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the cells were inoculated with the HIV-1 (60 MAGI U/well,
giving 60 blue cells after 48 h of incubation) and cultured in the
presence of various concentrations of the drugs in fresh medium.
Forty-eight hours after viral exposure, all the blue cells stained
with X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside)
were counted in each well. The activity of test compounds was
determined as the concentration that blocked HIV-1 replication
by 50% (50% effective concentration [ECs]).
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Binding of Multivalent Anionic Porphyrins to V3 Loop Fragments of an
HIV-1 Envelope and Their Antiviral Activity
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Abstract: Interactions of multivalent
anionic porphyrins and their iron(III)
complexes with cationic peptides, V3g,.
¢ and V3 which correspond to those
of the V3 loop regions of the gp120 en-
velope proteins of the HIV-1g,; and
HIV-1y5 strains, respectively, are stud-
ied by UV/Vis, circular dichroism,
"H NMR, and EPR spectroscopy, a mi-
crocalorimetric titration method, and
anti-HIV assays. Tetrakis(3,5-dicarbox-
ylatophenyl)porphyrin (P1), tetrakis[4-
(3,5-dicarboxylatophenylmethoxy)phe-
nyl]porphyrin (P2), and their ferric
complexes (Fe™P1 and Fe™P2) were
used as the multivalent anionic por-
phyrins. P1 and Fe™P1 formed stable
complexes with both V3 peptides
(binding constant K >10°m~") through

Introduction

Human immunodeficiency virus (HIV) enters T-cells and/or
macrophages by binding to the cluster of differentiation 4

Koji Kano*!*

combined electrostatic and van der
Waals interactions. Coordination of the
His residues in V3g,; to the iron
center of Fe'"P1 also played an impor-
tant role in the complex stabilization.
As P2 and Fe'P2 form self-aggregates
in aqueous solution even at low con-
centrations, detailed analysis of their
interactions with the V3 peptides could
not be performed. To ascertain whether
the results obtained in the model
system are applicable to a real biologi-
cal system, anti-HIV-1;,, and HIV-
1yp activity of the porphyrins is exam-

Keywords: antiviral agents - elec-
trostatic interactions - inhibitors -
porphyrinoids - proteins

ined by multiple nuclear activation of a
galactosidase indicator (MAGI) and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assays.
There is little correlation between
chemical analysis and actual anti-HIV
activity, and the size rather than the
number of the anionic groups of the
porphyrin is important for anti-HIV ac-
tivity. All the porphyrins show high se-
lectivity, low cytotoxicity, and high viral
activity. Fe"'P1 and Fe'"'P2 are used for
the pharmacokinetic study. Half-lives
of these iron porphyrins in serum of
male Wistar rats are around 4 to 6 h
owing to strong interaction of these
porphyrins with serum albumin.

(CD4) receptors expressing on the normal cell surfaces.
After virus—cell fusion, a single-stranded RNA of HIV is re-

verse transcribed to a double-stranded DNA, which is then
integrated into the host cell genome. A polypeptide is pro-
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duced according to the viral genome, followed by proteolyt-
ic processing by viral protease. Then the viral proteins and
RNA are assembled in the cell membrane, thereby yielding
a new virus. The cycle of viral replication causes the destruc-
tion of a number of CD4-positive T-cells and/or macrophag-
es.l!

To suppress HIV proliferation, drugs inhibiting each step
of the viral infection are administered.”! The initial step of
viral infection is the binding of the HIV gp120 envelope gly-
coprotein to the CD4 receptors of T-cells and macrophag-
es.”) The gp120 glycoprotein possesses a characteristic pro-
truding part called the third variable (V3) loop, a basic,
cyclic region that facilitates viral entry by interacting with
the CXCR4 or CCRS coreceptor on the host cell surface.”
As viral entry is the initial step of the infection, the inhibi-
tors that suppress this step seem to be effective antiviral
drugs. Therefore, many drugs that inhibit the viral entry into
the host cells have been developed.”” However, very few
basic studies have been conducted on the mechanism of
action of these drugs.

Abstract in Japanese:
HIV-1g,0 35 L OVHIV-Lyg DENER % L 237 B Tdh 5 gpl20 D V3 L—TE 5y &

R—®07 2/ BEIEZAETHHTFAUMBRRTF R, Vi BLUVIimE
BRELL, BT =A L HERLT 1Y B L OEOERIIDSEA L DFAEERIC
SEWGE L, %5 - TR, Mtk 'HNMR 3 L UEPR ot 2 B EF
Bk UTHIV, tetrakis(3,5-dicarboxylatophenylporphyrin (P1)., tetrakis[4-(3,5-
dicarboxylato-phenylmethoxy)phenyl|porphyrin (P2) 35 J UV Z 41 & 0> 8k (11) 4 &
(Fe(lDP1 35 & T8 Fe(lDP2) & Afi 7 =AM 7 4 U & LTHEH L7z,
Pl B3 LU Fe(DP EFFEMEEME 772 - T« V=L AMEEROD
BRBEIZLY . VIRTF REREREBEEHRLE (K>10°M') . Vi
LD His D Fe(IIDP1 kP LA~EMT 2R, SEEORELICEER
ThHolz, P2 L Fe(llDP2 L1, BBEILISWTHLRFTACRET D120,
INHDORLT 4 Y EE VIRTF R EOBHARICOWTEIHEL CRFHT
Ehmol, TETAROMEL EREOERRIIESTE I E I hEHAND
EHIZ, ZRHOBLT 2 U EOPHIVIEMEEZ | MAG il LU MTT #
VY. HIV-l1po B L O HIV-lup BRIZCOWTHRE L=, EWMFEHLBEDR
F. BYOEEAREE & HIV IS ORI HEREEED O T, Y
A LT =4 VHBEREORKL Y b, EHOKE SR HIVIEEIZIIE
BWTHD I EWNRBENT, ANER2TORLT 4 U AREVMREL. &
DHIRE T e ZRARMERS L OV Y 4 VR IEMNE R LT, FCEWI
HIV iE# %779 Fe(IIDP1 & Fe(IIHP2 12>\ T, SEHEHREA W ~7=, Wister ®
XIDMBERTO IR GERANT ¢ ) O 4~6 BEH & D BV IFERRIE,

R7 4 ) VEOMET VT I L OBROCHEERICL > TRATE 5,
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Anionic compounds suppress the entry of HIV into CD4
positive cells.*”) Among these compounds, anionic porphyr-
ins and phthalocyanines are known to show anti-HIV activi-
ty.”! Most of the previous studies focused on the anti-HIV
activity of these anionic macrocycles but no detailed study
on their interaction with the proteins related to HIV infec-
tion has been reported.

In this study, we examined the interactions between syn-
thetic, cationic V3 loop peptides and multivalent anionic
porphyrin free bases and their iron(III) complexes in detail.
We also attempted to compare the results obtained from the
model system with the anti-HIV activity of these inhibitors.
In particular, the effect of the number of anionic groups of
the inhibitors, the effect of the sizes of the inhibitors, the
driving forces for binding of the inhibitors to the V3 loop
peptides, and the effect of Fe" introduced into the porphyr-
ins were intensively studied.

Results and Discussion

Interactions of P1 and Fe™P1 with V3,

The interactions between the multivalent anionic porphyrins
and V3g,, were studied. As the peptide has five basic and
two acidic amino acid residues, it possesses three positive
net charges at neutral pH. The binding constants (K) for
complexation of P1 and FeP1 with V3g,; in 20 mm phos-
phate buffer (pH 7.0) were determined from the UV/Vis
spectroscopic titrations (Figure 1). The changes in absorb-
ance of each porphyrin upon the addition of V3g,; were
plotted against the concentrations of the peptide. The titra-
tion curves were best-fitted with an equation for 1:1 com-
plexation (Figure 1), the determined K values for the P1
and Fe'"P1 systems being (7.640.5)x10° and (4.5+0.5)x
10’m7", respectively (Table 1). The Job plots (see the Sup-
porting Information) support the formation of 1:1 com-
plexes of the porphyrins and the peptide.

The K values for the P1 and FeP1 systems were 25 and
150 times, respectively, higher than that for 5,10,15,20-tetra-
kis(4-carboxylatophenyl)porphyrin (TCPP; K=(3.0+£0.1)x
10°m7"), which has four anionic groups. An increase in the
number of carboxylate groups seems to enhance the binding
affinity toward the peptide through electrostatic interaction.
In addition, the marked decreases in the K values with in-
creasing ionic strength of the media (Figure 2) support the
view that electrostatic interaction is an important force in
binding P1 and Fe™P1 to V3p,,. The effect of the ionic
strength was less effective for the Fe"'P1 system than for the
P1 system, implying that force(s) other than electrostatic in-
teraction participate in the complexation of Fe"'P1. The K
values for the Fe"P1-V3y,, system were six times higher
than that of the P1-V3g,, system (Table 1), which suggests
that the iron center of the porphyrin plays some role in the
binding with the peptide.

