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Figure 4. The 2 chosen binding sites that ligand 22594527 binds to. The first site
comprises residues PRO619 and TRP616 (a) and the second site compromises PRO612
and TYR613 (b). The distance between the free aminogroup of the first ligand binding to
site (a) and that binding to site (b) was found to be in the range 26-27.5 A (c).
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analyzing the results (filtering, visually inspecting and determining virtual screening hits.

Thirty one hits were chosen to be tested in vitro.

2.2.  Surface Plasmon Resonance

SPR analysis was performed using a Biacore T100 workstation (GE Healthcare,
NJ, USA). A recombinant form of the CD81-LEL protein with a GST-tag (Shoshana Levy
Lab - Stanford) was used to determine the binding affinities of the 31 ligands. 10 uM
CD81-LEL-His diluted into 10 mM sodium acetate buffer pH 4.5 was immobilized for 15
min at a flow speed of 5 ul/min onto a CM5 sensor chip using amine coupling (EDC-
NHS). Approximately 20,000 RU of protein were immobilized on the chip. The ligands
were prepared as 200 uM solutions in PBS-1% DMSO (the running buffer) and they were
introduced to the protein using a pre-programmed 3 min association and 1 min

dissociation interval.
2.3.  Antibody Neutralizing assays

For antibody neutralization assay Raji cells were used, a human B cell line that
expressed high amounts of CD81 on the surface (data not shown). Cells were grown in
RPMI medium (10% FCS, 1% penicillin/streptomycin, 1% L-glutamine, 1% non-
essential amino acids, 1% sodium pyruvate, pH 7.4, at 370C with 5% CO2). 2x10° cells
were incubated with or without different concentrations (50 uM, 100 puM, 400 uM and 1
mM) of indicated inhibitor for 20 min at room temperature, subsequently 1 ul (16 ng/ul)

of FITC-labeled anti CD81 antibody (BD Pharmingen, 551108) was added to the cells
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and incubated for 20 min (antibody titration was performed to obtain a working dilution
range, data not shown). Cells were washed and analyzed by FACS (BD FACSCalibur,
software: Cell Quest Pro). Mean Fluorescence Intensity MFI was calculated using Flowjo

software (TreesStar, www.flowjo.com).

2.4.  Mosquito Infection

Anopheles stephensi mosquitoes were fed on mice infected with Plasmodium
yoelii 17XNL parasites. On day 14 post bloodmeal, salivary glands were harvested,
homogenized, sporozoite number was determined using a hemocytometer and the
indicated number of sporozoites was added to cell monolayers. Plasmodium falciparum
sporozoites were generated by membrane feeding An. stephensi mosquitoes using

gametocyte cultures generated in vitro.
2.5.  Cells and antibodies.

HepG2-CD81 cells (8), which are derived from human liver carcinoma and express
CD81, were maintained in DMEM supplemented with 10% fetal calf serum and 1 mM
glutamine (DMEM/FCS). Monoclonal antibody (mAb) 2E6 was used for development
assays and is directed against Plasmodium Hsp 70 (9) and mAb 2A10 is directed against

the repeat region of P. falciparum CSP and was used for invasion assays.
2.6.  Invasion and development assays.

5 x 10° HepG2-CD81 cells were plated on collagen coated Lab-Tek wells and allowed

to adhere overnight. The following day, cells were preincubated with 400 uM of



http://www.flowjo.com/
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compound for 30 minutes at 37°C. Controls were pre-incubated with DMSO at the same
concentration in which it was found in the compound solutions. 10° sporozoites were
added to each well and in the case of P. falciparum, incubated for 1.5 hours and scored
for invasion whereas in the case of P. yoelii, incubated for 44 hours and scored for

exoerythrocytic stages.
3. Results

Eight out of 31 ligands were found to bind to CD81 using surface Plasmon
resonance based assays (Table 1 — Figure 3). Ligand 87504 was found to be the one with
the most desirable binding-dissociation behavior having the highest binding RUs. Ligand

90444 and 93033 are considered of comparable binding and dissociation.

In addition, the eight ligands had inhibitory effect on CD81: antibody interaction
(Table 2). As shown, they were found to have a better inhibitory effect at concentration

of 400uM when compared to that of 200uM.

When sporozite infection assays were conducted with the ligands, four ligands
were found to inhibit P. yoleii (7962, 73735, 90444 and 75866) whereas ligand 40614
exhibited an interesting action where it enhanced the infection with P. yoelii (figure 4).
Inhibition of P. berghei by both ligands 7962 and 73735 was detected when using Hepl-
6 hepatoma cells whereas 90444 and 75866 didn’t inhibit P. yoleii or P. berghei in Hepal-
6 cells. Ligand 40614 was found to be consistent in enhancing development in both P.

yoleii and P. berghei in both Hepal-6 and Hep2G cells (figure 5). As for the infection by
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P. falciparum, 7962 and 73735 were found to inhibit the infection with this species. On

the other hand, 40614 wasn’t found to enhance infection with Pl. falciparum (figure 6).

