1) SPECIFIC AIMS

The mechanism of blood coagulation is composed of an array of proteolytic reactions that
generate fibrin thrombi (1, 2). The pro-anticoagulant activity of the blood-clotting cascade is
balanced by several natural anticoagulant mechanisms of the blood vessel wall. The
interaction of endothelial cell surface heparan sulfate (HS) with the protease inhibitor,
antithrombin (AT), represents one of these crucial control mechanisms. Several lines of
evidence indicate that two-specific heparan sulfate biosynthetic enzymes are critical for the
synthesis of anticoagulant HS (aHS); heparan sulfate 3-O-sulfotransferase isoform 1 (3-OST-
1) (3) and isoform 5 (3-OST-5) (4). These isoforms play important roles in generating the
specific and diverse structure of HS that corresponds to HS biological functions. For instance,
our recent data suggests that aHS produced by 3-OST-1 and -5 exhibit an approximately
10,000 fold increases in AT-binding compared to the unmodified HS (5). Interestingly, aHS
produced by the two enzymes appear to differ in structure since 3-OST-5 generates an entry
and membrane fusion receptor for herpes simplex virus type-1 (HSV-1), whereas aHS
generated by 3-OST-1 does not (3, 5, 6, 7). In order to further understand the differences in
aHS generated by the two enzymes, our goal is to generate small and unique peptides that
bind to 3-OST-5 generated aHS, using phage display library screening. Thus, the two specific
aims of this proposal are:

Aim 1. Screening of 12-mer phage display peptide library (PhD-12) against 3-OST-5
modified HS. The working hypothesis is that screening of the peptide library will enable
identification and isolation of various peptides that specifically recognize critical features of
aHS generated by 3-OST-5. Since the last submission of this proposal, multiple aHS binding
phages have been isolated and encoded peptide sequences have been identified (Table 2).

Aim 2. Structural and biochemical characterization of the isolated peptides for ability
to block HSV-1 entry, gD binding, and AT-binding to aHS. The working hypothesis is that
the isolated peptides could provide multiple usages based on ability to interfere with the
interactions of aHS with HSV-1 gD and AT. We hypothesize that viral entry blocking and
glycoprotein D (gD) binding peptides would bind to aHS generated by 3-OST-5 but not 3-
OST-1. However, peptides that block AT binding are expected to bind aHS produced by both
3-OST-1 and 3-OST-5. This new strategy of phage display will increase our understanding of
the functional specificity of aHS in relation to its biological functions. In addition, the peptides
generated would also be useful for blocking HSV-1 entry (potential anti-HSV agents), as
diagnostic tools for aHS expression on different cell types and for purification of high potency
anticoagulant aHS from natural sources. Depending on the site of interaction, it is also
possible that the peptides could enhance or positively influence the AT and/or gD binding to
aHS.

2) BACKGROUND AND SIGNIFICANCE

Biosynthesis and biological activities of heparan sulfate (HS). HS is present on the cell
surface in the form of heparan sulfate proteoglycans (HSPG), which contain a core protein
and polysaccharide side chains (8, 9). These polysaccharides are involved in numerous
biological processes, including blood coagulation, angiogenesis, wound healing, viral
invasions, embryonic development, regulating tumor growth, and controlling the eating
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behavior of mice (10-13). The core protein determines the location of HS in a specific tissue,
and may play an important role in enhancing the effects of HS.

