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Hantaviruses use o3 integrins on the surface of human host cells as a gateway to invasion, hence com-
pounds that target this receptor may be used as antiviral agents. To accomplish this aim, new peptidom-
imetic compounds were selected based on similarity to a cyclic peptide known to bind the o3 receptor.
This first round of biological screening identified peptidomimetic molecules which were effective hanta-
virus inhibitors in the low micromolar range, two thousand times more potent than the original cyclic
peptide. Pharmacophore models were built to broaden the structural diversity of the second set of com-
pounds screened. Structure-activity relationships (SAR) were drawn from the entire dataset. Further
characterization by dose-response studies revealed that three compounds had potency in the nanomolar
range. Selectivity assays with a panel of hantaviruses supported the mechanism of inhibition by targeting
the o, B3 receptor, through the Bs integrin.

Entry inhibitor

© 2010 Published by Elsevier Ltd.

Hantavirus cardiopulmonary syndrome (HCPS) and hantavirus
induced hemorrhagic fever with renal syndrome (HFRS) are
diseases of global concern. Hantaviruses are from the family Bun-
yaviridae, and are classified according to their geographic distribu-
tion and disease presentation as either New World or Old World
hantaviruses. New World hantaviruses, such as Sin Nombre virus
(SNV) found in North America and Andes virus (ANDV) of South
America, are causative agents of HCPS. Old World hantaviruses
such as Hantaan (HTNV) and Seoul viruses (SEOV) cause HFRS
and can be found in Eurasia.! SNV, which is endemic to the south-
western United States, causes HCPS with a mortality rate
approaching 40%.

These and other pathogenic hantaviruses are carried by wild
rodents of the family Muridae. Hantaviruses are enveloped, nega-
tive-sense RNA viruses. The hantavirus genome consists of three
segments designated L (large; ~6500 nucleotides (nt)), M (middle;
3600-3700 nt) and S (small; 1700 to 2100 nt) which encode,
respectively, an RNA-dependent RNA polymerase (RdRp), a glyco-
protein precursor (GPC) that is processed into Gn and Gc trans-
membrane glycoproteins, and a nucleocapsid protein (N).

There are currently no therapeutic agents with proven efficacy
to specifically treat SNV infection. One effective way to block viral
infection may stem from the inhibition of viral recognition of the
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host cell surface entry receptor. Along these lines, a successful
anti-HIV drug, Maraviroc, was designed based on a key early step
in the viral entry process.? A similar approach can be used to devel-
op anti-hantavirus compounds since o, f3 integrin is known to be a
host cell surface receptor for entry of pathogenic hantavirus.>* We
previously reported specific disulfide cyclized nonapeptides, iden-
tified by use of a combinatorial peptide phage display library,
which bind o,B5 and inhibit SNV entry into o,p3-expressing cells.
From this previous work, one of the most potent peptides,
cyclo-[CPFVKTQLC], was analyzed by a combination of alanine-
scanning and residue deletions to identify the residues critical to
activity. We used the three-dimensional (3D) structure obtained
by NMR studies in 6 of the resulting peptide, cyclo-[CPFVC] as a
template to search for peptidomimetic molecules to block SNV
infection, in a ligand based virtual screening (LBVS) approach.
Dose-response results showed that these molecules are concentra-
tion-dependent inhibitors and a panel of hantaviruses screened
further support the mechanism of these molecules through the
B3 integrin receptor.

Round one of shape and electrostatics similarity studies and biolog-
ical results: In order to begin identifying potential peptidomimetic
compounds which could functionally mimic cyclo-[CPFV(C],
similarity studies using 3D shape and electrostatics of the entire
ChemDiv library were performed using Rapid Overlay of Chemical
Structures (ROCS v. 2.3.1)” based on the three dimensional struc-
ture of this disulfide cyclized pentapeptide obtained by NMR.®
The overall best hits scored around 1.2 using the Combo index,
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which corresponds to 60% of combined shape and electrostatics
similarities. As seen in Figure 1, it is apparent that the low similar-
ity score came from the lack of superposition of the small mole-
cules to parts of the cyclic peptide, specifically the disulfide bond
used for cyclization. Small molecules with drug-like properties
were devised and, in this respect, the aim was not to identify mol-
ecules with a high degree of overall similarity to the peptide, but
instead to identify molecules that could work as surrogates of parts
of its structure with a potency increment.