During our in silico analysis of the binding modes of 7962 (the most promising
drug lead among the five tested compounds), we found that there are a number of 7962
conformations that interacted with the 21 amino acid sequence and Aspl37 that were
known to be important for malaria infection (figure 7). As for 73735, some conformations
interacted with the peptide sequence and others bound near Aspl37 (figure 8). The
majority of 40614 ligand conformers did not interact with the peptide sequence nor near
Asp 137. Only two 90444 ligand conformers were found to bind (weakly) nearby the
peptide but not close to Aspl137. As for 75866, only few 75866 ligand conformers were

found to bind nearby the peptide sequence but none were found to bind near to Asp137.

Upon calculating the percentage of infection inhibition of the 3 PI. species by the
five ligands, 7962 was found to exhibit a 100% inhibition of all 3 species whereas 73735
was found to possess an inhibitory percentage of 96.8%, 77%, and 82.3% of infection

with P. falciparum, P. yoleii and P. bergeii respectively.

4. Discussion

Upon conducting virtual screening runs, 31 ligands were selected to be the first set
for conducting experimental validation using surface Plasmon resonance. Eight of the
virtual screening hits were found to bind to CD81 using surface Plasmon resonance.
Ligand 87504 was one of the ligands that showed best binding and dissociation thus when

going back and analyzing it’s in silico binding behavior it was found to bind to several
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residues in the stretch of 21 amino acid residues identified by Yalouli et al. (7) to be

involved in Plasmodium : CD81-LEL interaction (figure 1).

Those eight ligands were further tested using antibody neutralizing assays and
were found to inhibit anti-CD81 binding to CD81-LEL in a dose dependent manner where
the 400uM concentration gave better inhibitory effect compared to the 100uM of the

ligands ranging from % of inhibition of 17% to ~30%.

There are three features of 7962 and 73735 (ligands that block sporozite infection)
that docking experiments suggest may distinguish them from 40614, 90444 and 75866
(ligands that do not block infection): (i) 7962 and 73735 conformers, in general, bind more
strongly to CD81 (1-3kcal/mole). (ii) The strongest binding conformers of 7962 and
73735 were found to bind to the red site A (figure 7, Figure 8). (iii) The higher number of
7962 and 73735 conformers are predicted to bind to or nearby Asp137; where none of the
40614, 90444 or 75866 conformers were predicted to bind near or to Asp137 which was
shown to be essential for infection. Collectively, these data suggest that ligand 7962 would

help generate a promising drug to treat several species of malaria.
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6. Figures

Figure 1. Stretch of 21 amino acid residues involved in plasmodium sporotzoites:
CD81-LEL interaction. Red, Green, Blue: amino acids surrounding three main ligand
binding sites. Light orange: V135-D155 - Dark orange: D137 (7).
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Figure 2. The 3 sites chosen on CD81-LEL to undergo virtual screening runs. Those
sites were based on the stretch of 21 amino acids where the site containing those residues
was fragmented into 3 subsites and each of them included other residues.
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Figure 3. Bar chart representing the change in response units of the ligands that were
found to bind to CD81-LEL using surface Plasmon resonance. The chart shows that
87504 had the best binding — dissociation behavior with CD81-LEL whereas 90444 had
the least desirable binding-dissociation behavior.
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Figure 4. Inhibition of P. yoelli Infection of HepG2 Cells. Ligand 7962 was found to
have the strongest inhibitory effect followed by ligand 73735, 75866 and 90444. Ligand
40614 was found to enhance the infection with PI. Yoleii in HepG2-CD81(a). The gliding
Assay(b).
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Figure 5. Inhibition of P. yoelli & P. berghei Infection of Hepal-6 Cells. Ligands were
tested using Hepa 1-6 cells which express less CD81 so as to see the difference in behavior
compared to HepG2 cells that express higher no. of CD8I...It was found that both
Ligands 7962 and 73735 exhibited an inhibitory effect yet, ligands 90444 and 75866
didn’t show any inhibitory effect in case of Plamodium yoleii (a) and Plasmodium berghei

(b).
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Figure 6. Comparison of Inhibition of P.y. and P.f. Infection of HepG2 Cells. The
results of ligands tested using HepG2 cell line (a) were compared to its effect on infectivity
of P.y and P.f. It was shown that ligands 7962 and 73735 affect the invasion step and not
post invasion whereas ligands 90444 and 75866 affects steps other than invasion where
in case of P.f. invasion is the only step observed (parasites inside ersus outside of the cell).

