132 A. Sakudo et al. / Clinica Chimica Acta 414 (2012) 130-134

Table 2
Masked samples used to assess the developed models®.

Sample name Male/Female Core body temperature [°C]
N1 F 36.8
N2 M 36.5
N3 F 364
N4 M 36.0
N5 F 363
N 44 F 36.2
N 45 M 36.3
N 46 M 364
N 47 M 364
N48 M 367
I M 367
12 F 36.3
I3 F 363
I5 F 364
16 F 36.0
148 F 366
149 F 36.7
150 M 36.7
151 F 369
152 F 369
R1 M 364
R2 F 36.1
R4 F 36.2
R5 F 364
R6 F 369
R7 F 368
R8 F 370
R9 F 36.9
R10 F 370
R12 F 36.7
R13 F 36.7
R14 F 36.7
R 17 M 369
R 18 F 369
R19 F 369
R20 M 369
R 21 F 36.8
R 22 F 36.8
R23 M 36.8
R 24 M 36.9
R25 F 371
R26 M 364

2 N1-N48 are non-influenza samples, while I1-152 are influenza samples. R1-R26 are
RSV-infected samples. Core body temperatures of non-influenza, influenza, and
RSV-infected patients at the time when nasal aspirates were collected from patients
are shown.

were separated in multivariate space, providing validation for this class
separation (Fig. 2A). In a further test, masked samples were subjected
to Vis-NIR spectroscopy, and the spectral data were applied to the the
PCA and SIMCA models. Discrimination of the masked nasal aspirate sam-
ples between influenza and non-influenza patients was attained using
the PCA and SIMCA models of Vis-NIR spectra (Figs. 1B, 2B). Furthermore,
PCA showed some discrimination of the masked samples among
non-influenza, influenza, and RSV-infected patients. SIMCA correctly pre-
dicted 29 of 30 (96.67%) non-influenza samples, and 30 of 30 (100%) in-
fluenza samples (Table 4); however, the 66 samples from RSV-infected
patients were predicted as 33 (50%) non-influenza and 33 (50%) influen-
za (Table 4), suggesting that discrimination between RSV infection and
influenza or non-influenza was difficult.

The spectral information modeled by PCA or SIMCA can be in-
ferred from the corresponding “loadings” or “discriminating power”,
respectively. Concerning PC1, the loadings showed a negative broad
peak from 700 to 950 nm (Fig. 1C). The PC2 loadings showed a nega-
tive peak around 950 nm, and a positive peak around 1030 nm. The
PCA loadings were generally consistent with the discriminating
power of the SIMCA model, except that the latter had an additional
640-nm peak in discriminating power (Fig. 2C). The most prominent
discriminating power, which represents independent variables
(wavelengths) important in discriminating between the two classes
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Fig. 1. Principal component analysis (PCA) (first 2 principal components) of visible and
near-infrared (Vis-NIR) calibration and prediction of influenza diagnosis. Nasal aspirates
from non-influenza patients, influenza patients, and patients infected with respiratory
syncytial virus (RSV) were subjected to Vis-NIR spectroscopy. The spectral data were
pre-processed and subjected to PCA calibration modeling to develop a multivariate
model to diagnose influenza. (A,B) PCA score plot of the first principal component (PC1)
versus the second principal component (PC2) for the Vis-NIR spectra of test samples com-
prising 35 non-influenza and 34 influenza patients (A) and that of the spectra of masked
samples comprising 10 non-influenza patients, 10 influenza patients, and 22 RSV-infected
patients (B). The plots demonstrated discrimination between non-influenza (blue dia-
monds) and influenza (red diamonds) patients, whereas RSV-infected patients (green di-
amonds) showed some overlap with non-influenza and influenza patients and were
located between the 2 groups. (C) PC1 (blue line) and PC2 (red line) loadings of the PCA.

(influenza and non-influenza), were the sharp peaks at 850, 950,
and 1030 nm and the broad peaks at around 660-740 nm (Fig. 2C).
The peak around 950 nm was close to a water band [13]. The peak
near 850 nm was previously assigned to a C-H aromatic group
[13,30], whereas that near 1030 nm could be assigned to alcohols
[13,30]. The peaks around 660-740 nm are also related to both alco-
hols and C-H aromatic groups {13,30,31]. However, further studies
will be necessary to accurately perform band assignment for the
peaks that are important for PCA loadings and SIMCA discriminating
power. Further information obtained from detailed analysis of the
Vis-NIR spectra of nasal aspirates may make significant contributions

Table 3
Prediction of non-influenza and influenza among test samples by the SIMCA model of
influenza diagnosis.

Test sample Predicted non-influenza Predicted influenza No match
Actual non-influenza 100 5 0
Actual influenza 7 95 0
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Fig. 2. Soft modeling of class analogy (SIMCA) of Vis-NIR calibration and prediction of
influenza diagnosis. Vis-NIR spectral data of nasal aspirates from non-influenza and in-
fluenza patients were pre-processed and subjected to SIMCA calibration modeling to
develop a multivariate model to diagnose influenza. (A) Coomans plot of SIMCA dem-
onstrating that the non-influenza class (blue diamonds) and influenza patient class
(red diamonds) of test samples showed separated multivariate space. (B) Masked sam-
ples from the non-influenza class (blue diamonds) and influenza class (red diamonds)
demonstrated discrimination, but each showed some overlap with the RSV-infected
class (green diamonds). (C) Discriminating power of the SIMCA calibration model.

not only to the diagnosis but also to our understanding of the patho-
genesis of influenza in the nasal mucosal region. In general, cytokines
and chemokines induced by influenza virus infection may cause a
change in constituents or activation of lymphocytes in the nasal
fluid [32-34], resulfing in the spectral changes observed in the nasal
aspirates. Activation of lymphocytes subsequently may induce vari-
ous changes, such as modulation of protein expression and move-
ment of surrounding cells. Such changes caused by the influenza
virus may be similar to those caused by RSV, but may differ from
those occurring in non-influenza infection [35], resulting in similar

Table 4
Prediction of non-influenza, influenza, and RSV-infection among masked samples by
the SIMCA model of influenza diagnosis.