Molecular similarity with ROCS was pursued once some studies
showed that this ligand-based approach had a hit rate (or enrich-
ment factor) at least as good as docking, if not better, perhaps due
to poor performance of the docking scoring function.® Additional
comparative work showed ROCS to be the best approach among
LBVS methods, providing further support for its use.® Additionally,
ROCS could easily be applied to the entire ChemDiv library. The
top-ranked compounds identified by ROCS were further evaluated
by using a set of drug-like filters.!® We considered using docking
as a follow-up step to further narrow down the list of candidate
compounds for experiments, but several limitations made this less
practical. In particular, the binding site is at the surface, thus the
compounds do not bind in a deep pocket, but rather in a shallow
crevice. This is probably the worst case scenario to expect highly
accurate compound selection results out of a docking method.'!

In the first round of screening,'? 49 compounds were selected
for biological testing, mainly representing three distinct structural
families (Table 1 and Supplementary data). The ability of the com-
pounds to inhibit SNV infection of Vero E6 cells compared to un-
treated controls was determined by immunofluorescent assay
(IFA),'? as previously described.® The following were used as con-
trols: ReoPro (80 pg/ml), a commercially available Fab fragment
of a humanized monoclonal antibody that binds to the o, f3 recep-
tor and partially blocks the hantavirus entry in vitro, a random cyc-
lic nonapeptide, the original cyclic nonapeptide CPFVKTQLC® and
the cyclic pentapeptide CPFVC.® Peptides were used at a concentra-
tion of 2 mM, while small molecules were tested at 1 uM. For rea-
sons that are unclear, neither ReoPro nor other antibodies targeting
integrin B3 completely block viral infection.> As the maximum
effectiveness of ReoPro in inhibiting hantavirus entry in vitro
approaches 80%, we set this as a threshold for maximal expected
efficacy for normalization rather than overinflating the data by
normalization to 100%. This allowed for consistent comparison of
peptide and small molecule activity.

Compounds, sorted by structural family, are shown in Table 1
along with percent inhibition of SNV infection compared to un-
treated controls. Of the 49 tested compounds, one, G319-0078,
inhibited SNV infection by greater than 40%, three compounds by
30-40% (E945-0123, C481-0157 and C481-1998), one compound
by 20-30% (G319-0007) and seven compounds by 10-20%. The
remaining thirty-seven compounds inhibited cell infection by

C481-1998

cyclo-CPFVC

10% or less at the same concentration. These preliminary tests
provided striking results, especially considering that the peptidom-
imetics were tested in micromolar (1 M) concentrations, which is
two thousand times less compared to the reference peptides CPFVC
and CPFVKTQLC (2 mM). Moreover, visual inspection of the host
cells (Vero E6) revealed that the new compounds tested were not
cytotoxic at this concentration.

In family 1A, substituents with aromatic or aliphatic amines
were more potent than the corresponding analogues (C481-0157,
C481-1998, (481-0192, (C481-1669, C481-0290, C481-0444,
C481-0304, C481-1718, Table 1). Despite bearing the amine, com-
pound C481-1893 inhibited by less than 10%, however its longer
substituent at the ortho position may account for its reduced
potency. Likewise, C481-2222 showed poor inhibition which may
be explained by its bearing an alkyl-aryl amine which is not
protonated at the physiological pH due to the conjugation of the
electron pair to the benzene ring.