6 6 Figure 1: Disaccharide repeating
SCOOF(') JTOR units of heparan sulfate and
K OH S “oRr o heparin. Sulfation (R=-SO;3) at Carbon
\O z 0 > O/ 6 (known as 6-O-sulfated glucosamine)
’  OR NHR' R=-H or -SO;3 of glucosamine is common. Sulfation at
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HS belongs to a unique class of macromolecules, known as glycosaminoglycans.
Depending on the structures of the repeating disaccharide units, four well studied
glycosaminoglycans include: HS, chondroitin sulfate, keratan sulfate and hyaluronic acid. HS
is a 14 linked glucuronic or iduronic acid and glucosamine residues with various sulfations
(Figure 1). Recent reports suggest that the N-unsubstituted glucosamine residue is located in
specific positions of a HS polysaccharide chain (14, 15, 16), and is involved in the binding to
HSV-1 gD (5-7; 17-20) and enhancing the recycling of glypican-1 (14, 15). 6-O-sulfated
glucosamine and 2-O-sulfated iduronic acid are common sulfated monosaccharides, and
those residues play critical roles in binding to fibroblast growth factors and growth factor
receptors (6, 14, 5). In addition, 6-O-sulfated glucosamine residues are involved in binding L-
and P-selectin (14, 15). 3-O-sulfated glucosamine is a rare component (6, 14). The enzymes
that produce it or 3-O-sulfotransferases (30ST) are present in six-seven different isoforms
(Table 1). Itis important to note that 3-OST-1 modified HS binds to AT and has anticoagulant
activity, whereas 3-OST-3 modified HS binds to gD and serves as an entry receptor for
herpes simplex virus type-1 (HSV-1) (17). Additionally, we have recently demonstrated that a
new isoform, 3-OST-5, generates both AT-binding site and a gD receptor that mediates entry
and spread of HSV-1 (5, 7).

Table 1: The Heparan Sulfate D-Glucosaminyl 3-O-Sulfotransferases (30STs)

Isoform | Sulfated | Upstream Uronic Tissue Distribution Known Function(s)
Residue acid
3-0OST-1 GIcNS GIcUA Heart, brain, lung, kidney AT binding
3-OST-2 | GIcNS |IdoUA 2S/GIcA 2S Brain HSV-1 entry*
3-OST-3A | GIcNS IdoUA 2S5 Heart, placenta, lung, liver, kidney HSV-1 entry
3-OST-3B | GIcNS IdoUA 2S Heart, brain, placenta, liver, HSV-1 entry
kidney, Pancrease

3-OST-4 | Unknown Unknown Brain HSV-1 entry*
3-OST-5 | GIcNS | IdoUA 2S/GIcUA Skeletal muscle, fetal brain HSV-1 entry & AT binding
3-OST-6 | GIcNS IdoUA 2S Kidney, liver HSV-1 entry

* Unpublished results (Shukla and Spear [11])

Heparan sulfate requlates blood coagulation process. Heparin is the most commonly used

anticoagulant drug, despite the facts that numerous side effects are associated with using
heparin (8, 14-16). Heparin acts on AT-a plasma protein (MW~58,200), which decreases the
activity of thrombin, thus preventing thrombin from cleaving fibrinogen to generate a stable clot
(8, 15, 16). Heparin is an exclusive product of mast cells, and is released during degranulation
of mast cells (15, 16). Heparin and HS have the same disaccharide repeating units. However,
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HS contains lower sulfation level than heparin. It is believed that aHS expressed on the
endothelial cell membrane binds to AT to exhibit anticoagulant activity (14, 15). It should be
noted that HS and dermatan sulfate also bind to heparin cofactor IlI, which plays a role in
regulating anticoagulant activity (8, 14-16).

The AT-binding heparin contains a structurally defined AT-binding saccharide
sequence, a pentasaccharide with the structure of —GICNS6S-GICUA-GICNS3S+6S-IdoUA2A-
GIcNS6S- (for structure see figure 2) (14). The AT-binding site is the essential motif to confer
anticoagulant activity to heparin. Indeed, a synthetic AT-binding pentasaccharide
demonstrated very promising effects on the prevention of deep-vein thrombosis (8, 14-16). It
is known that a pentasaccharide without the 3-O-sulfation has a decrease in the binding
affinity by 18,000-fold (14, 15). Despite the success in determining the saccharide structure
of the AT-binding site of heparin, the knowledge on the structure of the AT-binding site of HS
is still limited.