40614 does not enhance infection in Pf (may affect post invasion event) (b).
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Figure 7. The different binding modes of 7962 to CD81. A number of 7962
conformations interacted with the 21 amino acid sequence and Asp137 that were known
to be important for malaria infection.
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Figure 8. The different binding modes of 73735 to CD81. A number of 7962
conformations interacted with the 21 amino acid sequence and Asp137 that were known
to be important for malaria infection.
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7. Tables

Table 1. Surface Plasmon Resonance Experiment. This table shown the change in
response units in relation to binding and dissociation of the 8 ligands that were tested.

Dissociation 2

Ligand ID Binding (RU) | Dissociation 1 (RU) | (RU)

87504 72 57.9 42.6

40614 52.5 50.8 43

7962 43.6 14.7 10.1

30930 38.6 26.8 21.8
98026 36.6 35.9 28.1

75866 14.3 18.9 11.3

93033 6.7 16.8 7.9

90444 -1.7 13.1 5.6
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Table 2. Percentage of infection inhibited by the 5 tested ligands in the 3 Plasmodium
sp. Two cell lines were used to show the reduction in infectivity of PI. sporozoites (HepG2
cells and Hepa 1-6)

Ligand Percent Infection
HepG2-CD81 Hepal-6 Cells

P.f. P.y. P.y. P.b.
73735 3.2 23 38.3 17.7
90444 98.7 44.3 222 95.6
7962 0 0 0 0
40614 86.2 234 238 167
75866 84.2 42.6 122 135
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CHAPTER VIII
CONCLUSIONS

AutoDock and its tool AutoLigand proved to be very helpful in identifying
potential ligand binding sites on the surface of CD81-LEL. In addition to generating fill
points for each cavity and using the collective points to provide information about the
volume and depth of the cavity, a feature common to most docking programs, properties
were identified for specific point groupings (features equivalent to atoms or functional
groups) that would optimize the ligand’s interaction with specific atoms lining the inner
surface of the cavity. Using AutoLigand, we also increased our efficiency of identifying
new molecules that bound to the protein. Previous studies using earlier versions of
AutoDock that did not contain AutoLigand yielded results in which 25-55% of predicted
binders actually bound to the target protein when tested experimentally. The virtual ligand
screens (docking runs) performed in this study led to the identification of a diverse group
of new small molecules that bind to CD81-LEL. A set of 36 ligands were tested by SPR
and DPI to obtain a set of 26 new molecules we can use to develop inhibitors that block
HCV invasion. Four of these ligands were observed to exhibit stronger or similar binding
to CD81-LEL as benzyl salicylate, a small molecule reported to be a moderate inhibitor
blocking the binding of HCV E2 to CD81. One of these ligands, 689002, has been found
to inhibit the binding of HCV E2 to CD81-LEL. 689002 and the other ligands identified
in this study will be used to develop second generation leads that bind more tightly to

CD81-LEL using fragment-based drug design methods, and different combinations of Site




174

1 and Site 2 ligands will be linked together to create selective high affinity ligands called

SHALs.

Two ligands, 689002 and 93033 were linked together to form a bidentate SHAL
(SH7153). Using SPR analysis, SH7153 was found to bind to CD81-LEL when tested
using SPR. But flow cytometry assays and HCV infection inhibition assays showed that
SH7153 didn’t have an inhibitory effect. This might be either due to the length of linkers
which might need optimization or exchanging one of the two ligands with a new ligand

that shows better binding mode in silico.

HCV E2 glycoprotein has a major role in the viral entry and its pathogenic effects
being involved in different interactions with different host factors. Several research groups
targeted different HCV proteins like serine protease and polymerase. The availability of
the core structure of HCV E (E2c) (12) makes it feasible to generate a drug that targets
the early stage of HCV via blocking HCV E2 interaction with different host factors.
Although E2 has several hypervariable regions where HVRL1 is highly mutative, targeting
conserved residues in HCV E2 might help generate a drug that treats several HCV

genotypes and subtypes.

In this study a structural model of the HCV E2 protein has been created using the
E2c crystal structure as a template. Docking studies conducted with this model have led
to the identification of 23 small molecule drug candidates that bind to the E2 protein. We

were able to identify a new drug lead, 281816, which was found to inhibit HCV genotypes
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and subtypes (1a, 1b, 2a, 2b, 3, 4a and 6a). This new drug lead might offer a new paradigm
in HCV treatment. It might also be interesting to develop a cocktail of drugs that target
E2 binding site on CD81 and CD81 binding site on E2, hence completely blocking the

HCV E2: CD8L1 interaction and downstream pathogenic effects.