Family 1B is a series closely related to family 1A, but here mol-
ecules bearing aromatic rings with aryl-alkyl ether were the most
potent of the series. One important exception is compound
C737-1938, which has a cyclohexane. However, the 1B profile is
by no means similar to the results of family 1A. The most striking
difference between Families 1A and 1B comes from the comparison
of C481-0633 and G319-0078 that have the same benzodioxolane
moiety. While G319-0078 is one of the most potent compounds,
with 47% inhibition, C481-0633 is inactive. This suggests that mol-
ecules from these two families may not bind in the same way.

Compounds from family 1C do not have the fused rings attached
to the sulfonamide as seen in families 1A and 1B. This may account
for its weak potency in relation to 1A and 1B, especially when
considering compounds pairs that have the same branches:
K938-1906 and C481-0157, as well as K938-1842 and G319-0078.

Family 2 members showed little to no inhibition and these scaf-
folds were not pursued. In contrast, family 3 contained a single
molecule, E945-0123, in this first set which showed promising
inhibition (38.5%), leading us to select other members of this class
to assay in the second round of screening. Finally, no singleton was
considered sufficiently to elicit further consideration.

Pharmacophore identification, round two selection and biological
screening: Guided by these initial compelling results, a second set
of molecules was devised to further improve the chemical diver-
sity. The core structures from the first round were used as the basis
for the selection of additional compounds using the Unity soft-
ware.' From the pool of family 1 compounds exhibiting cell infec-
tion inhibition greater than 20%, ROCS alignment was used to guide
the selection of a four-point pharmacophore model with a partial
match directive to points 3 and 4. Key components of the pharma-
cophores included; five- and six-membered rings (lactams, malei-
mides and conjugated hydrazides) at positions 1, 2 and 3, with a
positive nitrogen atom located in position 4 (Fig. 2). The positive

C481-0157 E945-0123

Figure 1. Superposition of selected compounds to the cyclic peptide CPFVC. ChemDiv compounds identified by ROCS as being similar in shape and electrostatics to
cyclo-[CPFVC] were superimposed onto the pentamer. Stick representations of the molecules are shown in magenta (CPFVC), green (C481-1998), blue (C481-0157) and orange

(E945-0123).
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Table 1
Initial IFA screen of ChemDiv peptidomimetics for inhibition of SNV (round 1)?
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Controls
ReoPro 80.2 (4.5) Random 5 (+11)
CPFVC 53 (+11) DMSO 1.6 (6.8)
CPFVKTQLC 54.6 (+4.5) Media 0 (+14)

¢ See Supplementary data to retrieve the whole dataset.

b %Inhib.: Percentage of inhibition. SD: Standard deviation for at least four replicates. Peptides were used at a concentration of 2 mM, while small molecules were tested at

1 uM.

charge at point 4 came from the aliphatic amines seen in the most
potent members of family 1A in Table 1. As shown in Figure 1, the
five- and six-membered rings of the pharmacophore match the
proline and phenylalanine residues of the original search molecule,
cyclo-[CPFVC], which previously shown to be important amino
acids to the binding of cyclopeptides.®

The second round of screening resulted in 68 molecules that
were selected and tested to gain additional information about
the families tested in the first round of screening, and to seek

different scaffolds that may have with similar inhibitory proper-
ties. Results of inhibition assays from this second round of screen-
ing are shown in Table 2 and Supplementary data.

The second batch of family 1A compounds provided some
bioactive molecules with lone pairs (oxygen or sulfur atoms in or
in the vicinity of aromatic rings) like C481-1375, C481-1844,
C481-1690 and C481-1256. It is interesting to note that similar
molecules, such as C481-1375 and C481-0465; C481-0906 and
C481-1690, had such disparate potencies. However, the SAR for
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s
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Figure 2. Pharmacophore model from round one screening. A four-point pharmacophore was identified by comparison of cyclo-[CPFVC] and the most potent ChemDiv
compounds identified by ROCS in Table 1. The key elements of the pharmacophores model are: points 1, 2 and 3: five- and six-membered rings, including lactams, maleimides

and conjugated hydrazides. Point 4: positive nitrogen atom.
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this second set is not straightforward because of the considerable
standard deviation values. This is likely a function of the solubility
of the compounds, which will be further addressed below. Finally,
a cyclic aliphatic amine proved to be a poor substituent since
C481-2082 was inactive, while C481-1998 was one of the most
potent compounds of this family.