Masked sample Predicted non-influenza Predicted influenza No match

Actual non-influenza 29 1 0
Actual influenza 0 30 0
Actual RSV-infected 33 33 0

changes in the Vis-NIR spectra of nasal aspirates from influenza and
RSV patients. In contrast, the difference in core body temperatures
between non-influenza and influenza patients at the time when
nasal aspirates were collected from patients was not significant,
whereas the core body temperatures of RSV-infected patients were
significantly higher than those of non-influenza and influenza
patients (Supplemental Fig. 1). In future studies, it would be interest-
ing to follow patients through the course of disease to see if any of
these parameters might change and correlate or act as predictors
of outcome. In addition, further fractionation of the nasal aspirate
(e.g. into soluble and particulate fractions) may increase the power
to discriminate influenza from RSV-infection (or other) samples as
part of future efforts.

Currently, there are various diagnostic methods for influenza such
as immunochromatography, reverse transcription (RT)-polymerase
chain reaction (PCR), and real-time RT-PCR. The price of a single
immunochromatography test is $10, and the handling time required
for this test is 30 min. Because immunochromatography can detect
only high concentrations of virus, other additional methods such as
RT-PCR should be combined for high-sensitivity detection of influen-
za virus. The cost of a single real-time or normal RT-PCR is $5-10
($10-20 for a test in duplicate) and the required time is 6 h. Further-
more, the price of a PCR instrument is > $8000. In comparison to these
conventional methods, the Vis-NIR spectroscopy method requires a
similar time (4-5 h) to PCR to develop a calibration model. Further-
more, the Vis-NIR spectrometer is expensive (>$10,000), similar to
the PCR instrument. After development of the calibration model,
however, the Vis-NIR spectroscopy method is rapid (<1 min for mea-
surement) and requires no regents for the analysis. The price of a sin-
gle measurement is only the cost of the electricity and plastic
measurement tubes. Therefore, if a successful calibration model
could be developed, the cost and efficiency of Vis-NIR spectroscopy
as a diagnostic method would be excellent. Thus, combinational use
of Vis-NIR spectroscopy may compensate for some of the weaker
points of conventional diagnostic methods.

In summary, the present findings indicate that, combined with
chemometrics analysis, the Vis-NIR spectra of nasal aspirates can dis-
tinguish between influenza patients and non-influenza patients. The
current study has limitations, including a small number of patients re-
stricted to the Japanese population, which means that the spectral
data from nasal aspirates is representative. Moreover, discrimination
between influenza virus infection and RSV infection was difficult, and
further studies will be necessary to achieve this discrimination by
Vis-NIR spectroscopy. In addition, it should be examined whether
this method can be used for populations of different ethnicities and
ages. There are also other limitations including how to differentiate
different types of influenza, and how to improve the specificity of di-
agnosis by reducing the interference from other viruses or chemicals
with similar spectra. Band assignment to determine the peaks impor-
tant in PCA loadings and SIMCA discriminating power would provide
clues to a more reliable and specific diagnostic method for influenza.
Taking the results altogether, however, this approach deserves fur-
ther evaluation as a potential novel strategy for instrumental, objec-
tive, and cost-effective diagnosis of influenza. Finally, although the
present study showed the possibility of Vis-NIR spectroscopy using
nasal aspirates, non-invasive approaches to the diagnosis of influenza
using Vis-NIR spectra directly collected from the body without
collecting nasal fluid are also interesting [14,36].

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.cca.2012.08.022.
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Abstract Cyclophilin A has attracted attention recently as a
new target of anti-human immunodeficiency virus type 1
(HIV-1) drugs. However, so far no drug against HIV-1
infection exhibiting this mechanism of action has been
approved. To identify new potent candidates for inhibitors,
we performed in silico screening of a commercial database
of more than 1,300 drug-like compounds by using receptor-
based docking studies. The candidates selected from dock-
ing studies were subsequently tested using biological assays
to assess anti-HIV activities. As a result, two compounds
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were identified as the most active. Specifically, both
exhibited anti-HIV activity against viral replication at a
low concentration and relatively low cytotoxicity at the
effective concentration inhibiting viral growth by 50 %.
Further modification of these molecules may lead to the
elucidation of potent inhibitors of HIV-1.

Keywords Drug design - In silico screening - Anti-HIV -
Cyclophilin A - Inhibitor

Introduction

Cyclophilin A (CypA) was discovered originally as the recep-
tor of the immunosuppressive drug cyclosporin A (CsA)—a
molecule exhibiting multiple biological functions. The forma-
tion of complexes between CypA and CsA, which is an 11-
mer cyclic peptide isolated from the fungus Tolypocladium
inflatum, allows CypA to interact with calcineurin, reduce the
production of interferon 'y and interleukin-2, and exert immu-
nosuppressive effects [1]. CypA is one of 15 known human
cyclophilins, and can catalyze cis-trans isomerization in pep-
tide bonds containing proline via its peptidyl prolyl isomerase
(PPlase) activity. Recently, it was reported that CypA interacts
with the NS5A and NS5B parts of hepatitis C virus polymer-
ase [2, 3], the nucleocapsid protein of the SARS coronavirus
[4], and the capsid (CA) protein of human immunodeficiency
virus type 1 (HIV-1) [5]. These multiple functions make CypA
an attractive target for drug development.

In addition to CsA, the natural product sanglifehrin A [6]
and several peptide analogs [7] were reported to be active
inhibitors of CypA. Recently, to decrease HIV-1 infectivity
by disrupting the interaction of CypA with CA, several
small molecules have been developed [8, 9]. However,
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new drugs against HIV-1 infection exhibiting this mecha-
nism of action have not yet been approved.

Nevertheless, there are several published reports of
structural information regarding to the binding modes of
CypA and CA fragments [10], CsA [11], or small
peptides [12], and the available information suggests
the potential applicability of in silico inhibitor screening
and design for elucidating potential inhibitors. Here, we
screened a small database of 1,377 small-molecular-
weight compounds. A total of 29 compounds was se-
lected according to docking scores. Together with two
commercial positive control compounds, these 29 select-
ed compounds were tested using biological assays. Fi-
nally, two compounds were identified as potent anti-
HIV candidates, displaying acceptable cellular toxicity.