In several studies, SHAL were shown to increase the binding affinity when
compared to single ligands. Hence, an in silico bidentate SHAL (SH2216) based on the
studies on HCV E2 model was designed in silico. 281816 was shown to bind to several
potential binding sites on the created homology model that comprises several significant
residues such as PRO619 and TRP613. Owing to the fact that 281816 doesn’t have neither
free amino group nor free carboxyl group, a search for an analogue that do have one of
these groups was conducted. Ligand 22594527 was found to have a free amino group. It
was docked to the model to compare its binding modes to that of 281816 and it was found
to have the same desirable binding to HCV E2. Two binding sites were chosen and the
distance between the aminogroup of the first ligand and that of the second between the 2
sites was measured and an in silico designed SHAL was designed accordingly linking the

2 ligands with mini-PEG and lysine moieties.

Knowing that CD81 is a common target for HCV and malaria, we identified the
significant residues involved in plasmodium sporozoite: CD81 interaction that are
responsible for sporozoite invasion into the hepatocytes based on previous research done.
We targeted those residues using AutoDock and did virtual screening runs against a

library of ~4000 ligands. Eight out of thirty one ligands tested using surface Plasmon
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resonance were found to bind to CD81. They were further tested using antibody
neutralizing assays to see which inhibit binding CD81 to JS-81 antibody. They were also
found to inhibit the JS-81: CD81 binding. Upon testing 5 of them using sporozoite
invasion assay, Ligands 7962 and 73735 were found to inhibit P. falciparum, P. yoleii and

P. berghei at 400uM conc.

Collectively, the approach adopted throughout the PhD project depended on
determining virtual screening hits based on in silico analysis of the virtual screening
results, testing them using surface Plasmon resonance to confirm binding to the target
protein, followed by antibody neutralizing assays to validate that they may have an
inhibitory effect of the infection and ending with infection inhibition assays and

sporozoite invasion assays.
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CHAPTER IX
FUTURE PERSPECTIVES

A library of promising compounds resulted from this study and this in turn
necessitates the continuation of analyzing other subsets of these compounds for binding
either to CD81 or HCV E2. Additionally, the drug leads that were already identified
should be further tested in cell culture and animal models to be able to conduct

pharmacokinetics and pharmacodynamics studies.

Since generating SHALS is considered a beneficial approach when it comes to
increasing the binding affinity to the target protein. Selecting different hits against CD81
and generating a cocktail of bi-dentate and tridentate SHALS from them would help come
up with a better drug candidate; since as the number of ligands increase in a SHAL, the
binding affinity increase (Bi-dentate = Tri-dentate). It would also be helpful to try
different lengths of the linkers in SH7153 so as to see whether the non-inhibitory effect
was attributed to the linkers’ length being not suitable or to the included ligands

themselves (689002 and 93033).

281816, one of the promising drug leads was found to inhibit HCV in a genotype-
independent manner. Testing it using a suitable HCV animal model would help take a step
further towards confirming if this is a suitable drug candidate for the treatment of HCV.
Additionally, it might be useful to synthesize SH2216 based on the in silico designed one,
test it and compare its inhibitory effect to that of 281816 alone. It would also be interesting

to test other 281816 analogues (figure 1) to observe their inhibitory effect as well.
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The identified drug leads that are targeting the plasmodium sporozoite: CD81

interaction should be further tested using sporozoite invasion assay. This will help identify

the best inhibitors and optimize them further to be suitable drug candidates.
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Figure 1. 281816 analogues that were found to be FDA approved for treating

different diseases.
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Table 1. The 281816 drug analogs and their corresponding indications

Analog/Drug Indications
Amoxapine Antidepressant
Amytryptiline Tricyclic antidepressant
Loxapine Typical Antipsychotic
Quetiapine Atypical Antipsychotic
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CHAPTER X
NOVELTY

The novelty of the work done in this thesis project lies in targeting the entry phase
of HCV instead of the replication and translation process which is targeted by polymerase
and protease inhibitors. The aim of this project was to identify drug leads that have the
ability to block the entry phase of HCV via blocking HCV E2: CD81-LEL interaction and
thus altering any upstream processes. The two main protein targets that were used were
CD81-LEL and HCV E2. In case of HCV E2, a homology model was created based on
the newly resolved crystal structure of the core of HCV E2 (E2c) (PDB ID: 4AMWF), and
this was further used in virtual screening to identify potential hits that could block the
entry phase. This helped identify a promising drug lead (281816) that was found to block
HCV infection and cell to cell transmission. On the other hand, specific residues in CD81-
LEL that were known to interact with HCV E2 from previously published literature were

targeted so as to identity additional set of hits that could block the entry phase.

Beside targeting HCV, CD81-LEL was known to be involved in malaria infection
through interacting/facilitating the internalization of the Plasmodium sp. Sporozoites
invasion into the hepatocytes. Accordingly, we targeted the specific residues in CD81-
LEL that were known to be involved in internalization of malaria sporozoites. This in turn
led to the identification of 2 drug leads that were found to exert inhibitory effects on PI.

falciparum which is one of the most aggressive human plasmodium parasites.
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