The majority of the family 1B compounds from round 2 were
not more potent than the family members assayed in round 1.
The sole exception being round 2 compound K906-2276 which,
with the addition of a chlorine atom in the ortho position, inhibited
SNV infection by 21% compared to round 1 compound C737-2034
which inhibited by only 11%.

New molecules from Family 1C did not provide any high
potency hits (above 20% inhibition), further confirming that the
fused rings from families 1A and 1B are important to the bioactiv-
ity. Dimethoxybenzyl in the context of compounds K938-0195,
4191-0187 and K938-0016 showed similar potency (14-15%), but
were still less potent than G319-007 (22%) or its cyclic analogue
G319-0078 (47%) from family 1B. Likewise, K938-1941 showed
the same trend in relation to K938-1906 and C481-0157.

The best comparative results from family 1C came from 4191-
0187 and K938-0195, which showed similar potency to other
methoxyphenyl and methoxybenzyl compounds from family 1B,

Table 2
Expanded dataset of peptidomimetic compounds (round 2)*
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specifically C737-2042 and G319-0139 (Table 1). These results
support the hypothesis that the fused rings are critical to the
potency of families 1A and 1B, and likely serve as mimics of the
proline and phenylalanine residues of the pentamer CPFVC in
interacting with the hantavirus entry receptor, o, 3 integrin recep-
tor. Further experimental structural work will be required to defin-
itively address this hypothesis.

Family 3 compounds were expanded from a single compound
from round 1 (E945-0123, 39% inhibition). Two of the eleven fam-
ily 3 compounds tested in round 2 gave inhibition greater than 20%
(E945-0166 at 24% and E945-0147 at 28%). By repositioning the
chlorine from para (E945-0166) to meta (E945-0156), potency
dropped from 24% to 6%. Other analogues with a methyl group
replacing the fluorine at the heteroaromatic fused ring were not
active, including one with a basic amine group (E990-0470). The
methyl group may be linked to steric hindrance, as demonstrated
by the inactivity of the methyl analogue E990-0606 compared to
its fluorinated derivative, E945-0147.

New families selected based on the pharmacophore model
developed from round 1 were also tested in this second round of
screening. Each of the additional families (family 4 through family
7), were composed of 2-5 structures. Of the singletons tested in
this second round of screening, four compounds showed promising

szz\fo R4
N N. R
Yhe R 0
NH Nb
l A~ O)\@
07N Rs s

ChemDiv compound %Inhib. (+SD)° Substituents

ChemDiv compound %Inhib. (+SD)P Substituents
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S
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2
R:F, § I
(0]
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N
O
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F Cl
C241-1447 12.2 (£7.2) n: 3, \G[W
R% furan-2-yl
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S
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0091-0142 44.2 (9.0) Qﬁ
(0]
S

Family 1B
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2
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E786-2220 2.3 (#6.3) R': N, R?: 2-fluorophenyl
Family 7
K784-7791 26 (£21) R': methyl, R?: furan-2-yl

4 See Supplementary data to retrieve the whole dataset.

b %Inhib.: Percentage of inhibition. SD: Standard deviation for at least four replicates. Molecules were tested at 1 uM.
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results. These include compounds 5408-0644 and 8012-0652 (both
with 29% inhibition), 4133-0409 (33% inhibition) and 0091-0142
(44% inhibition). The diversity of these chemotypes from families
1-7 and the singletons complicates any SAR analyses. These
compounds may be used in future work to drive the discovery of
novel derivatives of the original peptide inhibitor.