Chem. Asian J. 2010, 5, 825-834
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Figure 1. UV/Vis spectral changes of A) Pl (5.0x10"m) and B) Fe'"P1
(5.0x107"m) upon addition of V3g,, in phosphate buffer (0.02m) at
pH 7.0 and 25°C. Insets are the plots of the absorbance changes versus
concentration of V3g,;. The solid lines are the best fit of the data to an
equation for 1:1 complex formation, thus giving K values.

Table 1. Binding constants and thermodynamic parameters for complexation of V3 with P1 and Fe''P1 in

phosphate buffer (2.0x 10 *m) at pH 7.0 and 25°C.
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Figure 2. Effects of ionic strength on binding of P1 (e) and Fe"'P1 (a)
with V3, at pH 7.0 and 25°C. The ionic strength was altered by chang-
ing the concentration of the phosphate buffer.

Fe"P1V3;,, complex were measured (Figures3 and 4).
These spectroscopic methods may provide information on
the spin state of the Fe"™P1 complex and its coordination
structure.

In the EPR spectrum, the addition of V3, to the Fe'"P1
solution caused disappearance of the signal at g=6.14 and
appearance of the rhombic signals at g=2.88, 2.31, and 2.02
as a result of the low-spin state of the ferric porphyrin (Fig-
ure 3B). The EPR spectrum of the Fe"P1-V3y,, complex
was completely in agreement with that of the bisimidazole
complex of Fe"P1 [(Im),Fe™P1] (Figure 3E) as well as with
those reported for the bisimidazole complexes of Fe"TPPS
(TPPS:  5,10,15,20-tetrakis(4-
sulfonatophenyl)porphyrin dia-
nion) and Fe"TPP (TPP:

5,10,15,20-tetraphenylporphyrin

Porphyrin  Peptide 107K M 107K w7 AR [kImol™']  TAS’ [kImol '] #ld
dianion).®)  These  results
P1 Vgt 0.76+005  0.47+008 —63+1 2541 1.0£0.0 .
V3, HI3A 035+£002 0554005  —75+0 ~36+0 12401 Strongly suggest that the His
V3, H34A 0.58+0.5 0.5240.12 “71+1 3241 09+01 residues at positions 13 and 34
V3p. HI3A/H34A  0.15+02 NDU NDM NDW NDU of V3, coordinate to the iron
Vi3ius 11+2 8.5+0.6 —36+1 7.1+1.6 09+00  center of FeP1 when Fe'P1
Fe''P1 Vg1 45405 52+0.8 —62+3 —18+2 1.04+0.0 | ith V3
V3 HI3A 00894003 015£005  —50+5 —14+5 10Lpn COMPIexes WIth ¥ip, ..
V3, H34A 14402 091+0.15 5643 ~16+3 10+00  In general, the B-pyrrole pro-
V3g, HI3A/H34A  0.025+0.001 - - - - tons of the ferric porphyrins in
Vs 49+1.2 2.6+0.6 -23+2 1942 09400  the high-spin (525/2) and inter-

[a] Binding constants determined by UV/Vis titrations. [b] Binding constants determined by ITC measure-
ments. [c] The n value is the number of sites that corresponds to an inflection point in the titration curve.

[d] ND: not determined.

EPR and NMR Spectroscopy

V3,1 comprises 35 amino acid residues including two His
residues at positions 13 and 34 (Scheme 1 A). The His resi-
dues have the ability to coordinate to Fe"P1. To examine
the axial coordination, EPR and NMR spectra of the
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mediate-spin  states  (S=74)
show their '"H NMR spectro-
scopic signals at approximately
0=80 and —60 ppm at 25°C,
respectively, and therefore the
B-pyrrole protons in an admixed intermediate-spin state
(S=h, /) are observed between ¢ =—60 and 80 ppm, de-
pending on the contribution of the intermediate-spin state
(Int (%))."1 Fe'"P1 does not form its p-oxo dimer because
of intermolecular electrostatic repulsion between the car-
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A)  V3gar CTRPNNNTRKS!}*‘:I .- GPGRAFYTTGEIIGD!RQA'H;Z‘
V3g, H13A CTRPNNNTRKSIA] - - GPGRAFYTTGENGDIRQAHE
V3g,, H34A CTRPNNNTRKSIH| - - GPGRAFYTTGEIIGDIRQAAL
V3go HI3A/H34A  CTRPNNNTRKSIA! - - GPGRAFYTTGEIGDIRQAAL
V3ya CTRPNNNTRKSIRIQRGPGRAFVTIGKIGNMRQAHC Y

8) _ _ M=2H TCPP
R R= —OCOO M=Fe Fe"TCPP
[eleley
M=2H P1
R R=
R M=Fe Fe'P1
[lele}
[elelex
P2
FelP2

%)

AMD3100

Scheme 1. A) Amino acid sequences of the V3g,,, V33, HI3A, V3;,
(H34A, V3,5, HI3A/H34A, and V35 peptides. C indicates intramolecu-
lar disulfide-bonded cysteine residues. B) Multivalent anionic porphyrins
and their iron complexes used in this work. C) Reference compounds
used in anti-HIV-1 assays.

boxylate groups at positions3 and 5 of the peripheral
phenyl groups of the porphyrin.'" As the pK, for the equi-
librium between the diaqua [(H,0),Fe™P1] and monohy-
droxo forms [(OH™)Fe™P1] is 8.0, Fe"P1 preferentially
exists in the diaqua form in an aqueous solution at pH 7.0.
The chemical shift arising from the B-pyrrole protons (9,,)
of [(D,0),Fe""P1] was observed at 6=50.4ppm (Figur-
e4A), which is in good agreement with the reported d,,
value for [(D,0),Fe™TPPS] in an admixed intermediate-
spin state.'” In the 'H NMR spectrum, the signal arising
from the pyrrole protons of Fe"'P1 shifted to é=—17.4 ppm
upon complexation with V3g,; (Figure 4B), which corre-
sponds to the &,, of [(Im),Fe"'P1] (Figure 4C). 'H NMR
spectroscopy also supports the coordination of the His resi-
dues at positions 13 and 34 of V3, to the iron center of
Fe'''P1.

V33, Mutants

V35, was mutated by substituting the His residues with
Ala to confirm the coordination of His to FeP1. The
amino acid sequences of the mutants are shown in Sche-
me 1A. The mutation of both His residues at positions 13
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Figure 3. EPR spectra of Fe'P1 (4.0x 10"*m) in the absence (A) and the
presence of B) V3, C) V35, HI3A, D) V3, H34A (6.0x107*m), and
E) imidazole (0.2m) in 0.02m phosphate buffer at pH 7.0 and 77 K.

A:P1 Bpy=50.4 ppm
P — —

B: Fe'"P1 +V3g,, 8py = -17.4 ppm

Spy =-17.4 ppm

C: Fe"P1 + Imidazole

60 50 40 30 20 10
&/ ppm

Figure 4. "H NMR spectra of Fe"P1 (2.0x107*m) in the A) absence and
the presence of B) V3, (3.0x10 *m) and C) imidazole (0.2m) in phos-
phate buffer (2.0x107?m) at pD 7.0 and 25°C.

and 34 (V3y, HI13A/H34A) caused a large decrease in the
K value for the complexation with Fe"™P1 (from 4.5x 107 m™"
for V3g,. to 2.5x10°m! for the mutant; Table 1). V3g,.
L H13A, the His residue of which was replaced by Ala at po-
sition 13, also showed a significant decrease in the K value
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(8.9x10°m™"), whereas the replacement at position 34 (V3g, -
H34A) showed moderate effect (K=1.4x10"m'). These re-
sults clearly suggest that the His residue at position 13 great-
ly participates in the stabilization of the Fe™P1-V3,,, com-
plex, although the His residue at position 34 assists in the
stabilization. The Fe™P1-V3y, H34A complex showed an
EPR signal at g=—1.99 together with a very weak signal at
g=>5.88. Although we could not assign this EPR spectrum, it
is clear that the high-spin character of Fe'P1 is weakened
upon the complexation with V3g,; H34A, probably owing to
coordination of the His residue at position 13. The EPR
spectrum of the Fe"P1-V3g, HI3A complex (Figure 3C)
indicates that the His residue at position 34 barely coordi-
nates to the iron center of FeP1.

Circular Dichroism

The changes in the secondary structures of V3g,; upon
binding with P1 and Fe""P1 were studied by means of circu-
lar dichroism (CD) spectroscopy. The CD spectra of V3,
(see the Supporting Information) showed a random coil
structure, as previously reported.'"! The negative CD signal
of V3p,; at 198 nm decreased and slightly shifted to 199 nm
upon addition of P1. Meanwhile, the addition of Fe"P1
caused a systematic red-shift of the signal at 198 to 202 nm,
thus indicating that the iron of Fe'P1 induces a marked
structural change of the peptide, which is ascribable to the
coordination of the two His residues at positions 13 and 34.