Figure 2. The structure of AT-

CH2080; gooH OH:OR CH20803 binding pentasaccharide. The 3-
oH = O-sulfation of glucosamine residue (3-
\0 0803 /<|'9 >\ O-sulfation is in red) is the critical
NHSO NHSO, NHSOg modification to generate the AT

binding site. GICNS6S, GIcUA,
GIcNS6S  GIcUA  GIcNS3S+6S IdoUA2S  GleNS6S GIcNS3S6S, IdoUA2S and GIcNS6S

represent the abbreviation of the
individual monosaccharide residue.

3-OSTs add unique specificity to heparan sulfate (HS). Diverse structures in HS are
generated by the actions of various 3-OST isoforms. 3-OST-5 generated HS is a unique set
of modified HS, which produces both aHS (an anticoagulant HS that binds to AT) and a site
that binds to gD-a major envelope glycoprotein that participates during HSV-1 entry.
Therefore, 3-OST-5 modified HS is an ideal target for phage display peptide screening,
generating unique peptides with multiple usages. Theoretically, some of these peptides could
even enhance AT binding to aHS, thus generating agents that can severely retard blood
coagulation.

30ST Modification results Modified HS are ligand for Novel peptides
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* 13- sulfation at different sites on HS chain; 305T7-2 £ 4 isoforms are not well studied.

Relevance of the research:

There appears to be an intricate relationship between HSV infection and regulators of
anticoagulation. The viral glycoprotein gD and AT appear to bind aHS, which is in turn, has a
regulatory role in retarding coagulation. Thrombosis disorders continue to be a major cause
of morbidity and mortality, resulting in an increased need for anticoagulant therapy (1, 22).
Unfortunately, low molecular-weight heparin introduced in the past decade causes several
problems, primarily bleeding complications that may prove fatal (23). Therefore, the need for
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safer and more effective antithrombotic agents clearly exists. It is well known that large
quantity of HS, a highly sulfated polysaccharide, is present on the surface of endothelial cells
of the blood vessel walls (21). The HS is involved in monocyte adhesion and anticoagulation
(8, 14-16). The binding of endothelial cell surface HS and AT controls the blood coagulation
process. Itis now known that the AT participates in the regulation of blood clotting in both
physiological and pathological stages. For instance, the interaction between HS and AT
plays critical roles in anticoagulation as well as in anti-inflammatory process (14-16; 24).
Interestingly, specific saccharide sequence generated by 3-OST-5 also binds HSV-1 gD (5,
7). Several reports suggest that herpes infections potentially play a very significant role in
atherosclerosis (25-27). It has also been shown that presence of HSV-1 antibodies leads to
a two fold increase in the risk of heart attack and death from heart disease (28). Further, it
appears that HS and modified HS play a key role in many physiological and pathological
processes (5, 7, 29-31). Our goal is to exploit versatile technique of phage display to isolate
short peptides against aHS (3-OST-5 modified HS) that affects AT and HSV-1 gD binding
sites. The peptide that enhances AT binding to aHS could serve as an anticoagulant agent,
on the other hand the peptide that occupies gD binding sites on aHS will interfere with HSV-1
entry and therefore it will be potentially anti-HSV agent. Clearly, the isolated peptides will
represent a new class of potentially therapeutic reagents. In addition lack of antibodies
against heparan sulfate is a limiting factor in heparan sulfate related research. The peptide
isolated during this study is likely to provide useful reagents and information on the structural-
functional properties of heparan sulfate.

PRELIMINARY STUDIES
Isolation and characterization of heparan sulfate 3-O-sulfotransferase isoform 5 (3-

OST-5):

Our laboratory has recently cloned and characterized a novel isoform of heparan sulfate 3-O-
sulfotransferase, designated as 3-OST-5. The open reading frame of this protein, assigned
as 3-OST-5, was amplified from a human placenta cDNA library using specific 5’- and 3’-
primers. The isolated 3-OST-5 cDNA contains 1041 bp and the deduced peptide of 346
amino acid residues predicts a type || membrane-bound protein. We discovered that 3-OST-5
synthesizes AT-binding and gD-binding HS and also mediate membrane fusion (5,7). These
results serve as the foundation for this proposal.