It is important to note that some inter-experimental variation
seen with the peptidomimetics in Tables 1 and 2 is likely due to
the relative poor solubility of these compounds in aqueous solu-
tion. The computational procedures provided means of defining
them as highly DMSO soluble, but the solubility in water, defined
as low to medium, was worse than expected. To address this issue,
we have begun testing a number of delivery vehicles (BASF, Chi-
cago, IL) to identify means of improving solubility, and possibly,
efficacy. In preliminary experiments, we have identified one deliv-
ery vehicle which improves inhibition by compounds 8012-0652
and G319-0078 by 2.5- and 1.7-fold, respectively (data not shown).
These preliminary results show promise that the potency and sol-
ubility of the hantavirus entry inhibitors identified here may be
improved by optimization of the screening method or vehicle used
for delivery. The next step towards the solubility increment of
these leads can be accomplished by altering the chemical struc-
tures through a specific optimization step.

Dose-response and selectivity of viral inhibition: We selected the
following compounds for further characterization: C481-1844
(family 1A, round 1), G319-0078 (family 1B, round 1), C418-1256
(family 1A, round 2), K292-0689 (family 6, round 2), 8012-0652
(singleton, round 2) and 5408-0644 (singleton, round 2). These
compounds were further tested for the ability to inhibit SNV entry
in a dose-dependent manner. Three of the six molecules showed
dose-dependent inhibition of SNV infection in Vero E6 cells as
determined by IFA (Fig. 3). These molecules, 8012-0652, C481-
1256 and G319-0078, could partially inhibit the SNV infection with
ECs0 of 1.3 (20.6), 2.5 (£0.8) and 1.6 (+0.6) nM, respectively. Among
other compounds, G319-0078 and C481-1256 are racemates, and
further work will be done to identify the most potent enantiomer.
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In order to determine the selectivity of molecules 8012-0652,
C481-1256 and G319-0078 towards SNV, further tests were
conducted to assess their ability to block infection of other patho-
genic hantaviruses which enter cells via integrin B3, Andes (ANDV)
and Hantaan viruses (HTNV), compared to the non-pathogenic
hantavirus, Prospect Hill (PHV), which is known to enter by inte-
grin B1.>!> As shown in Figure 4, both 8012-0652 and G319-0078
showed comparable inhibition to cyclo-CPFVC, but at 100-fold low-
er concentrations (10 puM compared to 1 mM), with C481-1256
giving slighter lower inhibition. As expected, neither cyclo-CPFVC
nor the peptidomimetics were effective in blocking entry by the
integrin p;-dependent PHV. As was the case with the pentapeptide
CPFVCS these results speak to the selectivity of these small mole-
cules in blocking cellular entry of pathogenic hantaviruses via host
integrin B3. Hence these molecules can be considered protein-pro-
tein inhibitors.'® This cell-based assay provides support for our
hypothesis that these molecules act through the Bs subunit, like
ReoPro. Further studies are underway to better address the binding
mode and mechanism of action.

Comparative docking: Structural similarities between cyclo-
CPFVC and the peptidomimetics are made clear when the mole-
cules are superimposed (see Fig. 1). The structure of one of the best
peptidomimetics identified, G319-0078, superimposed on the
NMR structure of cyclo-CPFVC is shown in Figure 5a. In addition,
comparative docking (Autodock)® of cyclo-CPFVC and G319-0078
onto the ReoPro binding site of the three dimensional crystal struc-
ture of integrin B; (PDB ID 1U8C)!” shows substantial superposi-
tion of the small molecule to the cyclopeptide (Fig. 5b). However,
docking and ROCS results showed some disagreement. According
to the ROCS superposition, the cyclic peptide rings with proline
and phenylalanine amino acid residues should align with the
G319-0078 rings. As shown in Figure 5, there is a slight mismatch
of the docking poses which may be due to incorrect posing of cyclo-
CPFVC. As previously mentioned, proline and phenylalanine are
known to be enriched at protein interaction interfaces,'® as such
these side chains should interact with the amino acids of the recep-

