc group
was deprotected. The coupling, capping, and deprotection steps were repeated for
the addition of next amino acids. The duration and the number of times the steps

were repeated are listed in Table 3.3.

Table 3.3: Coupling, capping, and deprotection times for the synthesis of 8.

Fmoc-Asp-OAll Capping Fmoc-deprotection
coupling
aa  Time ( hr) Time (min) Time (min)
First 2.5 15x2 15x2
Second 2.5 15x2 15x2
Third 3 15x2 15x2
Fourth 3x3 15x2 -
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A test cleavage was performed after the addition of each amino acid to
follow the progress of the synthesis. Test cleavage after the addition of fourth
amino acid did not show the desired mass despite coupling of the fourth amino

acid several times. At this stage the synthesis was discontinued.

3.5.4.2 Solid Phase Synthesis of 8 using Fmoc-Asp-OtBu.

A second attempt at the synthesis of 8 was made using #-Butyl protected L-
aspartic acid. Rink amide resin (172.4mg, 1 mmol) was washed and deprotected
as before. N-a-Fmoc-L-aspartic acid a-allyl or Fmoc-Asp-OtBu (82.3 mg, 0.2
mmol) was activated by addition of BOP (86 mg, 0.2 mmol), HOBT (27 mg, 0.2
mmol), NMM (50 pl, 0.45 mmol) and 0.8 M LiCl in NMP (1 ml). The amino
acid mixture was allowed to stand for 5 minutes and was then added to the resin.
The amino acid was allowed to couple for 2.5 hr. After washing the resin, Fmoc
group was deprotected. The coupling and deprotection steps were repeated till the
addition of 6 amino acids. The duration and the number of times the steps were

repeated are listed in Table 3.4.

Table 3.4: Coupling and deprotection times for the synthesis of B>-peptide 8.

Fmoc-Asp-OtBu Coupling Fmoc-deprotection
aa Time (hr) Time (min)
First 2.5 16 x2
Second 2.5 16 x2
Third 3 16x2
Fourth 3 15x3
Fifth 4 15x3
Sixth 3x2 15x3
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Test cleavage after addition of all the six amino acids showed the presence

of desired product along with three more peptides with uncompleted coupling as

shown in (Scheme 3.5).
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Chapter 4 General Conclusions and Future Directions

Our efforts toward the design, synthesis, and evaluation of a-peptides as
HCV entry inhibitors, as well as, synthetic strategy for obtaining helical -

peptides were discussed in this thesis.

HCV infection is a major worldwide public health concern for which novel
therapies are in urgent demand. Entry inhibitors offer a new class of anti-HCV
agents. Chapter 2 describes the design and synthesis of five a-peptides, 1-5,
derived from the sequence of human lactoferrin that may act as HCV entry
inhibitors. A 33-residue Nozaki peptide that has been shown to bind E2 and
inhibit HCV entry into hepatocytes was truncated to obtain 27 (2) and 17 (3)
residue peptides. Furthermore, binding enhancing mutations were introduced to
obtain 33 and 27 residue peptides 4 and 5, respectively. All ﬁVe peptides were
synthesized using Fmoc-solid phase synthesis, including the peptide 1, which has
same sequence as the Nozaki peptide but is covalently modified at the N-terminal
with a biotin moiety like peptides 2-5. Solution conformation of the peptides was
determined using CD spectroscopy and peptide 5 displayed the presence of
maximum helical secondary structure. An ELISA-based binding assay showed
that all the peptides bound to E2 in a concentration-dependent manner. Two of
the peptides, 3 and 5, bound to E2 specifically at a single binding site with low
micromolar affinity. Peptide 5 with the highest helical content was found to be
the most potent binder with a Kd of 0.565 uM. Further investigations of these
peptides to confirm their ability to block HCV entry into the target cells and

suppress viral infectivity are needed. A cell-based assay or an in vivo animal
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model could be used to test these peptides. Upon confirmation of their anti-HCV
activity, peptides 3 and 5 can serve as the lead molecules for the design of next
generation anti-HCV peptides and peptidomimetics. The entry inhibitors studied
here will bind to the virus and prevent it entry to the target cell. This protective
mechanism against HCV provides a new strategy that would be useful in many
situations including, preventing spread of the infection in case of an epidemic,
preventing recurred HCV infection in liver transplant patients, and protecting
scientists and researchers working or subjected to the HCV. Furthermore, these
entry inhibitors may be used in combination with other HCV medications
enhancing anti-viral activity.

In Chapter 3, a solid phase synthesis method for the preparation of novel
B3 -peptides derived from L-aspartic acid monomers was developed. The
methodology allows independent buildup of the P-peptide backbone and the
introduction of sequential side chain substitutions. Attempts were made to
synthesize three representative peptides, namely, 6, 7, and 8 using this
methodology. P’-hexapeptide 6 was synthesized, purified, and fully
characterized. The synthesis of 7 and 8 was completed only up to the dipeptide
and tripeptide, respectively, due to the unsuccessful coupling of the subsequent
amino acids.

B>- hexapeptide 6 contains an additional amide bond in the side chain that
provides opportunities for additional hydrogen bonds and is speculated to give
unprecedented secondary structures in this class of P-peptides. The solution

conformation of 6 was studied using CD and NMR spectroscopy in TFE and
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water, moreover, three dimensional NMR solution structure of 6 in TFE was
obtained. The solution conformation of 6 suggested the presence of solvent-
dependent secondary structure.