The activity of 3-OST-5in assisting herpes simplex virus type-1 (HSV-1) entry and
Spread: ant CHO K1 cells transfected with 3-OST-5 gain susceptibility to HSV-1

§ Figure 3. Entry of HSV-1 into wild-type CHO-K1 cells
.+ and 3-OST-5 transfected CHO-K1 cells. At 36 hour after

- transfection, the cells were exposed to recombinant strain of
HSV-1 (KOS-gL86) at 100 pfu/cell. Six hour later, the cells
were washed, fixed, and incubated with X-gal to identify
% blue cells. As shown in the figure 3A, the mock transfect
cells are resistant to HSV-1 entry (no blue cells) in contrast
to 3-OST-5 expressing cells (blue cells) as previously
reported (5). Recently we found that 3-OST-5 mediates both
HSV-1 entry and viral spread (7).

CHOK1 cells 3.05T5 cells

HEV-1 entry

Identification of a 3-OST-5 and gD-binding 12-mer novel peptide by phage display library
screening: Our initial phage screening against CHO-K1 cell line expressing gD in the lab has
shown encouraging results in terms of blocking HSV-1 entry. A gD-binding phage, @ gDn, was
isolated by subtractive panning approach. @ gDn itself was screened for ability to block entry
first and later the outer coat peptide encoded by & gDn was synthesized and examined for
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entry blocking. As shown in figure 4, the peptide blocks entry of HSV-1 in 3-OS HS cells in a
dose dependent fashion. These peptides are being further characterized in our laboratory.

—&— AntigD (LTPSDYTKRETK)
—O— Control (HSFTQGEAGRDC)

Viral entry (0D,,,)

Figure 4. Inhibition of viral entry by anti-gD

125 2.5

5 10 20

Anti-gD peptide (pg/pl @ 5.5 x 10°PFUMwell)

peptide. An anti-gD peptide was isolated using
phage display peptide libraryscreening against gD-
expressing CHO-K1 cells. Indicated doses of either
anti-gD peptide (LTPSDYTKRETK) or the control
peptide (HSFTQGEAGRDC) selected against a
streptavidin target were pre-incubated with sucrose
density gradient purified HSV-1(KOS)gL86 at 5.5x10°
PFU/well; 30 min later the virion-peptide mixture was
used for infecting 3-OST-3B-expressing CHO-K1
cells. The infection was allowed for 6 h and the cells

were then processed for entry using entry assay.

Similarly, phages were isolated against 3-OST-5 expressing CHO-K1 cells. The amino acid
sequences of the peptides encoded by the gD and aHS (3-OST-5) binding phages are shown
in the Table 2 below. The peptides will be synthesized and characterized as part of this

proposal.

Table 2: Amino acid sequence of phage-displayed peptides identified by screening
against CHO-K1 cells expressing HSV-1 gD and 3-OST-5.

gD-1 3-0OST-5
Peptide Sequence | Frequency” Peptide Sequence Frequency
12pgD1-1? | rlqqlstnrigv 6 12p30SHS-1 | afnciglsacfr 3
12pdD1-2 | rlqqlsqgtvigl 1 12p30SHS-2 | ernnyaaaslr 1
12pgD1-3 | ehlqtvltgtsf 1 12p30SHS-3 | rlqqlgkfgflg 1
12pgD1-4 | rgfgkgfghklc 1 12p30SHS-4 | qtlttfgqivig 1
12pgD1-5 | ernngrnceqqf 1 12p30SHS-5 | rlgqlstnrfgv 1
12p30SHS-6 | rlgghfqqivig 1
12p30SHS-7 | fnciglsacfrg 1
12p30SHS-8 | llivsvyqglafe 1
12p30SHS-9 | plivsvyglafe 1

& the prefix 12 designates the number of amino acids in the sequence followed by the peptide number.
® number of times a particular peptide sequence was identified by sequencing of phage DNA.

