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Fig. 6. Effects of TTP on the subcellular localization of Rev. HeLa cells (2.5 x 10* per well in a 12-well dish) were cotransfected with an expression plasmid for
GFP-Rev (0.1 pg) and 0.3 pg of pchTTPwt (A, B, C), pcD1-101 (F, G, H), pcD76—189 (1, 1, K) or pcD176—320 (L, M, N). Similarly, HeLa cells were transfected
with 0.4 ug of GFP-Rev (D) or pchTTPwt (E). The cells were incubated for 90 min with leptomycin B (5 ng/ml) before analysis (D, E). The subcellular local-
ization of GFP-Rev was monitored by GFP fluorescence (A, D, F, I, L). Immunofluorescent signals of wild-type TTP (B, E) or the mutant 1—101 (G), 76~189 (J),
and 176320 TTP (M) were examined by anti-Xpress antibody. Merged images of Rev and wild-type and mutant TTP are shown in C, H, K, and N.

marker protein, green fluorescent protein (GFP-Rev) and wild-
type or the mutant TTP were co-expressed in HeLa cells
(Fig. 6A—C). Both GFP-Rev and wild-type TTP were found
to be localized predominantly in the cytoplasm and to a lesser
extent in the nucleus and nucleolus. Singly expressed GFP-
Rev or wild-type TTP showed the similar localization (data
not shown). Rev and TTP are known to shuttle between the

nucleolus and the cytoplasm [28]. Treatment of the cells
with leptomycin B, which inhibits the CRMI1-mediated nu-
clear export [28], resulted in the accumulation of GFP-Rev
or wild-type TTP in the nucleus and nucleolus (Fig. 6D,E).
GFP-Rev was restricted to the nucleus and nucleolus in the
cells expressing the TTP mutant 1—101, which itself was
largely restricted to the cytoplasm (Fig. 6F—H). Both the TTP
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mutant 76—189 and 176—320 did not affect on the localization
of GFP-Rev (Fig. 6I—N). As has been reported previously [28],
the 76—189 mutant localized in the nucleus (Fig. 61).

4. Discussion

In the present study we have demonstrated that TTP in-
hibits HIV-1 production by promoting multiple splicing by di-
rect binding to AU-rich sequences. Because TTP increased
luciferase activity of NL-luc virus, which is derived from mul-
tiple spliced transcripts, inhibition of HIV-1 production was
not due to nonspecific damage of the cells induced by overex-
pression of TTP, but due to a specific suppression by TTP
binding to HIV-1 RNA.

Although the TTP mutant 1—101 lacking NLS could sup-
press the production derived from un-, single-spliced RNA,
it did not increase the product of multiple-spliced RNA.
Among the wild-type TTP and its mutants, the 1—101 mutant
exclusively suppressed nuclear export of Rev similarly to lep-
tomycin B. It is suggested that the NES sequence of the 1—101
mutant plays an important role in suppression of nuclear ex-
port of Rev. Because the 1101 mutant is not capable of bind-
ing with RNA, marked suppression of CAT expression by the
1—101 mutant (Fig. 4C) seems to be mainly dependent on
competition with Rev for binding to CRM1 which shuttles be-
tween cytoplasm and nucleus. In contrast, wild-type TTP,
which directly binds to AU-rich sequence of HIV-1 RNAs,
did not affect subcellular localization of Rev and increased
the production of multiple-spliced RNA. Although the 76—
189 mutant, which predominantly localizes in the nucleus
(Fig. 6), has RNA binding activity, this mutant could not en-
hance the splicing HIV-1 RNA, suggesting that the nuclear lo-
calization might be related to abrogation of splicing HIV-1
RNA.

Turnover of mRNA for certain cytokines containing an
ARE (AUUUA) in their 3’-untranslated region is regulated
by cis elements and trans-acting factors, TTP [10]. Although
sequences of HIV-1 do not contain ARE, as we found that
ARE of GM-CSF mRNA was cleaved between U and A resi-
dues we expected that TTP might destabilize HIV-1 RNA,
which contains AU-rich sequences [2]. However, TTP did
not significantly affect HIV-1 RNA stability (data not shown).
This result may be explained by the following reasons. Firstly,
HIV-1 AU-rich sequences were not so effectively cleaved by
TTP as ARE in GM-CSF mRNA, so we could not obtain the
significant decrease of HIV-1 RNA using our assay sysiem
even in the presence of TTP. Secondly, actinomycin D in the
assay system could not completely suppress the transcription
of HIV-1 RNA. Other experiments would be required to dem-
onstrate destabilization of HIV-1 RNA by TTP.

Given that TTP is exclusively expressed in activated CD4™
T cells, which are targets of HIV-1, TTP might inhibit virion
production in these cells and thereby inhibit the presentation
of viral antigens by MHC class I molecules on the cell surface,
thus contributing to persistence of an HIV-1 reservoir in T
cells. The resulting inactivated cells harboring a silent HIV-1
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genome might be subsequently reactivated by various stimuli
and produce HIV-1 virions.