Interactions of P1 and Fe™P1 with V3

The interactions of P1 and Fe™P1 with V3, were also in-
vestigated. V3, has only one His residue at the C-terminal
part and contains eight cationic amino acid residues (Lys
(K) and Arg (R)). The K values for the complexation of P1
and Fe"P1 with V3;; were determined to be (1.1£0.2)x
10°® and (4.9+1.2)x10"M™", respectively (Table 1). V3 is
bound to both P1 and Fe™P1 more strongly than V3g, ;.
V3 (net charge=+8) is more basic than V3g,; (net
charge =+3). Therefore, electrostatic interactions between
the anionic porphyrins and V33 were expected to be much
stronger than those for the V3, system. Unlike in the case
of V3g,,, the K value for the complexation of Fe"P1 with
V3 was significantly smaller than that for P1 (Table 1),
thereby suggesting that the iron center of Fe™P1 does not
participate in the stabilization of the complex because of the
absence of a His residue at the middle part of V3,5 EPR
and NMR spectra of the Fe'P1-V3,;; complex could not
be measured because of the poor solubility of the complex.
Although V3, possesses a His residue at position 35, this
His residue at the C-terminal part seems to barely coordi-
nate to Fe™P1, as clearly shown in the case of V3g,; HI13A.
The lower K value observed for the Fe™P1-V3; system
than for the P1-V3; one suggests that electrostatic interac-
tion is the main binding force and the axial ligand of Fe'"P1,
H,0, seems to interfere with this interaction. The poor solu-
bility of the V3yz—porphyrin complexes indicates strong in-
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teractions of the polycationic peptide and polyanionic por-
phyrins through coulombic force.

Thermodynamic Parameters

Thermodynamic parameters are very useful in discussing the
detailed mechanism of molecular complexation. The interac-
tions of P1 and Fe'P1 with the V3 peptides were further
studied by means of isothermal titration calorimetry (ITC).
Figure 5 shows the typical ITC profiles for the bindings of
P1 and Fe"P1 with V3,,. The thermodynamic parameters
obtained from the ITC measurements are summarized in
Table 1.

A: V3gy, +P1 B: V3, +Fe"P1
Time / min Time / min
0 20 40 &0 80 100 120 0 20 40 60 80 100

0.0 J 0.00
T 7, -0.05
4 4 J o
8 2-0.10
g 0.2 §-0.15

3
03 +0.20 4
«0.25 4
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[Fe"P11/[V3ga1]
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Figure 5. Calorimetric titrations of V3, (in cell, 1.4mL, 5.0x10 °m)
with 25 10 uL aliquots of A) P1 (9.9x107°m) and B) Fe™P1 (6.2x 10~°m)
in phosphate buffer (0.02m) at pH 7.0 and 25°C.

The complexation of V3g,; with both P1 and FeP1 is
dominated by the enthalpy terms. Complex formation
through electrostatic interaction in aqueous solution is usu-
ally driven by a favorable entropy term owing to dehydra-
tion from both host and guest." These findings suggest that
electrostatic interaction is not the sole binding force for the
P1-V3g,, and Fe"P1-V3,, systems. Although coordina-
tion of imidazole to iron porphyrins is an enthalpically fa-
vorable process,'® the AH® (=62 kJmol™") for the Fe"P1-
V3,1 system was almost the same as that (—63 kJmol ™)
for the P1-V3;,, system. The coordination of the His resi-
due of V3g,; to Fe™P2 was not reflected in the AH® value.
Therefore, it is reasonable to assume that van der Waals in-
teraction participates in the complexation and leads to the
complicated thermodynamic behavior. Van der Waals inter-
action in an aqueous solution usually shows a negative AH°
value.'? The larger K value for Fe"P1 than for P1 is ascrib-
able to the larger entropy change. Although the coordina-
tion of the two His residues of V3, to Fe'"P1 is entropical-
ly unfavorable, dehydration from both the His residues and
the iron center upon complexation may cause an increase in
AS’. Consequently, it can be concluded that the anionic por-
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phyrin is bound to the cationic peptide through combined
electrostatic and van der Waals interactions. In addition, the
coordination bonds stabilize the Fe™P1-V3;,; complex.

The coordination of the His residues to Fe''P1 is also sup-
ported by the thermodynamic parameters for the complexa-
tion of the mutant. The AH® value for the Fe"'P1-V3y,
system was (—6243)kJmol™', with an increase to (—50+
5)kJmol™! upon mutation of His at position 13 by Ala
(V35,.H13A). As the complexation of V3g,; with P1 is en-
thalpically less favorable than that of V3g,; HI3A (Table 1),
the enthalpic gain in the Fe™P1-V3g,, system is mainly as-
cribable to the coordination of the two His residues.

Preferential participation of electrostatic interaction in
the complexation of P1 and Fe"™P1 with V35 was clearly
reflected in the thermodynamic parameters. Unlike in the
case of V3g,,, the positive AS® values were measured for
the binding of P1 and Fe"™P1 to V3, (Table 1). Complexa-
tion of multivalent organic ions with oppositely charged li-
gands in aqueous solution commonly shows positive entropy
changes."”) Extended dehydration from both ions upon asso-
ciation is the origin of the positive AS’. As the complexation
of both the anionic porphyrins with V33 having a net
charge of +8 is still enthalpically dominated, van der Waals
interaction also plays an important role. However, coulom-
bic interaction becomes more obvious in the complexation
of V3,5 than in the case of V3g,;.

Interactions of P2 and Fe™P2 with V3, and V3,

According to the X-ray crystallographic data of the V3 loop
region of gp120 (PDB code: 2b4c), the sizes of P1 and
Fe'"P1 seemed to be too small to cover the loop peptide to-
tally (see the Supporting Information). The peripheral sub-
stituents of the porphyrin were elongated to enlarge the
size. We prepared tetrakis[4-(3,5-dicarboxylatophenylme-
thoxy)phenyl]porphyrin (P2) and its iron(IlI) complex
(Fe"P2) (Scheme 1B) as larger multivalent anionic porphyr-
ins.

UV/Vis spectroscopic titrations for determining the K
values for the complexation of P2 and Fe™P2 with V3p,,
were examined (see the Supporting Information). Unfortu-
nately, however, the self-aggregation behavior of these por-
phyrins interfered with the attempts. P2 forms stacking-type
self-aggregates at [P2]>1x10"°m (Supporting Information),
and FeP2 forms a p-oxo dimer (also in the Supporting In-
formation). We applied ITC measurements to estimate the
K values. In the ITC measurements, 10 uL aliquots of the
1x10™*M porphyrin in 2x107>M phosphate buffer in a sy-
ringe were successively injected into a 5x107°M V3g, solu-
tion (1.4 mL) in the same buffer in a cell. P2 was significant-
ly diluted at each injection, thus leading to dissociation of
its self-aggregates. The heat of dissociation of the P2 aggre-
gates was cancelled out by the reference titration in which
the porphyrin solution in the syringe was injected into the
buffer without the peptide. Therefore, the K value and other
thermodynamic parameters for the complexation of P2 with
V3g,. might be reliable. However, the quality of the ITC ti-
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tration curve was not satisfactory (Supporting Information)
and provided a roughly estimated K value of 2x10°m™" for
the complexation of P2 with V3g,,, which is smaller than
the K value for the P1-V3g,; complex (4.7x10°M™"). As the
energy-minimized structure of P2 (Supporting Information)
suggests, it is not necessarily the case that the positions of
the carboxylate anionic groups of P2 fit well to the positions
of the cationic residues of V3p,; to maximize the interaction
between P2 and V3, .

The Fe"P2-V3g,, system showed a characteristic calori-
metric titration curve that exhibited two complexation pro-
cesses (Supporting Information). We could not draw the
structures of the Fe"'P2-V3;,; complexes. In any case, all
spectroscopic data indicate that Fe"'P2 does not bind to the
peptide in its p-oxo-dimer form. In the UV/Vis titration
curve, the change in the absorption of Fe''P2 was saturated
at the equimolar concentration of V3g,;, which suggests
that the K value of this system is greater than 10°m™" if the
1:1 complex is formed.

Owing to the low solubility of the P2-V3; and Fe"P2-
V35 complexes, detailed studies on the interactions of
these enlarged porphyrins and the multivalent peptide could
not be performed. Rough estimation by ITC suggests K
values in the order of 10’mM™! on the assumption of the 1:1
stoichiometry. Indeed, the precipitations appeared when an
equimolar amount of P2 or Fe"P2 was added to the V33
solution, thereby suggesting the formation of a very stable
association complex.

Anti-HIV-1 Activity of Porphyrins

Anti-HIV-1 activity of the porphyrins to the HIV-1g,; and
HIV-1,;5 strains was determined by multiple nuclear activa-
tion of galactosidase indicator cell (MAGI) assay™® by using
HeLa-CD4/CCR5-LTR/p-gal cells expressing both CCRS5
and CXCR4. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay!"” using HIV-1y;5 was also
performed. Antiviral activity of a drug is represented by the
concentration of the drug at which the viral replication is
blocked by 50% (ECs,). The results are summarized in
Table 2. Zidovudine (AZT, a nucleotide reverse transcrip-

Table 2. Anti-HIV-1 activity (ECs, in pm) and cytotoxicity (CCs, in um)
of AZT, DS5000, AMD3100, and porphyrins determined by the MAGI
and MTT assays.