Materials and methods
Small molecular database for virtual screening

The structures of 1,377 low-molecular-weight compounds
in a chemical structure data (SD) file format were obtained
from ChemGenesis (http://www.all-chemy.com/), who sup-
plied all the compound samples in the file. This SD file was
converted into Molecular Operating Environment (MOE;
Chemical Computing Group, Montreal, Canada) database
format, and energy optimization of each molecule was per-
formed under the MMFF94x forcefield using the MOE

a

Fig. 1a,b The structure of receptor cyclophilin A (CypA) and its binding
sites. a Representation of the dipeptide alanine-proline (AP, red) inside
the CypA active site cavity. CypA adopts an eight-stranded antiparallel
beta barrel structure, and AP is buried deeply in one of the cavities on the
surface of CypA. The structure was obtained from 2CYH.pdb, and the
figure was created by Molecular Operating Environment (MOE; Chem-
ical Computing Group, Montreal, Canada) software. b Three docking
sites on the surface of CypA. Site 4 is also known as the CypA MVAI11-
binding pocket, and AP also binds here. Site B is a hydrophobic pocket
that is also known as the CypA Abu2-binding pocket. Above these two
sites, there is some space, which we call Site C in this paper

@ Springer

Fig. 2 Comparison of the re-docked conformation of AP with the
crystallographic conformation in the CypA/AP complex. Blue Re-
docked conformation, red crystallographic conformation. The root
mean squared deviation (RMSD) between the two conformations was
as low as 0.261 A. The surface of the receptor is colored according to
lipophilicity. Green Hydrophobic areas, pink hydrophilic areas

software package. The descriptors of molecular weight,
lip_violation, lip_druglike [13], and diameter were calculat-
ed and typed into the fields of the database to confirm the
basic properties of the compounds in the database.

Preparation of ligands and protein

The 1.64-A resolution crystallographic data of CypA in
complex with the dipeptide alanine-proline (AP; PDB
entry 2CYH) [12] was obtained from the Brookhaven
Protein Data Bank (http://www.pdb.org/pdb). This co-
crystallized structure was used in preliminary studies
to determine whether the docking parameters used were
appropriate, and the structure of CypA within the struc-
ture was used as a receptor for screening the Allchemy
database. In the present study, the “MOE dock” pro-
gram was used to perform all the screening procedures.
The Protonate3D module in MOE was used to assign
ionization states, and to position hydrogen atoms into

b Mode

Fig. 3a,b Control compounds D4 and FD8 and 29 selected com-
pounds docked into the surface sites of CypA. a Mode 1: lowest scored
pose of each compound covered the region of Site A and Site B. b
Mode 2: lowest scored pose of each compound docked into Site B and
Site C, but not Site A
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the receptor molecule. Subsequently, after adding partial  backbone atoms, energy minimization of the receptor
charges under the MMFF94x forcefield and fixing the  was performed.

(e
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Fig. 4 Structures of compounds selected from the docking studies and the control compounds (D4 and FD8). The identifiers of compounds
docking in Mode 1 poses are in black, and those of compounds docking in Mode 2 poses are in blue
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Fig. 4 (continued)

An active site covering the entire area of the two pockets in
the CypA molecule was found using the SiteFinder module in
MOE, and dummy atoms with hydrophobic or hydrophilic
properties were placed into the two pockets to define the site.

Molecular docking

We docked AP back into the receptor (self-docking or re-
docking) and screened the prepared database. For simplicity,
flexibility of all of ligand atoms was allowed, in contrast to
the receptor atoms during docking studies. We used five
stages of the MOE Dock module to determine the potential
docking poses of each ligand: (1) Dock was used to generate
conformations from a single 3D conformer by applying a
collection of preferred torsion angles to the rotatable bonds.
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Here, a systematic search was conducted covering all com-
binations of angles on a grid if this resulted in fewer than
5,000 conformers. Otherwise, a stochastic sampling of con-
formations was conducted. (2) The collection of poses was
generated from the pool of ligand conformations using the
Triangle Matcher method, which can align ligand triplets of
atoms on triplets of alpha spheres in a relatively systematic
way. (3) Poses generated by the placement methodology
were rescored using the London dG scoring function, and
low scores were assigned to good poses. The top 30 poses
were kept. (4) These 30 poses were refined using the explicit
molecular mechanics forcefield method; at this time, the
forcefield was set to MMFF94x. (5) Poses resulting from
the refinement stage were rescored using the London dG
scoring function. The top 30 poses of each compound were
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retained for manual examination. Finally, candidates used
for examination were selected according to the best docking
score of each compound.

Inhibition of HIV-1 replication
Compounds were obtained from ChemGenesis, and positive

control compounds were purchased from Namiki Shoji (http://
www.namiki-s.co.jp/). Biological assays were performed to

determine whether the compounds exert inhibitory effects ona
single replication cycle of HIV-1. Briefly, 293T cells (1.5x 10°
cells in a 100-mm dish) were transfected with 8.9 pg of the
pNL4-3-based [14], envelope glycoprotein-deficient HIV-1
proviral construct carrying a luciferase reporter gene, pNL-
Luc-ER" [15], together with 1.1 ug of a vesicular stomatitis
virus G protein (VSVG) expression plasmid, pHit/G [16],
using FuGENE HD transfection reagent (Roche, Basel, Swit-
zerland) to generate VSVG-pseudotyped HIV-1. Eighteen

Table 1 The screening results of 29 test compounds and two positive controls

Compound Concentration [pM] Inhibitory effect on HIV-1 replication® Cytotoxicity® Solubility® Docking score?
1 40 - - - -10.75
2 11 - + — -10.69
3 30 - + - —10.62
4 9 ++ - + -10.61
5 12.5 - + - -10.58
6 10 + + - —10.58
7 40 - - - -10.48
8 40 - - + -10.41
9 40 - + + -10.39
10 10 - + + -10.35
11 40 - + - —10.31
12 10 A+ + - -10.29
13 6 - + - -10.27
14 9 - + - -10.26
15 10 - + + -10.23
16 5 - + - -10.22
17 10 - + - -10.21
18 12.5 - + - -10.20
19 40 - + - -10.14
20 40 - + + —10.11
21 40 - + - -10.10
22 20 - - + -10.10
23 9 ++ + - -10.09
24 40 - - + —10.09
25 40 - - - -10.05
26 40 - - - —10.03
27 40 - + - —10.01
28 10 - + + -10.00
29 10 - + - -10.00
D4 ¢ 40 ++ - - NC*
FD§ © 40 ++ - - NCf