ZAP, a family of RNA binding proteins carrying CCCH-
type zinc fingers, also inhibit retroviral RNA production
(29]. Zinc fingers of TTP and ZAP may play an important
role in nuclear retention or decay of genomic RNA with a dif-
ferent mechanism as RNA interference. Further studies are re-
quired to reveal the precise mechanism by which TTP affects
HIV-1 RNA ftrafficking mediated by Rev [30].
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Here we report that sparsomycin, a streptococcal
metabolite, enhances the replication of HiV-1 in
multiple human T cell lines at a concentration of
400 nM. In addition to wild-type HIV-1, spar-
somycin also accelerated the replication of low-
fitness, drug-resistant mutants carrying either
D30N or L90M within HIV-1 protease, which are
frequently found mutations in HIV-1-infected
patients on highly active antiretroviral therapy
(HAART). Of particular interest was that replica-
tion enhancement appeared profound when
HIV-1 such as the L90M-carrying mutant
displayed relatively slower replication kinetics.
The presence of sparsomycin did not immedi-
ately select the fast-replicating HIV-1 mutants in
culture, In addition, sparsomycin did not alter
the 50% inhibitory concentration (IC,)) of anti-
retroviral drugs directed against HIV-1 including
nucleoside reverse transcriptase inhibitors

(lamivudine and stavudine), non-nucleoside
reverse transcriptase inhibitor (nevirapine) and
protease inhibitors (nelfinavir, amprenavir and
indinavir). The IC,s of both zidovudine and
lopinavir against multidrug resistant HIV-1 in
the presence of sparsomycin were similar to
those in the absence of sparsomycin. The
frameshift reporter assay and Western blot
analysis revealed that the replication-boosting
effect was partly due to the sparsomycin‘s
ability to increase the -1 frameshift efficiency
required to produce the Gag-Pol transcript. In
conclusion, the use of sparsomycin should be
able to facilitate the drug resistance profiling of
the clinical isolates and the study on the low-
fitness viruses.

Keywords: drug resistant mutants, enhancement of
replication, HiV-1, low-fithess mutants, sparsomycin

Introduction

Highly active antiretroviral therapy (HAART) has been
successful in controlling the progression of AIDS caused by
HIV-1. However, HAART has accelerated the emergence
and spread of multidrug-resistant HIV-1. Once drug-resis-
tant HIV-1 occurs in a HIV-1-infected patient, the success
rate of HAART drops substantially. Resistance testing has
been shown to be valuable to optimize HAART against
HIV-1 infection (Hirsch ez 4/., 2000; Rodriguez-Rosado
et al., 1999). Profiling drug resistance might be necessary
even before the initiation of HAART because of the spread
of drug-resistant HIV-1 (Boden e o/, 1999; Gehringer
et al., 2000; Yerly ez a/., 1999).

Genotypic and phenotypic resistance testing are the two
major ways to determine the drug resistance of clinical
HIV-1 isolates. For genotyping, the HIV-1 genome
isolated from the infected individuals is sequenced. This
HIV-1 genome is than cross-referenced with a database
and we are able to predict the drug resistance profile of
HIV-1. However, it is impossible to predict the phenotype

©2006 International Medical Press 0956-3202

when we encounter a combination of mutations that has
never been documented. This may raise a concern when a
new drug is released in the market. Another problem in
the genotyping is the presence of genotype-phenotype
discordance (Parkin ez al,, 2003; Sarmati e a/., 2002).
Alternatively, for the phenotypic resistance testing, the
drug resistance profiles are measured by many
biological/virological assay systems (Hertogs e al., 1998;
Iga ef al., 2002; Jarmy e al., 2001; Kellam & Larder, 1994;
Menzo ef al., 2000; Walter ez al., 1999). Phenotypic resis-
tance testing is powerful because the diagnosis is based on
experimental observations. Among the systers, ones that
depend on the multi-round HIV-1 replication seemed to
provide the best drug resistance data reflecting the in vivo
condition. However, many drug-resistant mutants have
lower replication capabilities than wild-type (wt) HIV-1,
which makes the phenotypic resistance testing difficult and
time-consuming. In order to overcome these problems, it

would be useful to develop a technique to make HIV-1
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replicate faster without altering the effectiveness of
antiretroviral compounds.

During our search for an inhibitor of HIV-1
replication, we found sparsomycin, a metabolite from
Streptomyces sparsogenes, which reproducibly enhanced the
replication of HIV-1. Therefore, we tested whether spar-
somycin merits phenotypic drug resistance profiling studies
on low-fitness HIV-1 isolates.

Materials and methods

Cells and viruses

Human embryonic kidney (HEK) 293T cells were
maintained in Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich, Tokyo, Japan) supplemented with 10%
fetal bovine serum (FBS; Hyclone, Logan, UT, USA), peni-
cillin and streptomycin (Invitrogen, Carlsbad, CA, USA).
H9, Jurkat, SupT1 and HPB-Ma cells were maintained in
RPMI1640 (Sigma-Aldrich) supplemented with 10%
FBS, penicillin and streptomycin. All the cell lines were
incubated at 37°C in a humidified 5% CO, atmosphere. As
previously described, HIV-1 (HXB2) was produced by
transfecting proviral DNA into 293T cells and collecting
the culture medium 3 days post-transfection (Komano
et al., 2004). The replication-incompetent HIV-1 (HXB2
Avpr, Arev, Aenv, Anef) was produced by transfecting the
proviral DNA carrying renilla luciferase with the nef open
reading frame into 293T cells, along with the expression
plasmid for enw, fat, rev and nef (pIllex) as described previ-
ously in Komano ez a/. (2004). As previously described, the
D30N, L90M, and D25N protease mutants of HIV-1
were generated by the site-directed mutagenesis (Sugiura
et al., 2002). The multidrug-resistant HIV-1 DR3577 was
a clinical isolate from a patient on HAART in which
reverse transciptase carried the following mutations
M41L, D67N, K70R, V75M, K101Q, T215F and K219Q_
and protease carried the following mutations L1101, K20R,
M361, M461, 1.63P, A71V, V82T, N88S and L90M. For
the generation of replication-incompetent murine
leukaemia virus (MLV) vector expressing firefly luciferase,
pCMMP luciferase was transfecting into 293T cells along
with gag/pol and VSV-G expressing plasmids as described
previousty (Komano e# al, 2004).