Inhibitor ECs, [um]® CCsp [pam]™
HIV-15,, HIV-1y

AZT 0.034 =0.009 0.023 +0.010 >10
DS50000! 0.085 = 0.005 0.062 +0.005 >100
AMD?3100 >0.2 0.0034 £0.0002 >0.2
TCPP 47+0.15 264023 40+5
Fe"TCPP 0.89+0.21 14403 >100
P1 1.940.1 1.7+0.6 36+5
Fe'P1 0.3540.03 0.49+0.19 >100
P2 0.19+0.03 0.21+0.05 3545
Fe''P2 0.12+0.02 0.059 £0.014 >100

[a] Anti-HIV-1 activity was determined by MAGI assay. [b] Cytotoxicity
was determined by the MTT method. [c] The ECs, and CCs, values of
DS5000 are represented as the molar concentrations of a dextran unit.
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tase inhibitor), AMD3100 (a CXCR4 antagonist), and
DS5000 (a dextran sulfate having an average molecular
weight of 5000, an entry inhibitor) (Scheme 1C) were used
as the reference drugs.

Over the course of the MAGI assay, we found that the
anti-HIV-1 activities of P1 and Fe"'P1, which have eight car-
boxylate anionic groups, were higher than those of TCPP
and Fe'TCPP, respectively, which have four CO,  groups.
The higher anti-HIV-1 activities of P1 and FeP1 may be
ascribed to the higher ability of these porphyrins to bind to
the V3 loops of the viruses. However, in the MTT assay,
which needs five days to obtain the results (the drug potency
therefore tends to become obscure), P1 and Fe™P1 showed
a small supremacy of P1 and Fe'P1 relative to TCPP and
Fe"'TCPP. Meanwhile, the enlarged porphyrins with eight
CO," groups, P2 and Fe'P2, definitely showed higher anti-
HIV-1 activity than P1 and Fe"P1. It seems that P2 and
Fe"P2 overlap the V3 loops of the HIV-1 strains well,
which leads to effective inhibition of the binding of the V3
loop region to the receptors on the target cells. The results
in Table 2 clearly indicate that the size of the drug rather
than the number of the anionic groups is a very important
factor for anti-HIV-1 activity.

Only the Fe"P1-HIV-1y,, system has the possibility for
coordination of the two His residues in the V3 loop of this
virus to the iron of the porphyrin. However, there was no
large difference in the anti-HIV-1 activity of Fe"'P1 between
HIV-1;, . and HIV-1,;5 This means that the coordination of
the His residues does not play a significant role in the inhib-
ition of HIV-1 infection, or that the two His residues of
HIV-1g,, do not coordinate to Fe"P1.

We initially expected a clear correlation between the K
values in the model system and the ECs, values. If the ex-
perimental results were in line with our expectations, we
could have obtained a powerful methodology to design anti-
HIV-1 drugs. However, the experimental results did not ful-
fill our expectation, although we found potent activities of
P2 and Fe"'P2.

Effects of Time of Drug Addition and Preincubation

The effects of the time of drug addition on the HIV-1y; ac-
tivity were examined to confirm the mechanism of action of
the porphyrins. At r=0h, the HeLa-CD4/CCRS5-LTR/B-gal
cells were inoculated with the HIV-1j5 At the indicated
time points, each anti-HIV-1 drug for which the concentra-
tion had been adjusted to show 90% inhibition (ECy) was
added. Then, the infectivity was determined by counting the
blue cells after 48 h culture (see the Experimental Section).
The time profile of drug addition of Fe"'P1 (Figure 6) was
almost the same as those for entry inhibitors such as polyan-
ionic DS5000 (gpl20-targeted) and polycationic AMD3100
(CXCR4-targeted), thus suggesting that Fe"P1 exerts the
antiviral activity by blocking viral entry into normal cells.
We examined the effects of preincubation on the HIV-
1y infection (Figure 7). A mixture of a drug and the HeLa-
CD4/CCR5-LTR/fB-gal cells was preincubated for 2 h fol-
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Figure 6. Time of drug-addition profiles for infection of the HIV-1yy
strain to HeLa-CD4/CCRS-LTR/B-gal cells.
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Figure 7. Preincubation effects on the anti-HIV-1 activity. Each drug with
the concentrations of ECy, and 5xECy was preincubated with HeLa-
CD4/CCRS-LTR/B-gal cells for 2 h and the preincubated samples were
washed 5 times with phosphate buffer solution (PBS) before inoculation
with the HIV-1 strain.

lowed by washing, and then inoculated with HIV-1y. If the
drug binds to the target cells, thereby leading to anti-HIV-1
activity, the infection should be suppressed even after prein-
cubation. Meanwhile, if the drug selectively binds to HIV-1,
no preincubation effect should be observed. AMD3100 is a
CXCR4 antagonist. As AMD3100 bound to CXCR4 of the
HeLa cells, this drug showed anti-HIV-1 activity after prein-
cubation. On the other hand, the anionic porphyrins and
DS5000 are entry inhibitors, the functions of which are ach-
ieved by binding to the V3 loop proteins. As shown in
Figure 7, the anionic drugs did not show any antiviral activi-
ty after preincubation, thus indicating that these anionic
drugs selectively bind to the V3 loops of the HIV-1, which
results in the inhibition of HIV-1 entry into the HeLa cells.
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Cytotoxicity of Porphyrins

The cytotoxicity of a drug is represented by the drug con-
centration at which the viability of the host cells is sup-
pressed by 50% (CCsy). The cytotoxicity of each porphyrin
is listed in Table 2. Interestingly, the cytotoxicity of the iron-
(ITIT) complexes was lower than that of the corresponding
porphyrin free bases. A similar effect on the cytotoxicity
was reported by Song et al.” The introduction of the iron
atom might improve the selectivity of the binding of the por-
phyrin to the V3 loop region. The low cytotoxicity and high
anti-HIV-1 activity of these iron(IIl) porphyrins are a large
benefit to the usage of these metal complexes.

Pharmacokinetics

Fe'"'P1 and Fe'P2, which show high antiviral activities, were
selected for a pharmacokinetic study to confirm whether
these compounds can be applied to anti-HIV-1 drugs. Fe"'P1
and Fe™P2 were dissolved into polyethylene glycol
(PEG400; average molecular weight of 400) and intrave-
nously (iv) infused into the right femoral vein of male
Wistar rats after anesthetizing with urethane. Blood samples
were collected from the jugular vein, and the plasma con-
centrations of the drugs were measured by the HPLC
method. Plasma concentration-time curves of the drugs in
rat plasma after the infusions are shown in Figure 8. The
concentrations of Fe""P1 and Fe"P2 reached the maximum
at 10 and 30 min, respectively, after the infusions. Long
elimination half-lives of FeP1 (229 min) and Fe'P2
(384 min) were observed. The long residence times of these
iron porphyrins seem to be ascribable to strong binding of
the porphyrins to serum albumin (see the Supporting Infor-
mation). The difference in the elimination half-life times be-
tween Fe'"P1 and Fe"P2 can be interpreted in terms of the
difference in their binding affinities for serum albumin.

Interestingly, Fe™P1 administrated intraduodenally (id)
moved into the bloodstream slightly, although no movement
of Fe''P2 was observed. The bioavailability (BA) was calcu-
lated from the area under the curves, AUC,, and AUC,,
which were normalized by the dose according to the follow-
ing equation: BA = AUC;/AUC,, The BA of Fe""P1 at 15.0
and 30.0 mgkg™' doses were 1.49 and 1.09%, respectively.
Fe'"P2, however, was definitely not absorbed by the gastro-
intestinal tract. This might be ascribed to its large molecular
weight. As the absorption of water-soluble iron(III) por-
phyrins into the bloodstream is very low, we have to develop
drug carriers that assist the absorption of hydrophilic drugs
such as Fe'"P1 and Fe"P2 for practical application of these
porphyrins as anti-HIV drugs.

Experimental Section

Instruments

UV/Vis and CD spectra were measured using a Shimadzu UV-2100 spec-
trophotometer and a Jasco J820 spectropolarimeter, respectively. EPR
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Figure 8. Plasma concentration-time profiles of A) Fe"'P1 and B) Fe"'P2
after intravenous infusion (e, 2 mgkg ') and intraduodenal administra-
tion (a, 15 mgkg™'; A, 30 mgkg ') to the rats.

and NMR spectra were recorded using a Jasco JES-TE200 system and a
Bruker Biospin AVANCE system, respectively. MALDI-TOF MS and
ESI-TOF MS were performed by using an Applied Biosystem Voyager-
DE STR system and a JEOL JMS-T-100CS system, respectively. A
Horiba F-52 pH meter was applied to measure the pH of the solutions.

Reagents

Bovine serum albumin (BSA) was purchased from Sigma (St. Louis,
MO; Lot No. 082K1150) and used as received. AZT and DS5000 were
purchased from Sigma and used as received. Water was purified by using
Millipore Simpak 1.