#Viral replication was more than 30 % inhibited judging by the reduction of luciferase activity, which was not obviously due to the cytotoxicity of
the compound, in both U87.CD4.CXCR4 and MT4 cell lines (++), in either cell line (+) or in neither cell line (-)

® The viability of 293T, U87.CD4.CXCR4, and/or MT4 cells was more (-) or less than 70 % (+) in the presence of the compound at 40 uM
Presence (+) or absence () of crystals in DMEM medium containing 0.2 % DMSO

9The score was calculated by MOE
¢ Control compounds
fNot calculated
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hours later, the transfected 293T cells were trypsinized and
split into 200-pl subcultures in a 96-well plate in the presence
of the indicated concentrations of a test compound. After 30 h
of incubation, the cell culture supernatant was used to infect
subconfluent U87.CD4.CXCR4 [17] or MT4 cells treated
with the corresponding compound. Twenty-four hours after
infection, the luciferase activity in infected cells was measured
using the Steady Glo Luciferase assay kit (Promega, Madison,
WI) with a microplate luminometer (LB960, Berthold, Bad
Wildbad, Germany) according to the manufacturer’s protocol.
The inhibitory effect of the compounds on viral replication
was evaluated as the reduction in luciferase activity in infected
cells. In addition, a cell toxicity test was performed using the
WST-1 cell proliferation assay system (Roche) according to
the manufacturer’s protocol. Briefly, subconfluent 293T,
U87.CD4.CXCR4, and MT-4 cells were treated with the
indicated concentrations of a compound for 24 h. WST-1
reagent was then added to the cell culture, which was further
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Fig. 5 Inhibitory effects on human immunodeficiency virus type 1
(HIV-1) replication and cellular toxicities of active compounds and
controls. A vesicular stomatitis virus G protein-pseudotyped reporter
virus was produced from 293T cells transfected with proviral DNA in
the presence of various concentrations of the compound indicated.
U87.CD4.CXCR4 or MT-4 cells were treated with a corresponding
compound and then infected with the virus produced in the culture
supernatant of 293T cells. Twenty-four hours after infection, the lucif-
erase activity of infected cells was measured. The results are expressed
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incubated until the absorbance of the samples at 450 nm was
approximately 1.4 (approximately 1 h for 293T and
U87.CD4.CXCR4 cells and 3 h for MT-4). The absorbance
of the samples was measured using a microplate reader (Mul-
tiskan FC, Thermo Scientific, Rockford, IL), and the cytotox-
icity of the compounds was evaluated as a reduction in
absorbance. U87.CD4.CXCR4 cells were obtained through
the AIDS Research and Reference Reagent Program (Division
of AIDS, NIAID, NIH) from HongKui Deng and Dan R.
Littman.

Structural analysis and residue interaction analysis

The interaction modes of the best poses of selected
ligands were assessed using the Ligand Interactions
module in MOE. The distances between important res-
idues and ligands were measured. Subsequently, the best
docking poses of active compounds in complex with
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as a percentage of viral replication, which was calculated by determin-
ing the reduction in luciferase activity in the presence of a compound
compared with that in the control experiment in the absence of the
compound. All data points represent the means of two to four inde-
pendent experiments. In addition, the cytotoxicity of each compound
was measured using WST-1 reagent. The cytotoxicity of each com-
pound is expressed as a percentage of the reduction in the absorbance
in the presence of the compound
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CypA were analyzed using IF-E 6.0 [18] (created by Dr.
Hooman Shadnia at Carleton University), retrievable
from the SVL exchange service. As mentioned in
reports by Shadnia and others [18, 19], IF-E 6.0 can
partition the native forcefield potentials and derive net
interaction forces. It is used to decompose the interac-
tion forces into three dimensions while analyzing the
per-residue interactions. A list of positive and negative
interaction energy values between a ligand and its
neighbor receptor residues (within a defined distance
range) can be calculated; negative values indicate favor-
able interactions, whereas positive values indicate unfa-
vorable interactions. For our candidate ligands, receptor
residues oriented less than 4.5 A were analyzed.

Results and discussion
In silico screening

Comparison between X-ray crystal structure and structure
determined by docking

To ensure the validity of our docking procedures and dock-
ing parameters before screening, we performed a test using
the co-crystallographic data (pdb identifier: 2CYH) of CypA
and AP (Fig. 1) [12]. AP was isolated from the complex and
then re-docked into the receptor CypA using the MOE
software package. The best docking pose to emerge from
our docking differed from the original conformation only by
0.261 A in root mean square deviation (RSMD). Therefore,
we selected the pose displaying the lowest docking score as
the best pose. Figure 2 shows the comparison between the
X-ray crystal structure (colored in red) of AP and the best
docking pose (colored in blue).

Basic properties of compounds in the target database

We selected a commercially available database from
ChemGenesis (http://www.all-chemy.com/) containing
1,377 low-molecular-weight compounds as the source
database. The drug-likeness of these compounds was
calculated by the QuaSAR-Descriptor module in MOE.
More than 85 % of the compounds obeyed drug-
likeness (the number of violations of Lipinski’s Rule
of Five [13] was less than two). Although less drug-
like compounds are usually removed from the target
database before docking, because of the small number
of compounds in the database, both drug-like and less
drug-like compounds were tested. The calculated molec-
ular weights of compounds varied between 201.2 and
622.8 Da, and 1,325 compounds had molecular weights
of less than 500 Da. According to the pocket size of

CypA, the diameters of the compounds, which varied
between 7 and 30 A, were considered suitable, and no
compounds were rejected before performing docking
studies.

Analysis of receptor properties and definition of docking sites

According to the co-crystal data of CypA/AP, CypA adopts
an eight-stranded antiparallel beta barrel structure (Fig. 1a),
and AP is buried deeply in one of the cavities on the surface
of CypA (Fig. 1b). This cavity is also where CsA, the HIV
CA fragment, and other substrates bind. The most important
residues of this cavity were identified by site-directed mu-
tagenesis (Arg55, Phe60, Phell3, and His126) [20]. This
cavity has also been called Site A or the MVA11-binding
pocket (according to CsA binding mode) in previous reports
[8, 21]. Over a saddle-like region, there is another hydro-
phobic pocket called Site B, or the Abu2-binding pocket. In
addition to Sites A and B, there is also some empty space
above, referred to here as Site C (Fig. 1b). Although the co-
crystallographic data of the CypA/CA fragment indicate that
Site A should be the direct docking site, Sites B or C could
be considered an auxiliary cavity when compounds possess
important elongated functional groups. Therefore, using the
SiteFinder module in MOE, we defined a larger docking
region contained among Sites A, B and C, and docked
compounds in the target database into CypA.