B*-hexpeptide 6 forms a right-handed helix in TFE, which may be due to
the opposite stereochemistry at the B> carbon in the peptide backbone. P>
peptides from L-aspartic acid monomers seem to have an advantage over the p*-
peptides obtained from the B’-amino acids derived from L-amino acids which
form left-handed helices. The right-handed helical conformation makes them
suitable for mimicking the structure of natural a-peptide such as peptide 5.
Finally, p*-peptides obtained L-aspartic acid monomers represent an interesting
class of biomimetic oligomers that may find potential application not only in
pharmaceutical sciences but also in the development of B-peptide arrays, -

peptides with enzymatic properties, and B—peptide based materials.
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Appendix A

Dynafit Files and Plasmid Map

Figure A.1 Dynafit input and output files for peptide 3.

INPUT

; Task: Fit of Complex Equilibria

; Data: ligand concentration (nM) vs. absorbance 650 nm (bound ligand)

[task]

data = equilibrium

task = fit

model = fixed ?
[mechanism]

P+L<~>P.L: Kd dissoc.
[constants]
Kd = 20000.0? ;nM
[responses]

P.L=0.08?
[concentrations]

P=30 ; nM
[data]

variable L

file  ./Kd/17-offset/data/d1.txt
[output]

directory ./Kd/17-offset/output
[end]

OUTPUT
LEAST-SQUARES FIT

mean square 0.000339946
standard deviation 0.0184376
log(determinant)  -0.809
log(condition number) -2.19
Marquardt parameter 0.000488
execution time (sec) 0.040

datapoints 9
parameters 2
iterations 14

function evaluations 17
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error status 0

PARAMETERS & STANDARD ERRORS

Set Parameter Initial Fitted Error %kError
Kd 20000 28780 2900 10
r:LR 0.08 0.07918 0.0047 6

Figure A.2 Dynafit input and output files for peptide 5.
INPUT

; Task: Fit of Complex Equilibria
; Data: ligand concentration (nM) vs. absorbance 650 nm (bound ligand)

[task]

data = equilibrium

task = fit

model = fixed ?
[mechanism]

P+L<=>P.L: Kd dissoc.
[constants]

Kd = 500.0? ;nM
[responses]

P.L=0.047
[concentrations]

P=40 ; nM
[data]

variable L

file  ./Kd/27m-offset/data/d1.txt
[output]

directory ./Kd/27m-offset/output
[end]

OuTPUT

LEAST-SQUARES FIT

mean square 0.000662978
standard deviation 0.0257484
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log(determinant)  -0.348
log(condition number) -1.2
Marquardt parameter 0.00781
execution time (sec) 0.050

datapoints 10
parameters 2
iterations 10
function evaluations 13
error status 0

PARAMETERS & STANDARD ERRORS

Set Parameter Initial Fitted
Kd 500 569.4
r:L.R 0.04 0.039

Error %Error
39 6.8
0.0008 2.1

Figure A.3 Plasmid map of HCV strain E2 H77 (genotype 1a )
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Appendix B

NMR Data for Structure Elucidation of 6

Table B.1: Chemical shift assignments for B>-hexapeptide 6.

Residue Backbone shifts Side chain shifts

1 7.84 (HN), 4.25 7.46 (HS), 4.03 (HG), 1.17, 1.22 (HDs)
(HA), 2.84, 3.61
(HBs)

2 8.78 (HN), 5.04 7.43 (HS), 3.22, 3.28 (HGs), 1.61 (HDs), 1.70
(HA), 2.61, 3.20 (HEs), 3.01 (HEs), 7.32 (HR)
(HBs)

3 9.10 (HN), 4.86 6.90 (HS), 3.06 (HGs), 1.76 (HD), 0.90 (HEs)
(HA), 2.57, 3.08
(HBs)

4 8.58 (HN), 5.03 8.24 (HS), 4.01 (HG), 1.20 (HDs)
(HA), 2.54,2.73
(HBs)

5 7.32 (HN), 5.22 8.26 (HS), 3.20, 3.28 (HGs), 1.61 (HDs), 1.70
(HA), 2.64,2.73 (HEs), 3.01 (HEs), 7.20 (HR)
(HBs)

6 7.24 (HN), 5.22 8.28 (HS), 2.98, 3.08 (HGs), 1.81 (HD), 0.90
(HA), 2.71 (HBs) (HEs)

C- 6.73, 6.92 (NHy)

terminus

The final concentration of 1 in TFE was 1.5 mM. The chemical shifts were
referenced to the TFE methylene protons at 2.88 ppm

Table B.2: Structure calculation statistics for p>-hexapeptide 6.

NOE upper distance limits® 153
Intra-residue 102
Sequential 21
Medium range (i to i+2 or i+3) 30

Final CYANA structures®
CYANA target function 0.17 £ 0.002 A2
Average backbone RMSD to mean 047+0.11 A
Average heavy atom RMSD to mean 131023 A

Distance restraint violations

0

148 unambi%uous NOE:s and 5 ambiguous NOEs used for the structure

calculation.

10 lowest energy structures of the 200 calculated.
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Figure B.1 2D NOESY of B’ -peptide 6 in TFE showing the long range NOEs,
CgH()-CoH(i+3) characteristic of 14-helix conformation.
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Table B.3: NOE upper limit constraints (153) for B3 -hexapeptide 6 used for
structure calculation.
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