Alternative to peptide screening: synthetic inhibitors of 3-OS HS: In collaboration with Dr.

Desai at VCU (letter attached) we examined five small poly-sulfated flavanoids or small
molecule heparin “mimics” for ability to block HSV-1 entry. Among them GTG16 (Figure 5A)
blocked entry in multiple cell-types including HelLa
and 3-OST-5-expressing cells (data not shown).

Figure 5. A. Chemical structure of GTG16. B.
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Viral entry blocking assay. Identical (10°) units of a
recombinant p-galactosidase-expressing HSV-1(KOS)
virus were treated for half hour at room temperature with
2-fold serial dilutions of GTG compounds (as indicated in
the figure). After the treatment, virus particles were used
for infecting HeLa cells in 96-well tissue culture dishes.
Six hours later, the cells were permeabilized and
assayed for f-galactosidase activity. The values shown
(means of triplicate determinations) represent the amount
of reaction product detected spectrophotometrically
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(ODy4y0) at the plague forming units (PFU) indicated.

3) Research Design and Methods:

A. Choices and Rationale:

My decision to focus on 3-OST-5 modified heparan sulfate (aHS) stems from the following
reasons:

(i) It is becoming increasingly clear that discrete modifications within HS give rise to unique
protein binding sequences. In this regard, 3-OST-5 is even more interesting, since the HS
modified by this enzyme exhibits the unique property of binding both AT and HSV-1 gD and it
also participates in HSV-1 induced cell fusion and viral spread (5,7). Peptides that recognize
AT and gD binding motifs would provide useful and very significant structural information on
aHS compared to the aHS generated by 3-OST-1.

(ii) The peptides isolated would be useful for blocking HSV-1 entry, as diagnostic tools for 3-
OST-5 expression in various cell types, and also for affinity purifying highly anitcoagulant HS.
(iii) We have already developed a protocol for isolating phages that recognize HSV-1 gD and
aHS generated by 3-OST-5 (32).

B. Critical Materials Available:

(@) Plasmids expressing 3-OSTs, and viral envelope proteins. Our study will require
plasmids expressing human 3-OST-1, -2, -3A, -3B, -4, -5, -6 isoforms. These plasmids
are all available in my mentor’s laboratory.

(b) Cell lines. The pre-screening for the phage library will be initiated with wild-type
Chinese hamster ovary (CHO-K1) cells and later with target CHO-K1 cells stably
expressing aHS. These cells along with CHO-K1 cell-lines that stably express gD-1, 3-
OST-1, 3-OST-3A, 3-OST-3B, and 3-OST-5 are all available in the laboratory. Stocks of
naturally susceptible cells (Hep2, HeLa and Vero) are also available.

(c) Antibodies and soluble proteins. Polyclonal antisera and monoclonal antibodies
(mAbs) specific for human 3-O-sulfotransferase-3, and many of the HSV envelope
glycoproteins are available in my mentor’s laboratory. Dr. Jian Liu (University of North
Carolina-Chapel Hill, letter attached) has monoclonal antibodies against 3-OST-3s and
gD binding octasaccharide that will also be available for us. Soluble forms of HSV-1 gD
and AT are also available in our laboratory or through our collaboration.

(d)  Virus strains. Characterization of peptides that interfere with HSV-1 gD binding sites
on aHS will require recombinant HSV-1 KOS strain for entry assay. This and many
other strains are available with us.

(e) Instruments, space and required reagents. Our lab has all the necessary
instruments, lab space (1000 sq ft) and reagents for the planned experiments. A 12-mer
PhD library from New England Biolabs (Beverly, MA) is available in our lab. A 96 well-
plate reader [Molecular Devices, Spectra MAX 190], -80 C freezer for storage of cell
and viral stocks, many high and low speed centrifuges, biological safety cabinets,
incubators for bacteria, cell and virus culture, florescent microscope (Zeiss Axiovert 200
M), environmental shakers and thermal cycler (PCR). In addition, our Department of
Ophthalmology-Visual Sciences has a molecular biology core facility fully equipped with
a Beckman automated DNA sequencer. The peptides will be synthesized from the
protein biochemistry facility at UIC.
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C. Research design and procedure to accomplish the specific aims:

AIM 1: Screening of a phage display library against aHS expressing CHO-K1 cells.