W

Fig. 6a,b Docking poses of two active compounds: 23 and 12. 23
binds using Mode 1 (a), and 12 binds using Mode 2 (b)
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Selection of compounds for biological evaluation

According to the predicted fitting score, which expresses the
lowest binding energy of a certain pose, we selected 29 com-
pounds, as shown in Figs. 3, and two previously reported
active compounds as controls [8, 22]. We observed two bind-
ing modes: (1) molecules covering both Site A and Site B; and
(2) molecules placed into Site B and Site C, but not Site A
(Fig. 4). Of the 29 compounds listed in Fig. 3, 20 bound in the
style of Mode 1 (Fig. 4a), and 9 compounds in the style of
Mode 2 (Fig. 4b), as the lowest scored poses.

Site A was confirmed to be responsible for the PPIase
activity of CypA and to serve as the binding site of the CA
fragment of HIV and CsA, and thus several groups have
made efforts to locate compounds that can fill this pocket as
much as possible by screening and/or molecular design
experiments [8, 21, 22]. Therefore, molecules that interact
with CypA in Mode 1 were more likely to be investigated;
however, the inhibitory activities of most of the candidates
were limited to the micromolar level. To find potent inhib-
itor candidates with novel skeletons, we kept both Mode 1
and Mode 2 compounds for further biological evaluation.

Experimental results of viral replication and cell viability

Biological assays were performed to determine whether the 29
compounds and the 2 positive controls exerted inhibitory
effects on viral replication and induced cellular toxicity.
293T cells were employed as virus-producing cells, whereas
a T cell line, MT-4, and a reporter cell line expressing HIV-1
receptors, U87.CD4.CXCR4, were used as viral target cells.
This assay system can evaluate the inhibitory effects of test
compounds in a single replication cycle of HIV-1. The results
demonstrated that most of the other tested compounds either
did not exert noticeable inhibitory effects on HIV-1 replication
or exhibited strong cytotoxicity at higher concentrations
(Table 1). Moreover, although compound 4 exerted an inhib-
itory effect on viral replication, it displayed low solubility
(Table 1); therefore, we did not evaluate this compound fur-
ther. By contrast, two of our compounds, 12 and 23, as well as
the two positive control compounds, exerted potent inhibitory
effects on HIV-1 replication while exhibiting low cytotoxicity
at the effective concentration inhibiting viral growth by 50 %
(Fig. 5). Compared with the control compounds D4 and FD8,
our hit compounds exhibited stronger inhibitory activities.

b

Alal03

%

Fig. 7 Schematic view and docking pose of compound 23 (a, b) and compound 12 (¢, d) with their binding sites. For docking poses, only

important residues are displayed
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Structural analysis of active compounds

The docking poses of compounds 23 and 12 were different.
The best docking pose of 23 utilized Mode 1 binding (Fig. 6a),
whereas that of 12 utilized Mode 2 binding (Fig. 6b). The
interactions were first assessed using the Ligand Interactions
module in MOE. These analyses provided direct schematic
views of the interactions of 23 and 12 with CypA, as shown in
Fig. 7a and c, respectively. Compound 23 inserted into both
Site A and Site B. Figure 7a and b illustrate the dimensional
interaction maps and docking poses, respectively, of 23 with
CypA. The presence of 2-nitrobenzenesulfonamide appears
responsible for the binding between 23 and Site A of CypA.
The oxygen atom in the sulfonamide group interacts with the
nitrogen atom at the w position of Arg55 (23: O — CypA:
Arg55: N*) within a distance of 2.9 A. The aromatic ring of
nitrobenzene interacts with both GIn63 and Phell3. Two
edge-to-end (T-shaped) hydrogen-aromatic ring interactions
(23:aromatic ring—CypA:GIn63:H and 23:aromatic hydro-
gen—CypA:Phell3:aromatic ring) form a 77 stacking net-
work. Because Arg55 and Phell3 are important pocket-
forming residues and are highly conserved in most CypA

Fig. 8a,b Ligand-receptor
interaction energy values (per-
residue values) calculated using
IF-E 6.0. The residue interac-
tion energy data values are
expressed in kcal mol™’. a
Graph for 23, b graph for 12

-
oo B o &

Residue Interaction Energy
{keal/moi

isolates, these interactions are very meaningful for inhibitor
design. Another key interaction revealed in the interaction map
is the hydrophobic interaction between Ala103 and the triazole
group of 23. For 12, arene-cation interactions (12: benzene
ring—CypA: Arg55: NH1 and NH2) were detected. As men-
tioned above, Arg55 is a critical residue for ligand binding.
These interactions can partly explain the activity of 12.
Geometry-based interaction fingerprints provided loosely
approximated insights into the fitting of our two active com-
pounds into the receptor sites. However, it is difficult to deter-
mine the detailed intermolecular energies, particularly in terms
of hydrophobic interactions. Therefore, we performed addition-
al post-docking analyses. The interactions between binding site
residues and active compounds were scrutinized using IF-E 6.0
[18] (created by Dr. Hooman Shadnia at Carleton University,
http://www.shadnia.com/H_IFE/index htm), retrievable from
the SVL exchange service. This program can differentiate
favorable ligand-residue interactions from unfavorable ones
by force vectors and energy values. A negative sign indicates
a stable interaction, whereas a positive sign indicates an unsta-
ble or repulsive interaction. The results of 23 and 12 for each
residue near ligand atoms (less than 4.5 A in distance) are

23
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presented in Fig. . For 23, in addition to the important residues
mentioned above, we can see that Alal01 is also responsible for
binding (Fig. 8a). The carbon in the Alal01 backbone is in
approximation with the carbonyl oxygen of 23 (separated by
3.57 A) (Fig. 7a). The dispersion force between the electron-
poor environment of the Alal01 backbone carbon and the
electron-rich environment of the carbonyl oxygen of 23
resulted in good binding effects. For 12, the negative-signed
interaction energy values, which indicate favorable residues for
ligand binding, could be detected at multiple residues of CypA
including the aforementioned residue Arg55. In addition to
Arg55, other favorable residues for binding are listed in
Fig. 8b. Conversely, a strong signal for a positive-signed peak
could be detected at Alal03, suggesting that it is an unfavorable
residue for the binding of 12. By assessing atomic distances, we
found that the methyl hydrogen atom of the Ala103 side chain
and the aromatic hydrogen atom of 12 are approximately 1.8 A
apart (Fig. 7d). It can be concluded that the two hydrogen atoms
clash with each other. However, it should be underlined that this
docking pose was obtained from a rigid receptor docking
procedure; therefore, this model cannot explain any “induced-
fitting” phenomena. We assume that, due to the strong repul-
sion detected, the receptor residue should shift into a more
appropriate orientation in a real system.