Peptides

The amino acid sequences of the peptides used in this study are shown in
Scheme 1 A. V33, and V3, the amino acid sequences of which corre-
sponded to those of the V3 loop regions of strains HIV-13,; and HIV-
1, respectively, and alanine mutants of V3g,; (V3 HI3A, V3p,
H34A, and V3g,, HI3A/H34A) were chemically synthesized by 9-fluore-
nylmethyloxycarbonyl (Fmoc) solid-phase peptide synthesis with TGS-
RAM resin (Shimadzu, Kyoto, Japan) by using a Shimadzu PSSM-8 pep-
tide synthesizer. Fmoc deprotection was performed with 30% (v/v) piper-
idine in DMF, and coupling reactions were carried out with a mixture of
Fmoc-amino acid (10 equiv), O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate (HATU:; 1.2 equiv), 1-hydroxy-7-aza-
benzotriazole (HOAt; 1.2equiv), and N,N-diisopropylethylamine
(2.4 equiv) in DMF. A tyrosine residue was inserted into the C-terminal
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of V3 as a marker for determining its concentration. After the cou-
pling reactions, the peptide was cut off from the resin by using a mixture
of trifluoroacetic acid (TFA), 1,2-ethanediol, thioanisole, triisopropylsi-
lane, and water (86:5:5:1.5:225% (v/v)) and precipitated from diethyl
ether. The peptide was purified by using a reverse-phase HPLC (RP-
HPLC) system (Hitachi ELITE LaChrom) equipped with a Nacalai
Tesque COSMOSIL 5C18-AR-II column. The target proteins were
eluted with a gradient of CH;CN/H,O containing 0.1 % (v/v) TFA (1:4 to
2:3). The purified peptides were dissolved in 50 mm tris(hydroxymethy-
l)aminomethane (Tris)-HCI buffer (pH 8.0, [peptide] ~60 um) and the re-
sulting solution was stirred under air bubbling for 24 h. The 5,5"-dithio-
bis(2-nitrobenzoic acid) (DTNB) assay was applied to confirm the con-
version of the thiol groups to the disulfide bond. The peptide solutions
were then neutralized with a 6 M aqueous NaOH solution to pH 7.0, and
concentrated under reduced pressure followed by lipophilization. The
peptides were further purified by reversed-phase (RP) HPLC using the
same manner as the first purification step. The fidelity of the products
was checked by MALDI-TOF MS: m/z calcd for V3, : 3895.4; found:
3894.9; caled for V3g, HI13A: 3829.4; found: 3828.9; caled for V3,
(H34A: 3829.4; found: 3828.8; caled for V3;,  HI13A/H34A: 3765.3;
found: 3765.4; calcd for V35: 4212.8; found: 4212.9.

Anionic Porphyrins

P11 and Fe"P1"™ were synthesized according to the procedures de-
scribed in the literature. TCPP and Fe"'TCPP were purchased from
Tokyo Chem. Ind. Co. (Tokyo, Japan) and Frontier Scientific Inc.
(Logan, UT), respectively, and used without further purifications.

P2 was synthesized by the hydrolysis of tetrakis[4-(3,5-diethoxycarbonyl-
phenylmethoxy)phenyl]porphyrin (200 mg)”®'! in a mixed solution of 3m
aqueous KOH solution (20 mL) and THF (120 mL). The solution was
heated at reflux for 12 h under protection from light. After the reaction,
the organic solvents were evaporated, and the aqueous residues were
washed with dichloromethane. The aqueous phase was then acidified
with HCI and the P2 precipitates were collected by filtration. Yield
(156 mg, 90%); '"HNMR (500 MHz, [D4]DMSO, 25°C, TMS): 6 = —2.89
(s, 2H; NH), 5.59 (s, 8H; OCH,), 7.51 (d, *J(H,H) = 8.8 Hz, 8 H; phenyl),
8.17 (d, *J(H,H) =8.8 Hz, 8H; phenyl), 8.44 (d, *J(H,H) =1.6 Hz, 8 H; di-
ethylcarboxyphenyl), 8.53 (d, /(H,H) =1.6 Hz, 4H; diethylcarboxyphen-
yl), 8.87 (s, 8H; B-pyrrole), 13.40 ppm (s, 8 H; carboxy); MS (ESI-TOF):
mlz  (%):13913 [M+H™']; elemental analysis: caled (%) for
CgHs,N,0,2HCI-:3H,0 (1518.3): € 63.29, H 4.12, N 3.69; found: C 63.00,
H4.11, N3.62. Fe"'P2 was prepared according to the procedures de-
scribed in a literature.?) The purities of P2 and FeP2 were checked by
HPLC (see the Supporting Information).

Cells and Viruses

MT-4 cells were grown in RPMI-1640 medium supplemented with fetal
calf serum (FCS; 10% ), r-glutamine (2 mw), penicillin (100 UmL™),
and streptomycin (50 pgmL~"). HeLa-CD4/CCRS5-LTR/B-gal cells®
were kindly provided by Dr. J. Overbaugh through the AIDS Research
and Reference Reagent Program, Division of AIDS, National Institute of
Allergy and Infectious Disease (NIAID, Bethesda, MD) and maintained
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
FCS (10%), hygromycin B (200 pgmL™"), puromycin (10 pgmL™"), and
geneticin (200 ugmL ™).

Two laboratory strains, HIV-1,;3 and HIV-14,,, were used as CXCR4
and CCRS tropic HIVs, respectively.

Anti-HIV-1 and Cytotoxicity Assays

The anti-HIV-1 activity of the drugs was determined by MAGI'® and
MTT colorimetric assays."! The cytotoxicity of the drugs was determined
by the MTT method.

For the MAGI assay, HeLa-CD4/CCRS5-LTR/B-gal cells (10° cellswell ')
were plated on 96-well flat microtiter culture plates. On the following
day, the cells were inoculated with the HIV-1 clones (60 MAGTI units per
well, thereby giving 60 blue cells after 48 h of incubation) and cultured in
the presence of various concentrations of the drugs in fresh medium. At
48 h after viral exposure, all the blue cells stained with X-Gal were
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counted in each well. The activity of the test compounds was determined
as the EC;.

The MAGI assay was also employed in drug-addition experiments. The
concentrations of the tested inhibitors were fixed at their ECy,. At the in-
dicated time points, the compounds were added to HIV-1;-exposed
MAGI cells. The infected cells in each well were counted as already de-
scribed.

For the MTT assay, culture medium (100 uL) containing an appropriate
concentration of the drug was added to duplicate wells of flat-bottom 96-
well plates, and serial tenfold dilutions were made directly in the plates.
The MT-4 cells (10* cells per well) were mixed with HIV-1y5 at a titer of
100 times the 50% tissue culture infectious dose (100 TCIDy) in the
presence and absence of various concentrations of the drug in the plate.
After 5d, the MTT solution (20 pL; 7.5 mgmL "' in PBS) was added to
each well of the plates, and the plates were then incubated at 37°C for
3 h. After incubation, the medium (120 pL) was removed from each well.
To dissolve the formazan crystals, isopropanol (100 pL) that contained
Triton X-100 (4 %) and concentrated HCI (0.4 %) was added to each and
mixed. After confirming microscopically that the formazan crystals were
completely dissolved, the absorbance of each well was measured by using
a plate reader (Model 3550, Bio-Rad Laboratories, San Jose, CA) at a
wavelength of 595 nm. The CCj, of the compound was defined as the
concentration that reduced the absorbance of mock-infected cells by
50% of the control.

The MAGI assay was employed for studying the preincubation effect. To
evaluate the interaction of each drug with the target cells, the test drug at
concentrations of ECy or SxEC,, were added to HeLa-CD4/CCRS5-
LTR/B-gal cells in 96-well plates and incubated at 37°C for 2 h. The cells
were washed 5 times with culture media (200 uL) and then inoculated
with 60 MAGI units per well of HIV-1;,5. After 48 h, the stained (infect-
ed) cells were counted as previously described.

Pharmacokinetics

Fe"P1 and Fe"'P2 were dissolved into PEG400 (0.4 mL) and intrave-
nously infused into the right femoral vein of male Wistar rats for 10 min
under urethane (1.0 gkg ' rat body weight) anesthesia. The administered
dose was 2 mgkg ' per rat body weight. Blood samples were obtained
from the jugular vein, and the plasma concentrations of the drugs were
measured by the HPLC method. Cosmosil 5C;-MS-II (Nacalai Tesque,
Kyoto Japan) was used as the analytical column and maintained at 40°C
by using a Shimadzu CTO-20A column oven (Shimadzu, Kyoto, Japan).
The composition of the mobile phase was 50:50 (v/v) of methanol and
phosphate buffer (50 mm, pH 7.6).

In the intraduodenal dosing study, a midline incision was made and
Fe"'P1 or Fe'"P2 was injected into the rat duodenum through the stom-
ach wall. The concentration of the porphyrin in the bloodstream was de-
termined by the same method as already described.