Chemical compound

Sparsomycin was either purchased from Sigma-Aldrich (cat.
S1667) or obtained from Dr Nakajima (Toyama Prefectural
University, Toyama, Japan). Sparsomycin was dissolved in
2mM dimethyl sulphoxide and stored at ~20°C until use.

Monitoring HIV-1 replication
For HIV-1 infection, 1x10° cells were incubated with the
culture supernatant containing approximately 10 ng of p24.
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Alternatively, wt HIV-1, or D30N and L90M mutants
were introduced into cells either by electroporation or
DEAE-dextran-mediated protocol as previously described
(Matsuda ef 4/, 1993; Miyauchi ez 4/, 2005). The culture
supernatants were collected everytime the infected cells
were split until they ceased to proliferate. The amount of
p24 antigen of HIV-1 in the culture supernatants was
quantified by using Retro TEK p24 antigen ELISA kit
according to the manufacturer’s protocol (Zepto Metrix,
Buffalo, NY, USA). The signal was detected by Vmax
ELISA reader (Molecular Devices, Palo Alto, CA, USA).

Determining 50% inhibitory concentrations (IC,)
1C,, was calculated by using a reporter cell line, MARBLE,
developed by Sugiura er a/. (personal communication). In
brief, a clone of HPB-Ma carrying the long terminal repeat
(LTR)-driven firefly luciferase cassette integrated in its
genome was infected with HIV-1 and incubated in the
presence of varying concentrations of antiretroviral
compounds for a week. The cells were then lysed to
measure the firefly luciferase activity, which represented the
propagation of HIV-1 in culture. The firefly luciferase
activity was normalized by constitutively-expressed renilla
luciferase activity. The dual luciferase assay was performed
according to the manufacturer’s protocol (Promega,
Madison, WI, USA). Chemiluminescence was detected by

Lmax (Molecular Devices).

Reporter assay

The -1 frameshift reporters, pLuc (1) and pLuc (0), were
kindly provided by Dr Brakier-Gingras (Dulude ef al,
2002). The renilla luciferase expression vector phRL/CMV
was purchased from Promega. pLTR Luc encoded GFP-
luciferase under the regulation of HIV-1’s TR promoter
(Komano er al, 2004). pLTRAnefLuc encoded renilla
luciferase by substituting nef in the proviral context of
HXB2 (Komano ez a/., 2004). Plasmids were transfected
into 293T cells by Lipofectamine 2000 plus reagent in
accordance with the manufacturers’ protocol (Invitrogen).
For the detection of luciferase activities, the dual glo
luciferase assay was performed at 2-3 days post-transfection
or post-infection according to the manufacturers’ protocol
(Promega). The signal was detected by Vmax ELISA reader
(Molecular Devices).

Western blot analysis

COS-7 cells were transfected with Lipofectamine 2000
(Invitrogen) or Fugen6 (Roche, Basel, Switzerland)
according to the manufacturer’s protocol with proviral
DNA encoding the D25N protease mutant. At 48 h
post-transfection, cells were washed with PBS and lysed
in a buffer containing 4% SDS, 100 mM Tris-HCI (pH 6.8),
12% 2-ME, 20% glycerol and bromophenol blue.

©2006 International Medical Press



Samples were boiled for 10 min. Protein lysates approxi-
mately equivalent to 5x10% cells were separated in 5-20%
SDS-PAGE (Perfect NT Gel, DRC, Tokyo, Japan), trans-
ferred to a polyvinylidene fluoride (PVDF) membrane
(Immobilon-P%% Millipore, Billerica, MA, USA), and
blocked with 5% dried non-fat milk (Yuki-Jirushi, Tokyo,
Japan) in PBS. For the primary antibody, we used rabbit
anti-Gag polyclonal antibody or mouse anti-Gag mono-
clonal antibody. For the secondary antibody, either a
biotinylated anti-rabbit antibody or a biotinylated anti-
mouse goat antibody (GE Healthcare Bio-Science,
Piscataway, NJ, USA) was used. For the tertiary probe, a
horseradish peroxidase-conjugated streptoavidin (GE
Healthcare Bio-Science) was used. Signals were developed
by incubating blots with a chemilumenescent horseradish
peroxidase substrate (GE Healthcare Bio-Science) and
detected by using Lumi-Imager F1 (Roche).