Rationale: In order to aid the studies addressing the significance of aHS, small random
peptides that bind aHS will be isolated using phage display (PhD) screening, which is an
efficient way of screening more than a billion variant peptides against a target of interest. The
aHS binders that also block entry will be useful for assessing the significance of this molecule
in cells and tissues. Given the small size of peptides, blocking is expected to be very specific.

Experimental Design and Methods: The technology is an in vitro selection technique in
which a peptide is genetically fused to a coat protein of a non-lytic bacteriophage (M13) (34).
This results in the display of the fused protein on the exterior of the phage virion while the DNA
encoding the fusion resides within the virion (35). The physical linkage between the displayed
peptide and the DNA encoding it allows screening of greater than a billion variant peptides
against the molecule of interest, i.e. aHS produced by 3-OST-5, in our case. Screening of
phage display libraries is usually accomplished by an affinity selection (or bio-panning) process
during which phage populations are exposed to targets in order to selectively capture binding
phage (36). We plan to screen a PhD library using intact cells with aHS expressed in its native
form on cell-surface. Since a given cell type will have hundreds or thousands of different
receptors, as a result, simple panning against intact cells will likely yield a complex mixture of
peptides with no clear consensus. Therefore, to specifically target the library to aHS,
subtractive panning will be carried out with cells that do not express aHS (also summarized in
the figure below). This will be accomplished by using two cell lines: wild-type CHO-K1 cells
and CHO-K1 cells stably expressing aHS or 3-OST-5. The aHS produced by the 3-OST-1 will
be used as a control. Under this approach, wild-type CHO-K1 cells will be used for
prescreening the library (two times).

Phage Display Technique

Population of DNA variants

!.-'_;" ——
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An attractive aspect of phage display is that provided appropriate libraries can be obtained, the
technique is simple, cheap, rapid to set up, and requires no special equipment.

The process of careful prescreening is a critical step. The overall success of the entire
screening process is dependent on this step. Incubating the PhD library once and using the
supernatant again to incubate with CHO-K1 cells will achieve the desired results of
prescreening. To start the actual screening, the supernatant containing unbound phages will
be added to aHS cells. Phages that bind aHS cells will be eluted and amplified by propagation
in E. coli host strain (ER2738), and taken on to the next round. Two to three rounds of
selection will be carried out to select for the specific binders. Low concentrations of
detergent (Tween-20) in the early rounds will result in high eluate titers, and the
stringency can be gradually increased with each round by raising the Tween
concentration step wise to a maximum of 0.5%. This would allow selection of high
affinity binding phages. For final selection, the eluted phages will be plaque purified on soft-
agar plates. One way of selecting phages for further processing would include selection of
plaques with clear differences in sizes or morphology; otherwise, a few plaques will be
randomly selected. Phages thus isolated from the selected plaques will be individually
amplified; DNA will be isolated, and sequenced.

Interpretation of results, potential problems and alternative approaches: Since we have
already identified a peptide by phage display screening that binds gD and blocks entry (32),
and recently we have isolated and sequenced some phages that bind specifically to 3-
OST-5 expressing CHO-K1 cells (Table 2), we are very optimistic that our phage display
screening against aHS would also result in identification of several new and potentially very
useful peptides. In case, if subtractive panning fails to yield aHS specific peptides, then we
plan to use commercially available HS (ICN) and modify it in vitro by purified 3-OST-5 [5] for
panning. No pre-screening will be required and 2-3 rounds of screening should yield a
collection of peptides, which could then be characterized as described above. The only
problem with this approach is the potential loss of important epitopes after direct coating onto
wells. If that is a concern then we would use streptavidin to coat wells and then add
biotinylated aHS. This would restrict any significant epitope loss (however a prescreening
against biotin-streptavidin will be required). To determine the specificity, peptides will be
tested against purified aHS (provided by Dr. Jian Liu) and also against aHS expressed
on CHO-K1 cells expressing 3-OST-5 and 3-OST-1. In any case, the isolated peptides
will have multiple valuable uses in the future.