Compounds 23 and 12 have similar skeletons; however,
they exhibited different docking modes. Molecules that target
the combination region of the two modes can be assumed to
be more active. These types of combined molecules are now
under investigation using in-silico-based methods.

Conclusions

The present work involved the discovery of HIV-1 inhibitors
targeting CypA via in silico and biological screening methods.
Twenty-nine compounds selected from a database, together
with control compounds, were examined for antiviral activi-
ties. Two of the compounds exhibited comparatively good
effects in biological assays. In particular, compounds 12 and
23 both exhibited anti-HIV-1 activities with relatively low
cytotoxicity at the effective concentration inhibiting viral
growth by 50 %. From our experimental results, 12 and 23
may be used as lead compounds for novel type of anti-HIV
inhibitors, although biochemical experiments to confirm that
the target is really CypA are still needed.
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Abstract

Objectives: Chikungunya virus (CHIKV) is an alphavirus be-
longing to the Togaviridae family. Alphaviruses cause a
chronic non-cytopathic infection in mosquito cells, while
they develop a highly cytopathic infection in cells originat-
ing from various vertebrates. In this study, we compared the
cytopathic effect (CPE) induced by CHIKV in Vero cells and a
mosquito cell line, C6/36 cells. Methods: CPE and the virus
titers were compared between the CHIKV-infected C6/36
and Vero cells. Apoptosis was measured by TUNEL assay, and
the differences between the C6/36 and Vero cells were com-
pared. Results: CHIKV infection induced strong CPE and
apoptosis in the Vero cells, but light CPE in the C6/36 cells.
The virus titers produced in the C6/36 cells were much high-
er than those produced in the Vero cells. Conclusions: The
reason CHIKV induced strong CPE is that this virus triggers
strong apoptosis in Vero cells compared with C6/36 cells.
CHIKV established a persistent infection in C6/36 cells after

being 3assaged 20 times. CHIKV infection in mosquito cells
was distinct from that in Vero cells. The cell and species spec-

_ ificity of CHIKV-induced cell death implies that the cellular
~ andviral regulators involved in apoptosis may play animpor-

tantrole i in determlnmg the outcome of CHIKV infection.
' : . Copyright © 2012 S. Karger AG, Basel

' Inﬂoduction

Chlkungunya virus (CHIKV), the causative agent of
chlkungunya fever, was first described in 1952 during an
epidemic in Tanzania, East Africa [1]. CHIKV is a posi-
tive-sense single-strand RNA virus belonging to the ge-
nus Alphavirus in the family Togaviridae, and is main-
tained in two distinct transmission cycles, a sylvatic cycle
and human-mosquito-human cycle. The scale of the epi-
demics for the former is smaller than the latter, and main-
ly confined within African countries involving primates,
such as monkeys and forest-dwelling Aedes mosquitoes
[2, 3]. The main vectors of CHIKV transmission in the
human-mosquito-human cycle are Aedes aegypti and
Aedes albopictus. Since its first outbreak in East Africa,
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CHIKYV epidemics have often been characterized by long
interepidemic periods of more than 10 years in many
parts of Southern and Southeast Asia [4, 5]. During the
past 8 years, the major outbreaks have occurred on is-
lands in the Indian Ocean. Reunion Island has been
among the most severely hit, with one third of its popula-
tion infected and more than 240 deaths recorded [6]. The
symptoms of chikungunya generally start 4-7 days after
the bite, and the acute phase, lasting 1-10 days, is charac-
terized by painful polyarthralgia, high fever, asthenia,
headache, vomiting, rash, and myalgia [1, 7]. Chikungu-
nya has affected as many as 3—4 million people in the In-
dian Ocean zone; it spread to Europe in 2005-2007, and
recent outbreaks in Thailand have received con31derable
attention [8]. :

Both mosquito and vertebrate cell culture systems
have been used to study CHIKV replication and patho-
genesis [9]. Mosquito cells derived originally from A.
albopictus larvae in particular have been employed in
these studies. CHIKV is also able to infect a wide range
of vertebrate cells and cell lines [10, 11], and most of
these show an apparent cytopathic effect (CPE) [9]. A
similar phenomenon was found in sindbis virus (SIN'V)
infection, where almost all vertebrate cells died after in-
fection, and the cell lines derived from mosquito are
known to provide a long-term persistent infection [12].
The cell line derived from mosquito is known to provide
along-term persistent infection which is probably main-
tained by intracellular factors [13]. The viruses belong-
ing to the alphavirus family have appeared to grow in
cultured vertebrate and invertebrate cells [14]. Although
alphaviruses cause encephalitis, neuronal apoptosis and
death in mammals, they fail to kill the mosquitoes that
can transmit these viruses. Therefore, host cell factors
as well as viral factors regulate the outcome of the infec-
tion [15].

SINV is thought to cause a persistent infection in mos-
quito cells with moderate CPE in general [16]. We thought
that CHIKV might also cause milder CPE in mosquito
cells than in mammalian cells, and would lead to persis-
tent infection in mosquito cells. The study on the patho-
genicity of CHIKV is inadequate. Since Vero cells and
C6/36 cells are commonly used in the propagation of fla-
viviruses such as dengue virus and togaviruses such as
SINV [17-19], we used these two cells to study the patho-
genesis of CHIKV infection. We found that CHIKV in-
duced light CPE in mosquito cells, C6/36, but strong CPE
in Vero cells. C6/36 produced higher titers of the progeny
viruses compared to the Vero cells. CHIKV seems to es-
tablish a persistent infection in C6/36 cells when passaged

2 Intervirology

20 times. Interestingly, we also found that CHIKV in-
duced stronger apoptosis in Vero cells than in C6/36 cells,
although the mechanism is not yet known.