Results

The structure of sparsomycin, a metabolite from
Streptomyces sparsogenes, is unique in that it comprises two
unusual entities, a monooxodithioacetal moiety and a uracil
acrylic acid moiety (Figure 1A). H9 cells were infected with
HIV-1 and then maintained in the presence of varying
concentrations of sparsomycin. Dimethyl sulphoxide was
added in the absence of sparsomycin throughout this study.
At 7 days post-infection, a massive syncytial formation was
found in the presence of sparsomycin (Figure 1B). The
higher the concentration of sparsomycin, the faster p24
accumulated in the culture supernatants (Figure 1C).
Similar observations were made in Jurkat, SupT1 (Figures
1D and E), and HPB-Ma cells although the speed of p24
accumulation appeared different among the cell lines. On
the other hand, sparsomycin did not show any detectable
effect on the cell growth under concentrations of 500 nM.

These results could be due to sparsomycins ability to
either boost HIV-1 replication or select a mutant that repli-
cated substantially faster than the wt HIV-1. To differen-
tiate these possibilities, we recovered the virus-containing
culture supernatants from the H9 cell culture at the peak of
HIV-1 replication in the presence of 400 nM sparsomycin
(asterisk in Figure 1F). Then fresh H9 cells were infected
with the recovered virus, the cells were split into two
samples and 400 nM of sparsomycin was added to each
sample. If sparsomycin selected fast-growing mutants, the
replication profiles of HIV-1 should resemble the original
sample with sparsomycin (solid circle, Figure 1F) regardless
of sparsomycin’s presence. However, the replication profile
in the presence of sparsomycin shifted leftward (Figure
1G), suggesting that it was unlikely that sparsomycin
selected the fast-replicating viral mutants. Therefore, it is
likely that sparsomycin boosted HIV-1 replication.

Antiviral Chemistry & Chemotherapy 17.4

Sparsomycin enhances HIV-1 replication

Replication-enhancing effects were also seen by using the
chemically-synthesized derivatives of sparsomycin {(unpub-
lished data; Nakajima er /., 2003). The replication-
boosting effect levelled-out at 500 nM, an approximately
20-fold lower concentration than the 50% toxic dose
(TDy,) of sparsomycin (Ash ez al., 1984).

To demonstrate the usefulness of sparsomycin in
HIV-1 research, we have examined whether sparsomycin
can also boost the replication of drug-resistant low-fitness
isolates. The D30N and LIOM are common drug-resistant
mutations found within HIV-1 protease in HIV-1-infected
patients on HAART (Devereux ef al,, 2001; Kantor ef 4/,
2002; Pellegrin e# al., 2002; Sugiura e al, 2002). We intro-
duced proviral DNA carrying the D30N or L9OM muta-
tion into H9, Jurkat, and SupT1 cells. HIV-1 replication
was than monitored in the presence of 400nM of spar-
somycin. The replication of both viral mutants was
substantially enhanced in the presence of sparsomycin in
H9 cells (Figures 2A and B). The replication of the
L90M-carrying mutant was also enhanced in Jurkat and
SupT1 cells (Figures 2C and D). Of note, the replication
enhancement appeared profound when HIV-1
displayed relatively slower replication kinetics (for example,
the replication of D30N-carrying mutant versus the wt
HIV-1 in H9 cells or the replication of HIV-1 in SupT1
versus H9 cells).

Considering the use of sparsomycin in the phenotypic
resistance testing, it is critical to know whether sparsomycin
affects HIV-1’s sensitivity to the antiretroviral drugs. The
respective IC, of representative antiretroviral drugs in the
absence and the presence of 400 nM sparsomycin were as
follows: reverse transériptase inhibitors; lamivudine, 13.7
and 10.4nM, and stavudine, 6.3 and 17.0nM; an non-
nucleoside reverse transcriptase inhibitor, nevirapine, 78.2
and 146.4nM; and protease inhibitors, nelfinavir, 2.8 and
1.0 nM, indinavir, 4.2 and 3.0nM, and amprenavir, 3.4 and
3.3nM. Then, we examined whether the presence of spar-
somycin affected the IC,, of both zidovudine (AZT) and
lopinavir (LPV) against a multidrug-resistant HIV-1
isolate, DR3577. The magnitude of both AZT and LPV-
resistance of DR3577 was in the order of 2 log (data not
shown). The IC s of AZT in the presence and absence of
400 nM sparsomycin were 14.0 and 36.7 nV, respectively,
and for LPV they were 103.1 and 78.9 nM, respectively.
These data suggested that the presence of sparsomycin did
not significantly influence the IC,, of antiretroviral drugs
on the replication of both wt and drug-resistant HIV-1.

Finally, we investigated the possible mechanisms that
sparsomycin enhanced the replication of HIV-1 and its
mutants although the estimated magnitude of enhance-
ment per single replication cycle was small. To do this, we
used non-T' cells to increase the sensitivity of assays. First,
we examined if the early phase of HIV-1% life cycle was
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Figure 1. The enhancement of HIV-1 replication by sparsomycin
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positively affected by sparsomycin. In the presence of
increasing concentrations of sparsomycin, 293 CD4
T-cells and NP2 CD4 CXCR4 cells were infected with
either a replication-deficient HIV-1 vector enveloped
with its own Env or a VSV-G-psueodotyped MLV
vector. Two days post-infection, cells were lysed to
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measure the luciferase activities representing the efficiency of
viral infection. Our results indicate that luciferase activities
were not significantly increased at the replication-enhancing
dose for both HIV-1 and MLV vectors (Figure 3A). Thus
suggesting that the early phase of the retroviral life cycle was
not detectably affected by sparsomycin.
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Figure 2. Sparsomycin’s ability to enhance replication of low-fitness drug resistant HIV-1 mutants
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Next, we examined the possible active role of sparsomycin
in the late phase of HIV-1’s life cycle. Sparsomycin has
been reported to be a potential enhancer of the -1
frameshift (Dinman et al, 1997). Therefore, we tested
whether sparsomycin could positively affect the efficiency
of the translational -1 slip at HIV-1's frameshift signal
using the reporter assay system established by Dulude ez 4/.