All animal experiments were performed in accordance with the Guide-
lines for Animal Experiments of Doshisha Women’s College of Liberal
Arts.
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Background: A combination of pegylated interferon and
ribavirin is the current standard therapy for hepatitis
C virus (HCV) infection, but this combination provides
relatively low efficacy, especially in some patients with
HCV genotype 1 infection; therefore, the development of
novel therapeutic agents is required for further improve-
ment in the treatment of chronic HCV infection.
Methods: HCV pseudotype and subgenomic replicon
assays were used in this study. The interaction of com-
pounds with HCV receptors was examined using flow
cytometry. Intracellular RNA levels were determined by
semi-quantitative reverse transcriptase PCR.

Results: Procyanidin B1 (PB1), a dimer of (-)-epicatechin
and (+)-catechin, purified from Cinnamomi cortex,

inhibits infection by vesicular stomatitis virus and
HCV pseudotype virus in Huh-7 cells, with 50% effec-
tive concentrations of 29 and 15 puM, respectively. No
inhibitory effects were observed in each component of
PB1. We found that PB1 does not interfere with viral
entry or receptor expression, but inhibits HCV RNA syn-
thesis in a dose-dependent manner.

Conclusions: These results indicate that PB1 suppresses
HCV RNA synthesis, possibly as a HCV RNA polymer-
ase inhibitor. Our results might contribute towards the
development of more effective inhibitors for HCV infec-
tion from natural plants.

Introduction

Hepatitis C virus (HCV) is an enveloped, single-
stranded, positive RNA virus and is the only member
of the Hepacivirus genus of the Flaviviridae. HCV
infection, affecting approximately 170 million people
worldwide, leads to chronic hepatitis, liver cirrhosis
and, ultimately, hepatocellular carcinoma [1]. Cur-
rently, no protective vaccine against HCV is available
and treatment is mainly restricted to a combination
of pegylated interferon (PEG-IFN) and ribavirin [2].
The sustained virological response (SVR) of treatment
is dependent on the HCV genotype. For HCV geno-
type 1, the SVR rates are between 44% and 56% at
48 weeks of the therapy, whereas for genotypes 2 and
3, they are between 61% and 76% at only 24 weeks
of therapy [3,4], indicating that the current stand-
ard therapy is insufficient for HCV-infected patients,
especially for patients infected with HCV genotype 1.

©2010 International Medical Press 1359-6535 (print) 2040-2066 (online}

Moreover, the regimen has poor tolerability, especially
for long-term treatment — up to 48 weeks — often lead-
ing to dose reductions or treatment interruptions [3].
In addition, recombinant IFN is expensive and requires
injections for administration. Considering the limited
efficacy, serious side effects and high cost, the develop-
ment of novel, potent and tolerable antiviral agents is
urgently needed.

To date, many specifically targeted antiviral com-
pounds designed to inhibit HCV serine protease or RNA-
dependent RNA polymerase have been examined in clin-
ical trials, such as telaprevir (an HCV protease inhibitor
[5]) and filibuvir (a non-nucleoside HCV polymerase
inhibitor [6]) and many other promising compounds.
Telaprevir monotherapy for 2 weeks resulted in a reduc-
tion of up to 5 log,  [U/ml in plasma HCV RNA levels in
patients infected with HCV genotype 1 in Phase Ib trials
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[5]. Currently, telaprevir is in a Phase III clinical trial.
Filibuvir allosterically inhibits HCV RNA polymerase
through binding at the ‘thumb 2’ site of RNA polymer-
ase. Filibuvir has been recently tested in a Phase II clini-
cal evaluation in patients with HCV genotype 1. Up to
75% of patients treated with filibuvir plus PEG-IFN/
ribavirin had undetectable viral load at week 4.

In our previous study, procyanidins, a class of
flavanols, purified from Cinnamomi cortex inhib-
ited severe acute respiratory syndrome coronavirus
(SARS-CoV) replication in vitro [7]. We examined
the effects of procyanidin B1 (PB1) on the entire HCV
replication process using two HCV assays (HCV pseu-
dotype and subgenomic replicon systems) and further
studied the mechanisms of action of PB1 on HCV
replication. Our results might contribute towards
the development of novel effective compounds from
natural plants for HCV therapy.

Methods

Cells and reagents

Human hepatocarcinoma Huh-7 cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented
with 10% heat-inactivated fetal bovine serum (Gibco
BRL, Grand Island, NY, USA), 100 U/ml penicillin G,
100 pg/ml streptomycin and L-glutamine (Gibco BRL).
PB1 was purified from Cinnamomi cortex as described
previously [8] and its structure is shown in Figure 1A.
Chlorpromazine, methyl-B-cyclodextrin (MBCD), riba-
virin, (-)-epicatechin and (+)-catechin were purchased
from Sigma (St Louis, MO, USA), dissolved in water
and filtrated.

Pseudotype virus infection assays

We previously reported the generation of vesicular sto-
matitis virus (VSV)-based pseudotype viruses bearing
HCV envelope proteins E1 and E2 (HCVpv) or VSV
glycoprotein (VSVpv), which exhibited high infectivity
in Huh-7 cells, as shown in Figure 1B [9]. Briefly, 293T
cells were transfected with an expression plasmid encod-
ing the HCV E1 and E2 genes of Conl strains (HCV
genotype 1b) and then infected with a VSV envelope
protein G (VSV-G)-complemented pseudotype virus
(VSVAG/GFP-G). The HCVpv released from 293T cells
were able to infect Huh-7 cells but were unable to pro-
duce infectious progeny virus. VSVpv was produced in
293T cells transfected with pVSVAG/GFP and pCAG-
VSV-G and used as controls. The green fluorescent pro-
tein (GFP) in each pseudotype virus was replaced by a
firefly luciferase gene. Prior to HCVpv or VSVpv infec-
tion, Huh-7 cells were incubated with PB1 at 37°C for 1
h. After 48 h of the pseudotype virus infection, cells were
harvested, lysed and subjected to luciferase assays using
a Mithras LB940 Reader (Berthold Technologies, Bad
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Wildbad, Germany). The 50% effective concentration
(EC,,) was defined as the concentration that reduced
viral replication by 50%.

Entry assays based on intracellular p24 gag
Chlorpromazine, a cationic amphiphilic compound,
inhibits clathrin-dependent endocytosis by prevent-
ing the assembly of clathrin-coated pits at the cellu-
lar membranes [10]. MBCD disrupts cholesterol-rich
microdomains and inhibits both caveola and lipid-raft-
dependent endocytosis [11]. To determine the effects
of the compounds on viral entry, HIV type-1 (HIV-
1)-based pseudotype virus bearing VSV-G (VSV-G/
HIVpv) was produced in 293T cells transfected with
pCMV-VSV-G, pCAG-HIVgp and pCS-II-luc. Huh-7
cells were pretreated with various concentrations of
compounds (PB1, chlorpromazine or MBCD) for 1 h
at 37°C in a 48-well plate, inoculated with VSV-G/
HIVpv at 5 ng/well of p24. After 4 h of inoculation,
the cells were washed twice with phosphate-buffered
saline (PBS) and treated with 0.25% trypsin-EDTA
(Gibco BRL) at 37°C to degrade the unincorporated
virus particles. Intracellular p24 of the HIV-1 gag pro-
tein was measured using a Retro-Tek HIV-1 p24 ELISA
kit (ZeptoMetrix Copororation, Buffalo, NY, USA).

Time-of-addition assays

A time-of-addition experiment was carried out in
Huh-7 cells. PB1 (100 uM) was added at 0, 1, 4, 8, 12
and 24 h after VSVpv or HCVpv infection in Huh-7
cells. The luciferase activity was measured after 48 h of
infection as described previously [12,13].

Cytotoxicity assays

The cytotoxity of the compounds was examined using
the Cell Counting Kit-8 (Dojindo Molecular Technolo-
gies, Inc., Kumamoto, Japan). Huh-7 cells were incu-
bated with various concentrations of the compounds
for 72 h to determine the cell viability. The 50% cyto-
toxicity concentration (CC,)) was defined as the con-
centration that reduced cell viability by 50%.