Materials and Methods

Virus and Cells

CHIKV Ross strain was propagated in Vero-E6 (Vero) cells
which were maintained in MEM supplemented with 10% new-
born calf serum and antibiotics at 37° in 5% CO,. C6/36 cells were
maintained in Leibovitz’s L-15 Media (Invitrogen, Carlsbad, Cal-
if., USA) supplemented with 10% newborn calf serum, antibiotics
and 1% TPB (Sigma, St. Louis, Mo., USA) at 32°. All experiments
were performed in a biosafety level 3 containment laboratory.

Immunofluorescence Assay

CHIKV- and mock-infected cells were fixed with 4% parafor-
maldehyde, and incubated 30 min at 37° with monoclonal anti-
body against the CHIKV E2 protein followed by FITC-conjugated
anti-mouse IgG (Invitrogen) for 30 min at 37°. The monoclonal

antibody was provided by Dr. P. Depres [20].

~ Plaque Assay

Vero cells were seeded at 1 X 10 cells per well in 6-well plates
and incubated at 37° overnight. The cells were washed once with
phosphate-buffered saline (PBS). Ten-fold serial dilutions of the
virus were prepared in Hanks Buffer (Sigma-Aldrich), and 0.2 ml
of the solution was inoculated into each well and incubated for
1hat 37°. During incubation, the plates were gently agitated every
15 min. After the adsorption, the virus solution was removed and
the cells washed three times with PBS. Two ml of 1% agrose in 2X
MEM containing 0.5% FBS was layered onto the cell monolayers.
The plates were incubated in a humidified incubator at 37° with
5% CO, for 3 days, and then the agarose overlay was removed and
washed with PBS. The plaques were visualized by staining the
monolayer with 2 ml of 0.25% crystal violet in 10% formaldehyde
solution (Sigma-Aldrich) for 2 h at room temperature. The plates
were washed and the plaques counted.

TUNEL Staining

* The Vero and C6/36 cells (2 X 105) were infected at a multi-
plicity of infection (MOI) 1, and apoptotic cells were character-
ized by terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end labeling according to the manufacturer’s instruc-
tions (DeadEnd Fluorometric TUNEL System; Promega ). Briefly,
after 24-hour postinfection (p.i), the cells were fixed with 3% of
paraformaldehyde in PBS containing 0.1% Triton X-100, washed
with PBS three times, and incubated in a labeling reaction mix-
ture containing terminal deoxynucleotidyl transferase enzyme,
fluorescein isothiocyanate-conjugated nucleotide, and labeling
buffer. The reaction was quenched in stop buffer, and the cells
were washed with PBS several times. The cell nuclei were coun-
terstained with propidium iodide (Sigma-Aldrich). Apoptosis was
induced by a protein synthesis inhibitor, anisomycin, according
to the manufacturer’s instructions, and used as the positive con-
trol.
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Mock : 24 h

C6/36

Vero

Fig. 1. a CPE of C6/36 and Vero cells in-
fected with CHIKV. C6/36 and Vero cells
were seeded in 12-well plates, infected
with CHIKV at MOI 1 and incubated at
32°. CPE was observed under a micro-
scope at 24, 48, 72 and 96 h p.i. Mock in-
fection was shown at 96 h p.i. The mor-
phology of the infected cells was photo-
graphed. X400. b Immunofluorescence
staining of CHIKV-infected C6/36 cells.
The cells were incubated with a monoclo-
nal antibody against CHIKV E2 protein
and labeled with FITC at 24, 48 and
72 h pi. x400.

Results

CHIKYV Induced Moderate CPEs in C6/36 and Strong

CPEs in Vero Cells

Vero cells and C6/36 cells were infected with CHIKV
at MOI 1. After 24, 48, 72, and 96 h p.i., the CPE was ob-
served directly under a light microscope. In the primary
experiment, we performed the experiment under differ-
ent temperatures at 28, 32, and 37°. No effect was ob-
served at 32°on the viability of Vero cells after 48 h (data
not shown), and both Vero and C6/36 cells were incubat-
ed at 32°to avoid the effectiveness of the temperature.

Cytopathic Effect of CHIKV in Vero and
C6/36 Cells
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The Vero cells showed apparent CPE at 48 h p.i., and near-
1y 90% of the cells died at 96 h p.i. In contrast, C6/36

showed minute CPE at 96 h p.i. (fig. 1a). To examine the

expression ‘of the viral E2 protein in .

6/
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munofluorescence assay was carried

at 24

72 h p.i. The C6/36 cells were nearly 80% positi
p.i.,and 100% at 72 h p.i. (fig. 1b). The Vero cells were 80%
positive at 24 h p.i. (data not shown).. These results indi-
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cated that the C6/36,fceylls' showed moderate CPE under
the condition in which the virus replication occurred in

all of the infected cells.
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__Fig. 2. Virus titers in the supernatant of
 CHIKV-infected C6/36 and Vero cells.
_cells were infected with

and incubated at 32°. Af-
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Fig. 3. TUNEL assay with CHIK V-infected C6/36 and Vero cells at 24 h p.i. at 32°. Cells with the arrows indi-

cate apoptotic cells (green). Propidium iodide was used to stain the nuclei (red). The positive controls were cells

treated with a protein synthesis inhibitor, anisomycin.

Virus Titers in Infected Vero and C6/36 Cells

The Vero and C6/36 cells were infected with CHIKV
at MOI 1, and the virus titers in the culture medium were
measured by a plaque assay as described in ‘Materials and
Methods’. The mean virus titers produced in the C6/36
cells were 8.5 x 10% 1.8 X 10, 1.7 X 10" and 3 x 10°
PFU/ml at 24, 48, 72 and 96 h p.i., whereas those in the
Vero cells were 9 x 107, 1 X 108,7 x 107, and 1.5 X 107
PFU/ml (fig. 2), indicating that the C6/36 cells produced

4 Intervirology

INT339985.indd 4

than the Vero cells. The C6/36 cells pro-

higher v1ra1 titers
duced a viral titer that was more than 100 times higher
than the Vero cells. More than 100 times viruses were
produced in the C6/36 cells. Although the Vero cells

showed strong CPE, the levels of virus replication were
not efficient. Thesé results coincided with those in a pre-
vious report obtained from SINYV, in which CPE did not
affect the virus titer that much [21].