(2002). The ~1 frameshift reporter was created by placing

the firefly luciferase in the po/ frame, pLuc(-1), whereas the
control plasmid pLuc(0) has the luciferase in the gag frame
after the frameshift signal (Figure 3B). In addition, HIV-1’s
LTR-driven luciferase reporter constructs were tested
(pLTR Luc and pLTRAnefLuc; Figure 3B). We transfected
these reporter plasmids into 293T cells along with the

Antiviral Chemistry & Chemotherapy 17.4

renilla  luciferase-expressing plasmid phRL/CMV
(Promega) to measure the non-specific or toxic effects, if
any, of sparsomycin. Cells were incubated in the presence
of varying concentrations of sparsomycin for 3 days.
Then the dual luciferase assay was performed. The
pLuc(-1) behaved differently from the other groups in
that the luciferase activities from the pLuc(-1) increased
ina dose—dependent fashion. The magnitude of increase-
ment was 2.3-fold at the replication-enhancing dose
(Figure 3C). The positive correlation between the relative
luciferase activity and the concentration of sparsomycin
was statistically significant (r=0.926, P<0.001, »=8,
Student’s #-test). In contrast, the luciferase activities from
the other reporters, even the renilla luciferase plasmid
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co-transfected with the pLuc(-1) vector, remained
unchanged (Figure 3C). These data suggested that spar-
somycin positively affected the efficiency of HIV-1s —1
frameshift. It also suggested that sparsomycin did not
enhance transcription from the viral promoter or the
translation of proteins driven by the LTR promoter to
enhance HIV-1 replication.

If the efficiency of —~1 frameshift was increased, we
would expect that the Gag—Po/ to Gag ratio to increase. To
test this, we transfected COS-7 ¢ells with the HIV-1’s
proviral DNA carrying the D25N mutation in protease

that produced catalytically inactive protease to increase the
sensitivity of detecting Gag—Po/ (Xie e al, 1999). When
sparsomycin was added, the intensities of Gag~Po/ gradu-
ally increased in relation to the reporter assay. The Gag—Pol
to Gag ratio reached 1.3-fold at 400 nM sparsomycin when
normalized with results produced in the absence of
sparsomycin (Figure 3D). The average and standard devia-
tion of the Gag—Pol to Gag ratio from four independent
experiments were 1.29 =0.14 at the replication enhancing
concentration of sparsomycin (1.29-; 1.48-, 1.16-, and
1.24-fold increase). Similar results were obtained by using

Figure 3. The possible mechanism of HIV-1 replication enhancement by sparsomycin

A Luciferase activity, relative light unit
293 CD4cells O i 2 3

Luciferase activity, relative light unit
NP2 CD4 CXCR4 cells0 ! 2 3

o MOCK

On

B 25nM

8 100 nM

a 400 nM
x
s 200
R
B
2
e}
[
&
5 100 €&
5 O pluc(0)
3 O pluc(-1)
B @ phRUCMV
= A piTRAnefLu
2 0 , . ; . A phRU/CMV

i
0 100 200 300 400 500t PLTRLuc

Concentration of sparsomycin, nM

pLuc (0) HIV & Hluciferase in gag frame|
plLuc(-1) HIV s | luciferase in pol frame]
phRL/CMV renilla luciferase
PLTR Luc GFP fused to luciferase
pLTRAnefLuc [LTR I} LTR
D " —— \
Short exposure
123 4 5