80 1 L
a cyclo-CPFVC
70 ° random
o 8012-0652
C481-1256
60 1 e G319-0078

% Inhibition
{(normalized to ReoPro at 80%)

-

TR T T

Ci0e 00 00 108

Concentration (nM)

Figure 3. Dose-response of peptidomimetics in inhibiting SNV infection in vitro. IFA was used to determine the dose-dependent inhibition of SNV infection in VeroE6 cells by
ChemDiv compounds 8012-0652, C481-1256 and G319-0078. Controls included cyclo-CPFVC and a random cyclic peptide at 2 mM. Data points represent the mean and

standard error of N=4.
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[JReoPro
—cyclo-CPFVC
I random
I 8012-0652
0 c481-1256

] I G319-0078

I h [

% Inhibition
(normalized to ReoPro at 80% for SNV)
2

SNV

Andes

HTNV PHV

Figure 4. Selectivity of peptidomimetics for inhibiting viral entry via integrin Bs. Focus reduction assay demonstrating the selectivity of cyclo-[CPFVC] and ChemDiv
peptidomimetics in inhibiting hantavirus entry via integrin B3 (SNV, ANDV and HTNV) and not by hantavirus that utilize integrin ; (PHV).

Figure 5. Comparative docking of cyclo-[CPFVC] and ChemDiv compound G319-0078. ROCS (a) and docking (b) results of G319-0078 (pink) and its comparison with cyclic
peptide CPFVC (yellow). Docking was performed with Autodock 3.0 using the three-dimensional crystal structure of B3 integrin (PDB ID 1U8C) as the receptor. The green

surface in (b) represents the boundaries of the binding site.

tor. In addition, these residues were previously shown by alanine
scanning to be crucial for the inhibitory activity of CPFVC,® being
very important for peptide recognition of the receptor. Therefore,
it is counterintuitive that the docking pose placed these amino
acids residues outside the binding side, facing the solvent. This
may have occurred because the docking tool did not take into ac-
count the solvent; hence the penalty for solvent exposure of hydro-
phobic rings was likely underestimated. This is not the case for the
small molecule, where the rings of the peptidomimetics are facing
the surface of B3 (Fig. 5). Additional work using biophysical meth-
ods such as X-ray crystallography or molecular dynamics/Monte
Carlo with explicit solvent and different starting geometries, would
be required to better address this issue.!®

SAR is known for a myriad of o, f3 inhibitors that target the RGD
(Arginine-Glycine-Aspartate) binding site.?° However, this struc-
tural information may not be useful for the optimization of the
new chemicals reported here, as they were designed to bind at a
different site where ReoPro interacts. While the RGD binding pock-
et is located at the interface of the o, (5 heterodimer,?° the ReoPro
binding pocket is located on the 5 subunit.?! The selectivity assays
in Figure 4 support the binding at the B; subunit, but further stud-
ies are required to determine the mechanism.

New entry inhibitors of hantaviruses that selectively target o, f3
integrin were designed using LBVS and cell-based assays. These
bioactive compounds were able to bind the receptor at host cell

plasma membrane, thus preventing viral recognition at the cell
surface. The approach successfully achieved the goal to identify
these protein-protein interaction inhibitors, despite the fact that
they probably bind to a shallow crevice at the cell surface receptor
composed by a B3 integrin subunit. The most potent representa-
tives were at least 2000 times better than the original cyclopeptide
(2 mM). Furthermore, an in vitro selectivity assay with a panel of
hantaviruses corroborated the mechanism proposed by demon-
strating that the peptidomimetics are selective towards integrin
B3 versus integrin ;. Compelling results were achieved with a un-
ique set of chemical scaffolds, leading to novel inhibitors of interest
for the next phases of the drug discovery process. The therapeutic
potential of these compounds needs to be further refined by the
optimization of solubility along with the pharmacokinetics, as well
as in vivo studies using animal models.
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