Flow cytometric analyses

Huh-7 cells were pretreated with or without PB1
(100 pM) at 37°C for 1 h. After washing with fluores-
cence-activated cell sorting (FACS) buffer (PBS with 2%
fetal calf serum and 0.1% sodium azide), the cells were
detached using 1 mM EDTA (Gibco BRL) for 30 min
on ice. Cells were incubated with phycoerythrin (PE)-
conjugated CD81 (Beckman Coulter, Fullerton, CA,
USA) or CD71 (BD Pharmigen, San Diego, CA, USA)
for 30 min at 4°C, subsequently washed and subjected
to flow cytometry analysis (Cytomics FC500; Beck-
man Coulter). PE mouse immunoglobulin G2ax mono-
clonal antibody (BD Pharmigen) was used as the isotype

©2010 International Medical Press
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Figure 1. Structures of PB1 and its components, and schematic diagrams of pseudotype viruses and the HCV replicon
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(A) Procyanidin B1 (PB1) are dimers composed of (-)-epicatechin and (+)-catechin by C4-C8 linkage. (B) Vesicular stomatitis virus (VSV) virus encodes five major proteins,
which are nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein () and large protein (L). Both VSV-based pseudotype viruses bearing hepatitis C virus

(HCV) envelope proteins E1 and E2 (HCVpv) or VSV glycoprotein (VSVpv) contained the VSV genome, in which the G gene was replaced by the firefly luciferase reporter gene
(Luc). (C) The HCV replicon contains the 5-non-translated region (5"-NTR), the first 36 nucleotides of the core region fused directly with Luc, the internal ribosome entry

site (IRES) element from encephalomyocarditis virus (ECMV) that directs translation of the HCV non-structural (NS) proteins from NS3 to NS5B and the 3’-NTR. 5'-NTR
contains an IRES that is essential for cap-independent translation of HCV RNA. NS3 is a multifunctional protein with a serine protease and an RNA helixase/NTPase. The NS4A
polypeptide functions as a cofactor for the NS3 serine protease. NS4B induces the formation of the membranous web. NS5A is a phosphoprotein that is important for HCV

RNA replication. NS5B is RNA-dependent RNA polymerase.

control. 7-Amino-actinomycin (BD Pharmigen) was
used as a viability probe for dead cell exclusion.

HCV replicon assays

The plasmid pLMH14 contains the $’-non-translated
region (5'-NTR), the first 36 nucleotides of the core
region fused directly with the firefly luciferase reporter
gene and the internal ribosome entry site (IRES)

Antiviral Chemistry & Chemotherapy 20.6

element from encephalomyocarditis virus (EMCV)
that directs translation of the HCV non-structural (NS)
proteins from NS3 to NS5B and the 3"-NTR as shown
in Figure 1C. HCV replicon assays were performed as
described previously [14]. Briefly, linearized pLMH14
at the restriction enzyme site Xbal was used for in vitro
transcription of HCV replicon RNA using the SPé/
T7 transcription kit (Roche, Mannheim, Germany).
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Figure 2. Effects of PB1 on VSV-based pseudotype virus infection
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Huh-7 cells were pretreated with various concentrations of procyanidin B1 (PB1) for 1 h at 37°C. The cells were then infected by vesicular stomatitis virus (VSV)-based
pseudotype viruses bearing (A) VSV glycoprotein or (B) hepatitis C virus envelope proteins E1 and E2 for 48 h. Experiments were performed in triplicate. The
percentages of relative luciferase units (RLU; mean %sp of three independent experiments) are shown.

Replicon RNA (0.5 pg) was transfected into Huh-7
cells in 24-well plates with lipofectamine 2000 (Inv-
itrogen, Carlsbad, CA, USA). After 5 h, the medium
was replaced and serially diluted PB1, ribavirin, (-)-epi-
catechin or (+)-catechin was added to Huh-7 cells. The
luciferase activity was determined at 3 h and 72 h post-
transfection. The luciferase activities at 3 h were used
for normalization of the transfection efficiency.

Semi-quantitative RT-PCR
At 24 h prior to transfection of HCV replicon RNA
(0.5 pg), Huh-7 cells were seeded at a density of 2x10°
cells/well in 12-well plates. After 72 h of PB1 treat-
ment, total cellular RNA was extracted using TRIzol
reagent (Invitrogen) and subjected to reverse transcrip-
tion coupled PCR (RT-PCR) with a One Step RNA
PCR kit (TaKaRa Bio, Inc., Shiga, Japan). Reactions
were incubated at 50°C for 30 min for reverse tran-
scription, for 2 min at 94°C to inactivate the avian
myeloblastosis virus reverse transcriptase and subse-
quent PCR amplification of 30 cycles of denaturation
at 94°C for 30 s, annealing at 55°C for 15-45 s and
extension at 72°C for 1 min.
5’-NTR and firefly luciferase genes in the HCVreplicon
RNA (Figure 1C) and cellular B-actin were amplified with
the following primers: 5'-NTR (forward 5'-ACACTC-
CACCATAGATCACTCCCCT-3" and reverse 5'-CG-
GGGCACTCGCAAGCACCCTATCA-3"), firefly luci-
ferase (forward 5'-CACATCTCATCTACCTCCCG-3'
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and reverse 5'-TCCACAACCTTCGCTTCA-3') and
B-actin (forward 5'-ATCTGGCACCACACCTTCTA-
CAATGAGCTGCG-3' and reverse 5'-CGTCATACTC-
CTGCTTGCTGATCCACATCTGC-3").

Results

PB1 suppressed VSVpv and HCVpv infection

A pseudotype virus can make only a single round of
infection without producing infectious progeny virus in
infected cells, making it an excellent system for study-
ing the viral replication steps between entry and RNA
genome synthesis. Two pseudotype viruses were used:
VSVpv comprising VSV envelope protein G and env-
deleted VSV genome (AG-VSV), and HCVpv comprising
HCV E1E2 and AG-VSV. The only difference between
VSVpv and HCVpv is the envelope (Figure 1B). In this
assay, PB1 inhibited both VSVpv and HCVpv infec-
tion in a dose-dependent manner (Figure 2). The mean
+sp EC,, for VSVpv and HCVpv was 29 7.3 uM and
15 +3.9 pM, respectively. These results indicate that
PB1 blocks VSV and HCV pseudotype virus infection
by interference with the viral entry step through HCV
or VSV envelope proteins and/or intracellular VSV
genome replication process.

PB1 inhibited viral replication at post-entry step(s)
To determine the mechanism of action of PB1 on HCV
replication, a time of addition experiment was performed.

©2010 International Medical Press



Figure 3. Time of addition analysis of PB1 in Huh-7 cells
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Procyanidin B1 (PB1; 100 uM) was added at the indicated time points (0, 1, 4, 8, 12 and 24 h) after infection with (A) vesicular stomatitis virus glycoprotein or
(B) hepatitis C virus envelope proteins E1 and E2 in Huh-7 cells. The luciferase activity in the cells was measured up to 48 h infection. Relative luciferase units
(RLUs) at 48 h was defined as 100%. Experiments were performed in triplicate. Results represent the mean sp of three independent experiments.

Table 1. Flow cytometric analysis of CD81 expression

PB1 CD81-positive staining cells, % CD71-positive staining cells, % MFI
Negative 96.5 98.1 1.8
Positive 95.2 96.5 11.6

Huh-7 cells were pretreated with or without procyanidin B1 (PB1; 100 uM) at 37°C for 1 h. Cells were washed, detached, incubated with phycoerythrin-conjugated CD81
or CD71 (transferrin receptor) for 30 min at 4°C and then subjected to flow cytometric analysis. Positive-staining cells and mean fluorescence intensity (MFI) are shown.

The assay provided time-dependent activity that enabled
estimation of the inhibitory step(s) of compounds. As
shown in Figure 3, the luciferase activity was suppressed
to <50% even when PB1 was added after 12 h of VSVpv
or HCVpv pseudotype virus infection. A previous study
showed that nearly 90% of VSV and HCV was inter-
nalized into Huh-7 cells within 1.5 and 3 h, respectively
[15]. These results suggest that PB1 blocks viral replica-
tion after the internalization.

PB1 had no inhibitory effects on viral entry

To further determine whether PB1 affects the expression
of CD81, one of the main receptors of HCV [16], flow
cytometric assays were performed. CD71 (transferrin
receptor) was used as a negative control as PB1 does
not affect CD71 expression [7]. The proportion of posi-
tive-staining cells and mean fluorescence intensity (MFI)
were little changed by PB1 treatment (Table 1).

Entry of both VSV and HCV depends on clathrin-
dependent endocytosis [10,17]. To examine the effects
on viral entry, we therefore used VSV-G/HIVpv. After 4 h
of infection during the reverse transcription step of the
HIV-1 genome, we determined the amount of intracellular
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HIV-1 gag protein p24, which is highly correlated with
that of entered virus particles [18]. Consistent with previ-
ous reports [11], chlorpromazine decreased the intracel-
lular p24 level in a dose-dependent manner (Figure 4A),
whereas MBCD did not (Figure 4B). PB1 had little effect
on the intracellular p24 levels (Figure 4C). Moreover, the
binding of VSV-G/HIVpv at 4°C was maintained even in
the presence of PB1 (Figure 4D). These results indicate
that PB1 inhibits the virus infection rather than the entry;
thus, at least for HCV and VSV infection, it is unlikely
that PB1 blocks viral replication through inhibition of
clathrin-dependent endocytosis.