250 tD -

160 kD - -

108K ~ s o o %= Gag-Pol

80 kD -

0 kD DR R R aER
50&): @ ep e < Gag
40 kD ~

Longexposure 4 5 3 4 5
FEBREIE 8 & < Gag-Pol

(A) The single round infection efficiencies of HIV-1 and murine lukaemia virus (MLV) vectors measured by the virally-encoded luciferase activities
in 293 CD4* T-cells and NP2 CD4 CXCR4 cells in the presence of varying concentrations of sparsomycin. (B) The schematic drawing of con-
structs used in the reporter assay. The HIV-1's frameshift signal (fs) was placed between the CMV promoter and the luciferase. The luciferase
was placed in either the gag frame (pLuc(0)) or the po! frame {pLuc(-1)). The renilla luciferase expression vector phR/CMV was used in parallel.
The pLTR Luc encodes the GFP-luciferase driven by HIV-1’s LTR promoter. The pL.TRAnefluc has the renilla luciferase substituting nef in the
proviral context of HXB2. (C) The luciferase activities from the above reporter constructs without sparsomycin were set as 100% and the rela-
tive luciferase activities in the presence of sparsomycin were shown. The renilla tuciferase activities from phRUCMV were shown for the
plLuc{-1) (solid circle) and pLTRAnefLuc (solid triangle) transfections in particular. The pLuc(-1) behaved differently from the other groups and
the positive correlation between the relative luciferase activity and the concentration of sparsomycin was statistically significant (r=0.926,
P<0.001, n=8, Student’s t-test). The sp was within 10% from the avgerage. Shown are the representative data from two independent experi-
ments. (D) Western blot analysis to measure the Gag-Pol and Gag ratio. Cell extracts were separated in the SDS-polyacrylamide gel and
immunoblotted by using the rabbit polyclonal antibodies raised against p24. (lane 1, 0nM; fane 2, 20 nM; lane 3, 200 nMV; lane 4, 400 nVj;
lane 5, MOCK). The lower panel shows the Gag-Po/ signal obtained from the long exposure of the same blot.
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two different antibodies recognizing Gag. We were unable
to detect a significant increase in the Env:Gag ratio
(unpublished data), suggesting that the sparsomycin's effect
on Gag-Pol:Gag ratio was specific. These data suggested
that the translational efficiencies of viral proteins were not
equally enhanced by sparsomycin. Altogether, it was
strongly suggested that the sparsomycin’s replication-
boosting effect on HIV-1 was partly due to the enhancement
of the —1 frameshift efficiency.

Discussion

In the present study, we have demonstrated that
sparsomycin is an enhancer of HIV-1 replication in many
human T cell lines at concentrations between 400-500nM.
Our preliminary observation suggested that HIV-1 replica-
tion was also enhanced in primary peripheral blood mono-
cyte culture (data not shown). Sparsomycin should be able
to accelerate the study on the low-fitness HIV-1 such as
drug-resistant mutants. As sparsomycin did not alter the
IC,, of multiple antiretroviral drugs on both wt and drug-
resistant HIV-1, its usage should be able to facilitate the
phenotypic resistance testing of clinical isolates and as a
result, benefit HIV-1-infected patients. Our observation
raised an immediate concern as to whether sparsomycin-
producing Streptomyces species caused an opportunistic
infection in humans, which influenced AIDS progression.
However, we did not find any reports suggesting so.

Sparsomycin and puromycin are the only antibiotics that
can inhibit protein synthesis in bacterial, archaeal and
eukaryotic cells (Ottenheijm ez al, 1986; Porse er a/., 1999).
Sparsomycin has the ability to enhance the —1 frameshift in
mammalian cells as well as §. cervisize (Dinman et al,
1997). The proposed molecular mechanism behind this
ability was either through a higher affinity of the donor
stem for the ribosome and slowing down the rate of the
peptidyl transfer reaction, or a change in the steric align-
ment between donor and acceptor tRNA stems resulting in
decreased peptidyl-transfer rates. Conversely, puromycin is
not known to enhance the —1 frameshift in mammalian
cells. At sub-toxic concentrations, puromycin was unable to
enhance the HIV-1 replication (unpublished data). These
data, along with the data provided in this paper, implied that
the sparsomyein’s unique ability to enhance the —1 frameshift
might play a role in boosting the HIV-1 replication.

The maintenance of the =1 frameshift efficiency at the
optimal range is critical for HIV-1 to replicate (Jacks ez a/.,
1988). Therefore, limiting Gag—Po/ production should lead
to an inhibition of viral replication because po/ encodes
enzymes essential for viral replication (Levin e a/, 1993).
In contrast, it was also reported that increasing the Gag—Po/
to Gag ratio by twofold resulted in a reduction of viral
replication (Hung ez a/, 1998; Shehu-Xhilaga ez 4/, 2001).

Antiviral Chemistry & Chemotherapy 17.4
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Thus, a modest alteration of the 1 frameshift efficiency
should markedly affect the replication capacity of HIV-1.
Our data indicated that sparsomycin increased the effi-
ciency of ~1 frameshift by 1.3-fold, which produces a better
replication capacity for HIV-1. As a result, we hypothesize
that HIV-1 has a ‘suboptimal’ ~1 frameshift efficiency. In
theory, the 1.3-fold difference per one replication cycle
becomes approximately 10-fold after 10 rounds of viral
replication cycle because the effect accumulates exponen-
tially. The difference should become larger when HIV-1
replicates with the slower kinetics and the replication
profile is monitored over a longer time course. In fact, our
experimental data were in good agreement with the above
estimation. In nature, HIV-1 does not accumulate muta~
tions within the frameshift signal to achieve the higher
frameshift efficiencies. This implies that there are multiple
and complex regulatory mechanisms that keep the effi-
ciency of the —1 frameshift at suboptimum. Under these
conditions, the best efficiency of HIV-1 survival in the host
might be achieved. Altogether, one of the possible mecha-
nisms that sparsomycin boosted the HIV-1 replication
could be the enhancement of the ~1 frameshift efficiency.
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Characterizing cellular factors involved in the life cycle of human immunodeficiency virus type 1 (HIV-1) is an initial step
toward controlling replication of HIV-1. Actin polymerization mediated by the Arp2/3 complex has been found to play a
critical role in some pathogens’ intracellular motility. We have asked whether this complex also contributes to the viral
life cycles including that of HIV-1. We have used both the acidic domains from actin-related protein (Arp) 2/3 complex-
binding proteins such as the Wiscott-Aldrich syndrome protein (N-WASP) or cortactin, and siRNA directing toward Arp2
to inhibit viral infection. HIV-1, simian immunodeficiency virus (SIV), and intracellular mature vaccinia virus (IMV) were
sensitive to inhibition of the Arp2/3 complex, whereas MLV, HSV-1, and adenovirus were not. Interestingly, pseudotyp-
ing HIV-1 with vesicular stomatitis virus G protein (VSV-G) overcame this inhibition. Constitutive inhibition of the
Arp2/3 complex in the T-cell line H9 also blocked replication of HIV-1. These data suggested the existence of an Arp2/3
complex-dependent event during the early phase of the life cycles of both primate lentiviruses and IMV. Inhibiting the
HIV-1's ability to activate Arp2/3 complex could be a potential chemotherapeutic intervention for acquired immunode-