Lietal

30.07.2012 15:16:32

— 382 —

Coibrversion svailabde onfing



Virus titer (logo PFU/ml)

T i
After passage
10th 15th.

Newly
infected s5th

20th

Fig. 4. Virus titers in the supernatant from CHIKV-infected
C6/36 cells measured by a plaque assay. C6/36 cells were newly
seeded every 3 days, and passaged 20 timesat 32°.

Apoptosis of Vero and C6/36 Cells after Infection with

CHIKV

In order to explore the mechanism of CHIKV—mduced
CPE in Vero cells, we analyzed apoptosis. Following in-
fection or mock infection, the cells were fixed and sub-
jected to TUNEL analysis as described in ‘Materials and
Methods’. As depicted in figure 3, the Vero cells at 24 h
p.i. showed several apoptotic cells (green), but very few

Discussion

Alphaviruses are generally thought to cause alytic in-
fection (apoptosis) in many mammalian cells, while they
cause a persistent infection in mosquito cells exhibiting
moderate CPE. For example, SIN'V causes acute cell death
in most types of mammalian cells, and the infected cells
display typical characteristics of apoptosis [21]. SINV is
generally thought to cause only moderate CPE in mos-
quito cells with a persistent infection [16]. Similarly, den-
gue virus, a member of the flavivirus family, does not
cause deleterious effects in mosquito cells and may result
in persistent infection [22], suggesting that the cellular
response to some of the members of the alphavirus and
flavivirus families is highly related to the cell type. The
reasons why SINV infection does not cause apoptosis in
mosquito cells are still obscure.

CHIKYV is a member of the alphavirus family, and
causes a re-emerging mosquito-borne infection. In this
study, we observed the same phenomenon in CHIKV as
in SINV, in which CHIKV induced strong CPE and apop-
tosis in Vero cells, but light CPE and apoptosis in C6/36
mosquito cells. Apoptosis in HeLa cells induced by
CHIKYV was recently characterized, and this virus was
found to trigger apoptosis through an early caspase-9-
dependent intrinsic mitochondrial pathway followed by
an extrinsic caspase-8-dependent pathway [23]. CHIKV
also exerts cytopathlc activity through standard apopto-

apoptotic cells were found in the CHIK V-infected C6/36 '

cells, suggesting that apoptosis may be one of the reasons
why strong CPE was induced in the Vero cells.

CHIKYV Caused Persistent Infection in C6/36 Cells

To examine whether CHIKV causes persistent infec-
tion in the mosquito cells, C6/36 cells were infected with
CHIKV at MOI 1, incubated for 5 days at 32°, and then
passaged 20 times every 3 days using 1 X 10° cells for
each passage. The medium was collected on day 3 in ev-
ery passage, and the virus titers were determined and
compared. The virus titers were 4.5 X 10°, 1.25 x 106,
2.5 X 10° and 1.5 X 10° in the 5th, 10th, 15th, and 20th
passages, respectively, showing a decreasing trend, al-
though the titers were not significantly different be-
tween each passage (fig. 4). After 20 passages, the ex-
pression of the viral antigen was examined by immuno-
fluorescence assay, and nearly 100% of the cells were
infected (data not shown). These results indicated that
CHIKYV had established a persistent infection in the
C6/36 cells.

Cytopathic Effect of CHIKV in Vero and
C6/36 Cells
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sis m; chinery, in which it was shown that CHIKYV releas-
_es viral proteins such as E1 and capsid, which shield into
‘membrane vesicles.

Engulfment of these CHIKV apop-
totic blebs pmmotes 1 he mfectlon to the neighboring cells

23}
The cell and species spec1ﬁc1ty of SINV-induced cell
death implies that cellular and v fral regulators of apopto-

sis play important roles in d et ermining the outcome of
'SII\V infection. Nearly all vertebrate cell lines infected

with IQTNVs do not survive after the infection. The mech-
anism by which CHIKV mduced strong CPE in mamma-
lian cells and weak CPE in mosquito cells is still not
known. Apoptoms may be one of the reasons why CHIKV
leads to cell death through strong CPE, because CHIKV
induced strong apoptosis in Vero cells compared to C6/36
cells. Mosquito cells mtay carry apoptotlc in 11b1tory
Recently, virus-indu reél apopte OSIS medlated by an un-
folded protein response (UPR) was hypothesized to be a
crucial pathogenic event in viral infection: it creates con-
ditions beneficial for an eventual viral infection. In gen-
eral, newly synthesized secretory or membrane-bound
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proteins are unable to fold properly in the endoplasmic
reticulum (ER), leading to induction of ER stress and sub-
sequent elicitation of UPR [24]. Dengue virus-infected
mosquito cells continued growing, implying that an anti-
ER stress factor might be involved in the process of viral
replication in mosquito cells [25]. Mosquito cells trigger
a pathway that protects infected cells from death, which
might be how Aedes mosquitoes resist dengue virus in-
fection [26]. Activation of the UPR to cope with ER stress
in the early phase of viral infection was shown in various
vertebrate cells [27, 28]. However, flavivirus-infected
mammalian cells ultimately face apoptos1s through the
effects of ER stress [29]. .

In this paper, we reported that CHIKV 1nduced strong
CPE in Vero cells but light CPE in mosquito cells, which
may be one of the reasons why mosquito can be a natural
host of CHIKV without being killed. In the mosquito
body, the genetic factors that govern susceptibility to
CHIKYV infection contribute to the weak CPE: Most of
the C6/36 cells did not die after infection with CHIKV
and became persistent, even after being passaged 20

cells, or mutant viruses might be released during the pas-
sages, which made the virus titers show a decreasing
trend during passages. C6/36 cells can produce a higher
titer of CHIKV than Vero cells.

Apoptosis is another attractive candidate antiviral re-
sponse in mosquitoes, given its importance in other vi-
rus-host systems [30]. Therefore, the mosquito cell may
carry some host factors against apoptosis. It would be in-
teresting to clarify the differences in apoptosis mecha-
nisms between Vero and C6/36 cells in CHIKV infection,
as this may help us to understand the mechanisms of
CHIKV-induced diseases in humans. Further study is
needed to clarify the mechanisms.
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