PB1 inhibited HCV RNA synthesis

We next examined the effects of PB1 on HCV RNA
replication. Although ribavirin has been shown to inhibit
RNA synthesis iz vivo, it has little effect on HCV RNA
replication in the replicon system iz vitro [19]. Consist-
ent with the previous report, the inhibitory effect of riba-
virin seems to be induced by its cytotoxity (Figure SA);
however, PB1 suppressed the replication of HCV replicon

in a dose-dependent manner (Figure 5B). The mean *sp
EC,,and CC, values were 72 £7.4 uM and 465 £79 uM,
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respectively, with the result that the selective index (CC,/
EC,)) was calculated to be 6.5. Because PB1 is composed
of (-)-epicatechin and (+)-catechin by C4-C8 linkage
(Figure 1A), we next examined both components solely
for anti-HCV activity. The single components, (-)-epicate-
chin or (+)-catechin, had little inhibitory effects on HCV
replicon (Figure 5C and 5D) indicating that the dimer
structure of PB1 is required for inhibitory activity.

The effects of PB1 on the synthesis of HCV RNA in
the cells were examined by semi-quantitative RT-PCR. As
shown in Figure 6, the signal intensity for 5-NTR and
luciferase correlated with the amount of intracellular
HCV RNA copies; the signal intensity was weak at higher

concentrations (100 uM and 50 uM of PB1) compared
with the signal intensity at lower concentrations. In paral-
lel experiments, the signal intensity for B-actin was little
changed up to 100 uM PB1 indicating that PB1 directly
inhibited the intracellular HCV RNA replication without
affecting cellular messenger RNA synthesis. These results
demonstrated that PB1 blocks HCV replication through
the inhibition of RNA synthesis.

Discussion

Procyanidins, which are oligomers and/or polymers of
monomeric flavonoids, exert strong antioxidant and

Figure 4. PB1 inhibits VSV-G/HIVpv binding and endocytosis in Huh-7 cells
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Huh-7 cells were pretreated with various concentrations of (A) chlorpromazine, (B) methyl-B-cyclodextrin (MBCD) or (C) procyanidin B1 (PB1) for 1 h at 37°C. The cells were
then infected with HIV type-1-based pseudotype virus bearing the vesicular stomatitis virus envelope protein G (VSV-G/HIVpv; 5 ng of p24) at 37°C for 4 h. To determine the
effects on viral binding, Huh-7 cells were incubated with (D) PB1 and VSV-G/HIVpv (5 ng of p24) on ice for 4 h. Results represent the mean s of three independent assays.
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radical scavenging activity compared with vitamins C
and E [20]. A procyanidin derivative, PB1, purified from
Cinnamomi cortex has inhibitory effects on the replica-
tion of herpes simplex virus [21], HIV-1 [22] and SARS-
CoV [7]. However, to date, the anti-HCV activity of
PB1 has not been documented; therefore, in this study,
we examined the effects of PB1 on HCV replication and
revealed that PB1 inhibited HCV replication. Procyani-
dins have many isomeric forms depending on the extent
of polymerization (dimers to pentadecamers) and the
nature of their constituent units [23]. Some biological
activities are related to the degree of polymerization. In
our study, (-)-epicatechin and (+)-catechin, which are
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components of PB1, alone showed little anti-HCV activ-
ity indicating that the polymerization of catechins plays
an important role in antiviral activity.

The currently recommended therapy for chronic
hepatitis C is a combination of PEG-IFN and ribavi-
rin for 24 or 48 weeks. IFN has potent antiviral activ-
ity but indirectly inhibits viral replication. Rather, it
induces IFN-stimulated genes, which establish a non-
virus-specific antiviral state in the cell [19]. Several
possible mechanisms of action of ribavirin in HCV
have been proposed including: inhibition of inosine
monophosphate dehydrogenase, leading to depletion
of guanosine triphosphate (GTP) necessary for viral

Figure 5. PB1 inhibits HCV replication
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In vitro transcribed hepatitis C virus (HCV) replicon RNAs were transfected into Huh-7 cells. After 5 h, various concentrations of (A) ribavirin, (B) procyanidin B1 (PB1),
(C) (-)-epicatechin and (D) (+)-catechin were added to the transfected cells. Luciferase activities were measured at 72 h post-transfection. Relative luciferase units (RLUs)
at 72 h in the cells without compounds were defined as 100%. Experiments were performed in triplicate. Results represent the mean 4so from at least three independent
experiments. The black bars represent the inhibition of HCV replication and the lines represent the cytotoxicity of each compound.
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RNA synthesis [24,25]; induction of lethal mutagen-
esis in the viral RNA genome [26,27]; and alteration
of the T, 1/ T2 balance favouring a T;1 CD4* T-cell
response and thus leading to viral clearance [19,28].
Some studies also demonstrated that ribavirin directly
inhibits HCV RNA polymerase in vitro [19,25,29].
The guanosine analogue, ribavirin, is intracellularly
phosphorylated into triphosphate forms that act as a
chain terminator through misincorporation of ribavi-
rin triphosphate by HCV RNA polymerase, resulting
in the inhibition of HCV replication. However, it is
unlikely to be its major mechanism of action against
HCV in vivo. By contrast, the mechanism of action
of PB1 appears to be distinct from those of IFN and
ribavirin. In our study, PB1 inhibited both VSV and
HCV pseudotype virus infection in Huh-7 cells. PB1
interfered little with viral entry but inhibited HCV
RNA synthesis in a dose-dependent manner. It is pos-
sible that PB1 inhibits other targets including cellular
factors required for RNA synthesis. However, PB1 can
selectively block HCV RNA synthesis without influ-
ence on cellular RNA (B-actin) synthesis; therefore, it
is likely that PB1 suppresses HCV RNA synthesis as a
HCV RNA polymerase inhibitor. Unfortunately, HCV
RNA dependent RNA polymerase is not commercially
available at present. To strengthen our hypothesis,
we examined whether PB1 inhibits the polymerase
activity of the T7 RNA polymerase in an enzymetic
assay and demonstrated that PB1 directly inhibits T7
RNA polymerase activity (SL et al., data not shown).
The effects of PB1 on NS3 helicase or NS3/4A serine
protease will also need to be determined because the
inhibition of helicase or protease can lead to the sup-
pression of HCV RNA synthesis. Further experiments
are needed to reveal the detailed mechanisms of HCV
inhibition in future; however, at present, HCV enzymes
mentioned above are not commercially available.

In contrast to tumour viruses that cause tumourigen-
esis, such as human T-cell lymphotropic virus type-1
and hepatitis B virus (HBV), the HCV genome is not
integrated into its host genome and has a predomi-
nantly cytoplasmic life cycle [30]. Although the mecha-
nisms of tumourigenesis still remain unclear, chronic
immune-mediated inflammation and associated oxi-
dative chromosomal DNA damage probably play an
important role in HCV-induced hepatocellular carci-
noma [31,32]. Procyanidins inhibit tumour growth and
induce apoptosis in various tumour cells [23,33,34].
One of the possible mechanisms of the suppressive
effects on carcinogenesis appears to be antioxidant and
anti-inflammatory activities suggesting that procyani-
dins might prevent the development of HCV-related
hepatocellular carcinoma. Procyanidins, abundant in
natural plant products including berries, grapes, cin-
namon and pycnogenol, have few adverse effects on
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Figure 6. Expression of messenger RNA by RT-PCR
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Hepatitis C virus (HCV) replicon transfected Huh-7 cells were incubated in
the absence or presence of various concentrations of procyanidin B1 (PB1).
After 72 h, total RNA was extracted from the cells and subjected to reverse
transcription (RT)-PCR amplification of the 5’-non-translated region (5’-NTR),
luciferase gene and B-actin. The amplified products were visualized by
ethidium bromide straining. NC, negative control.

normal cells compared with current therapeutic agents
[35] suggesting that they could be good candidates as
additional or supportive anti-HCV agents used in pro-
longed therapy.

Several studies showed that procyanidins can be
absorbed in rats and humans [36-39]. Procyanidins were
detected in the human plasma as early as 30 min and
reached the maximal concentrations by 2 h after oral
administration [38]. Holt et al. [38] reported that 2 h
after the ingestion of a procyanidin-rich cocoa (0.375 g/
kg) containing 256 mg procyanidin, the concentration
of procyanidin B2 in human plasma reached 41 nM on
average, indicating that oral administration of 62 g of
cocoa procyanidins is needed to reach a plasma concen-
tration of 10 M. In another study, the concentrations of
procyanidin B2 in human plasma reached 100 nM after
the consumption of cocoa (0.5 g/kg), of which 9.7 mg/g
was procyanidins [39], indicating that 38 g of cocoa pro-
cyanidins is required to reach a plasma concentration
of 10 uM at 2 h after oral administration. PB1 showed
moderate antiviral activity not only in our study but
also in other studies [7,21,22], which reported antiviral
activity at concentrations (1-100 pM). To improve the
physiological concentration, certain chemical modifica-
tions that enhance antiviral activity, plasma stability and/
or absorption of PB1 are required. The development of
drug delivery systems might also enable to improve bio-
availability and antiviral efficiency.

In this study, we demonstrated that a catechin dimer
from natural plants, PB1, suppresses HCV RNA syn-
thesis possibly as a HCV RNA polymerase inhibitor.
Our study could contribute to the development of novel
therapeutic strategies for the prevention and treatment
of HCV as well as other viral infections.

©2010 International Medical Press
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