ficiency syndrome (AIDS).

INTRODUCTION

When human immunodefidency virus type 1 (HIV-1) enters
cells, the envelope glycoprotein gpl20 binds to CD4 and
subsequently CXCR4 or CCR5 and initiates membrane fu-
sion at the cell surface. After the membrane fusion the
reverse transcription takes place while the viral core com-
ponents migrate toward cell nucleus where the proviral
DNA integrates into the host cell chromosome. However,
the protein-protein interactions during these processes of
disassembly/uncoating are the least understood among the
whole viral life cyce. Despite historical suggestions that
actin plays a role in the early phase of HIV-1 infection, its
role remains largely undlear. Early studies used chemical
inhibitors of actin, which were broadly active on cell phys-
iology or “nonspecific” (Cudmore et al., 1997; Bukrinskaya et
al., 1998; Iyengar et al., 1998). To test for a specific role of
actin in the early phase of HIV-1's life cycle, we focused on
regulators of actin polymerization. It has now been shown
that some bacteria and viruses use cellular actin polymer-
ization to propel themselves within cells (Gruenheid and

Article published online ahead of print. Mol. Biol. Cell 10.1091/
mbc.B04-04-0279. Article and publication date are available at
www.molbiolcell.org /cgi/doi/10.1091 /mbc. E04 -04-0279.
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Abbreviations used: Arp2/3, actin-related protein 2/3; CC, cytocha-
lasin; GFP, green fluorescent protein; HIV-1, human immunodefi-
ciency virus type 1; HSV-1, herpes simplex virus type 1; IMV,
intracellular mature virus; MLV, murine leukemia virus; RLU, rel-
ative light unit; SIV, simian immunodeficiency virus; VSV-G, vesic-
ular stomatitis virus G protein; VV, vaccinia virus; WASP, Wiscott-
Aldrich syndrome protein.
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Finlay, 2003). The key host proteins in these reactions are
actin-related protein (Arp) 2/3 complex and its regulators.
Weh ized that Arp2/3 complex-dependent actin nu-
cleation might be required for efficient infection by primate
lentiviruses incuding HIV-1.

The Arp2/3 complex is a seven-subunit protein complex
highly conserved among eukaryotes that nucleates actin
filaments from the sides of existing filaments (Higgs and
Pollard, 2001; Pantaloni et al., 2001). The Arp2/3 complex
distributes throughout the cell but is enriched especially at
the cortical layer underneath the plasma membrane through
which viruses have to pass to infect cells (Flanagan ef dl.,
2001). The Arp2/3 complex is regulated by both Wiscott-
Aldrich syndrome protein (WASP) family of proteins and
cortactin (Weaver ef al., 2003). The carboxy terminal domain
of WASP is called VCA domain (verprolin homology, cofilin
homology and acidic subdomains) and is also named the
WA domain. Intensive studies had revealed that VCA's
ability to bind monomer actin through its V subdomain is
critical for actin nucleation (Miki and Takenawa, 1998). The
CA subdomain confers to N-WASP its binding ability to the
Arp2/3 complex as evidenced by physicochemical assays
(Machesky and Insall, 1998; Marchand et al., 2001) and x-ray

tallography and cross-linking experiments (Gournier et
al., 2001; Robinson et al., 2001; Zalevsky et al., 2001). Actin

- polymerization, nudeation, and branching are enhanced in

the presence of VCA protein in vitro (Higgs et al, 1999;
Machesky et al., 1999; Rohatgi ef al., 1999). Expression of the
VCA protein sequesters the Arp2/3 complex and displaces
it from physiological regulation in vivo (Machesky and In-
sall, 1998; Machesky et al., 1999; Rozelle et al., 2000; Castel-
lano et al.,, 2001; Harlander et al., 2003). By expressing in
tissue culture cells, the VCA protein has been used success-
fully as an inhibitor of Arp2/3 complex to study the role of
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Arp2/3 complex in many biclogic processes (Zhang et al.,
1999; Krause et al., 2000; May et al., 2000; Moreau ef al., 2000;
Rozelle et al., 2000; McGee ¢t al., 2001; Zhang et al., 2002).
Ancther Arp?2 /3 complex regulator is cortactin, a filamen-
tous actin-associated protein originally identified as a sub-
strate of Src (Weed and Parsons, 2001) that is also implicated
in the phagocytosis of several invasive bacteria (Dehio et al.,
1595; lgawaz et al., 1997, Cantarelli ef 2., 2000). Cortactin
binds directly to the Arp2/3 complex through its amino-
terminal acidic domain, NTA, and activates it (Weed et al.,
2000; Uruno et al., 2001; Weaver et al, 2001). The NTA
protein, like VCA, can serve as an inhibitor of Arp2/3 com-
lex.
P We explored the possible involvement of Arp2/3 complex
in the early phase of life cycle of primate lentiviruses. In
parallel, we tested different virus species including adeno-
virus, herpes simplex virus type 1 (}1SV-1), Moloney murine
leukemia virus (MLV), and intracellular mature vaccinia
virus (IMV), all of which were reported to use the actin
cytoskeleton to infect cells; however, the physical properties
and mechanisms of their entry vary (Rosenthal ef 4l., 1985;
Kizhatil and Albritton, 1997; Bukrinskaya ef al., 1998; Iyen-
gar et al, 1998; Li et al, 1998). We also tested whether
changing retroviral envelopes, which forces viruses to enter
through different routes, affected the efficiencies of viral