AIM 1.2: Characterization of aHS peptides isolated using phase display technology.

Rationale: Peptides that bind aHS may become novel tools for structure-function studies and
for defining the significance of aHS in HSV-1 entry and AT binding. The goal of this aim is to
test if a subset of aHS binding peptides identified on the previous aim would block gD and/or
AT binding to aHS and to determine if AT blocking peptides block interactions with aHS
generated by 3-OST-5 and 3-OST-1.

Experimental Design and Methods: After confirming the binding to aHS (described
above), the peptides will be examined for ability to block the interaction between aHS/gD and
aHS/AT. To examine the blocking of interactions, ELISA based binding assay will be used. A
96-well ELISA plate will be coated with aHS (commercially available HS modified in vitro by
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purified 3-OST-5 has been provided by Dr. Jian Liu, [7]), and incubated with serial dilutions of
individual peptides. Fixed amount of either soluble gD or AT will be added to ELISA wells.
Secondary reagents (anti-gD and anti-AT antibodies along with horseradish peroxidase
conjugated tertiary antibodies) will be used for probing bound gD or AT. If isolated peptide
binds to aHS or gD, the corresponding antibody (anti-AT binding antibody or anti-gD
antibody) will provide the positive signal. Once the peptide that block gD binding are
identified, they will then be examined for ability to block HSV-1 entry in a naturally susceptible
cell lines available in the lab and other HSV-1 entry receptor (nectin-1, HVEM or 3-OST-5)-
expressing stable CHO-K1 cell line. The effective dose (EDsp) determinations will be made
using a standard viral dose (usually 1PFU/cell) and several dilutions of the peptide as shown
for an entry blocking peptide identified using the above procedure (preliminary results
section). Peptides that block entry will also be tested for cytotoxicity using ToxiLight non-
destructive cytotoxicity bioassay kit, following manufacturer’s instructions (Cambrex). Only
those peptides that do not cause any significant cytotoxicity will be considered useful for
future applications. The peptides that block AT binding will be tested for ability to block the
interaction of aHS generated by 3-OST-5 with AT using ELISA (as described above). The
aHS/AT interaction blocking peptides will also be examined for ability to interfere with
interaction of aHS generated by 3-OST-1 (will be provided by Dr. Liu). Estimation of binding
affinity will be performed using affinity co-electrophoresis [17]. Briefly, HS from
commercial sources (ICN Biosciences) will be modified in vitro by incubation with
purified 3-OST-5 and [**S] PAPS (as the sulfate donor). Alternatively, metabolically
labeled [*S]aHS will be isolated from 3-OST-5-expressing CHO-K1 cells by tryptic
digestion and immuno-purified [17]. Electrophoresis will be performed with dilutions of
purified peptide incubated with constant amount of [**S]aHS. The [*S] intensity will be
plotted against the migration distance through the separation zone to define the
distance migrated in the presence or absence of the peptide. As shown before [17], it
is expected that the migration of HS will be retarded by the presence of the interacting
peptide, with the degree of retardation dependent on the peptide concentrations. From
these data the Kpfor interaction of HSwith the peptide will be calculated by the
Scatchard equation. These results will generate information on the affinity for a
particular interaction between a peptide of interest and aHS. As an alternative to
affinity co-electrophoresis, competition ELISA would be used. If the peptides can
compete for gD and/or AT binding to aHS, then it would be a good indication of strong
affinity binding to aHS.

Interpretation of results, potential problems, and alternative approaches:

It is likely that multiple rounds of prescreening and stringent washing conditions
would facilitate isolation of high affinity binding peptides. Strong affinity should be
evident from the experiments proposed above, or from the ability of the peptide to block
entry. Still, if some weak binding peptides were isolated then such peptides would
provide the template for designing strong affinity peptides. Since, it is possible that
minor variations of amino acids could yield even stronger binding peptides. By the
same token, some degree of convergence is expected among the peptides isolated,
which in fact, would help determine the consensus sequence required for a particular
epitope binding.

After the characterization of peptides as described above, we expect to obtain three
sets of peptides. These are (i) aHS binding peptides that block AT binding, (ii) aHS binding
peptides that block gD binding, (iii) aHS binding peptides that block both gD and AT binding. It
is also possible, although less likely, that we may isolate aHS binding peptides that do not

34 Tiwari, Vaibhav
Applicant



block either gD or AT-binding. Therefore, depending upon the specificities, the following
different combinations of peptides and their usage are discussed below.

The possible properties of the isolated peptides against aHS

[

Short peptide recognizing —~ X 1. Peptide blocks AT binding site
structural-functional motifs on aHS | @

Potential usage: Biochemical;

structural-functional analysis
AT QD H

.’“ .‘_ W < @ 2. Peptide enhances AT binding

Potential usage: Anticoagulant agent

Peptide screening

x
\

|
X 3. Peptide blocks gD binding site

@ Potential usage: Anti-HSV agent;
structural-functional analysis

Thus it is clear that these peptides will have multiple uses as to block viral infections, tools to
detect expression of various forms of aHS (gD binding and/or AT binding), to affinity purify aHS
(obviously this form of aHS will be about 10,000 times more potent in anti-coagulation ability),
and also to study structure-function differences between different regions and forms of aHS.
These peptides will aid deeply in our understanding of HS produced by not only 3-OST-5 or -1
but also the HS generated by various other 3-OSTs ranging from 3-OST-2 to 3-OST-6. We are
very well familiar with all the assays described above; therefore it is unlikely that our peptide
screening would not result in useful peptides. As indicated above, screening will be first
performed against cell-surface expressed aHS but if that fails then purified aHS will be used for
panning. Dr. Jian Liu has already provided us with both forms of aHS. If screening fails
against both forms, then small synthetic molecules generated by Dr. Umesh Desai will be
tested for ability to block gD binding and AT binding to aHS. Dr. Desai is a formal collaborator
of my mentor (Dr. Shukla) and is synthesizing about 20 different small molecules that mimic
HS in different aspects. In any case, phage display screening and other assays described in
this proposal would allow me to gain experience with some versatile and emerging techniques
and also these will enhance my overall knowledge in the field of virology and its significance to
cardiovascular/stroke-related science.

b) Tentative sequence for the investigation: Work on AIM 1 has already begun; we have
isolated and sequenced 9 phages with aHS (3-OST-5) binding property. Many others were
eluted but need sequencing that we hope to finish within the first year of funding. Any
additional rounds of panning and sequencing against purified aHS will also be performed
during the first year. Based on the sequence, the peptides will be designed and the process of
characterization (gD/At binding, HSV-1 entry blocking, cytotoxicity, etc) will be completed
within the second year.

35 Tiwari, Vaibhav
Applicant



c) Statistical analysis: All the data will be analyzed statistically by using Analysis of Variance
(ANOVA) and Duncle Multiple Range Test (DMRT) to define the statistical differences between
the values. We will repeat the experiment at least three times and use Sigma-plot version 8.0
to get standard deviation and standard error curves. The data will be plotted in a dose-
dependent manner and at single point.

d) Alternative approaches to achieve aims: As an alternate to peptide screening, the
small molecule heparin mimics (small poly-sulfated flavanoids) may be screened for ability to
block aHS mediated gD and AT binding. Dr. Umesh Desai (VCU; letter attached) and
colleagues are developing many such mimics, which will be sent to us for further
characterization. The mimics that block entry would be analyzed for ability to block gD binding
to aHS and also for any effects on AT binding. Some preliminary data is included with this
proposal. Eventually cytotoxic effects of the mimics and/or peptides will also be analyzed.
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