entry.

MATERIALS AND METHODS

Cells and Viruses

Human embryonic kidney (HEK) 293 cells and Chinese hamster ovary
(CHO)K1 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Sigma, St. Louis, MO) supplemnented with 10% FBS (Hyclone, Logan,
UT), penidillin, and streptomycin (Invitrogen, Carlsbad, CA). H9 cells were
maintained in RPMI1640 (Sigma) supplemented with 10% FBS, penicillin, and
streptomycin. All the mammalian cell lines were incubated at 37°C in the
humidified 5% CO, atmosphere. Replication incompetent HIV-1 (IXB2 vpr,

rev, env, nef) was produced by transfecting the proviral DNA cartying
renilla luciferase in place of nef open reading frame into 293 T-cells along with
the expression plasmid for env, fat, rev and nef (plllex). When pseudotyping
HIV-1, rev expressing plasmid and either ecotropic MLV envelope (Ragheb
and Anderson, 1994) or vesicular stomatitis virus G (VSV-G) expressing
plasmid (Clontech, Palo Alto, CA) were cotransfected with the proviral DNA
of HIV-1. HXB2 was used for the replication competent HIV-1. The virus was
prepared by transfecting the proviral DNA into 293 T-cells, and the superna-
tants were collected at 2 d postiransfection. SIV ( nef) encoding firefly lucif-
erase in place of nef open reading frame was created based on the IL-2-
carrying molecular clone of SIVmac239 (Gundlach et al., 1997; kindly
provided by Dr. K. Mori). SIV was prepared by transfecting the proviral DNA
into COS7 cells, and the supernatants were collected. MLV was produced by
transfecting pCMMP LacZIRESGFP, pCMMP eGFP (generous gift from Dr. J.
Young), pPCMMP GFP-VCA, or pQcLIN (Clontech) into 293 cells along with
guag/pol and either ecotropic, amphotropic env, or VSV-G-expressing plasmids
(Ragheb and Anderson, 1994). H5V-1 (KOS)Rid1/tk12 enceding beta-galac-
tosidase under the regulation of the imumediate early promoter ICP4, vaccinia
virus encoding T7 RNA polymerase (vIF7.3), and adenovirus type 5 express-
ing T7 RNA polymerase were generous gifts from Drs. Spear (Dean et al,
1994), Moss (Fuerst ef al., 1986), and Ishii (Aoki et al., 1998), respeciively, and
were prepared according to the previous publications. Adenovirus, HSV-1
and IMV were titrated by the plaque assay using HEK293 or Hela cells; MLV
by counting reporter-positive HHEK293 cells after 2 to 3 d postinfection, and
HIV-1, VSV-G HIV-1, and SIV by using the indicator cells that expressed
beta-galactosidase or GFP upon infection. The p24 concentration of eco HIV-1
was adjusted to that of HIV-1 ( 100 ng/mli). The neutralization assay using
the antibody 2D5 that inhibits infection of IMV but not that of EEV (Ichihashi
and Oie, 1996) revealed that 99.4% of our vaccinia virus preparation contained
intracellular mature virus (IMV).

Plasmids

The VCA domain (amino acid 392-505) of N-WASP was amplified by PCR from
N-WASP DNA kindly provided by Dr. Takenawa (Miki et 4., 1996) with the

primers: VCA sense 5 -CAATIGCCTTCTGATCGGGACCATCAGG-3
and 5-AAGCTTCAGTCTTCCCACTCATCATC3 . The PCR product was sub-

cloned into pCR4 Blunt TOPO (Inviirogen), sequenced, digested with Mfd and
EcoRl, and cloned into EcoRI site of pEGFP-C2 (Clontech), generating pGFP-VCA.
5198 —284—

Following two primers, 5-AGATCTTAGTGGCTGATGGCCAAGAGTC-
CACACC3 and 5- CAATTGTCAGTCTTCCCACTCATCATC 3, were used to
amplify the CA domaln (amino acld 470-505) of N-WASP, The PCR fragment was
cloned into Bgllt-EcoR1 sites of pEGFP-C2, giving rise to pGFP-CA. GFP-A expression
plesmid wes generated by anmealing following two and cloned it
into the BRll-ExRI sites of pEGFP-C2 5 -CATCGATGAAGATGAAGATGAA-
GATGATGAAGAAGATTTIGAGCGATGATGATGAGTGGGAACACTGA3 and
5 -AATTTCAGTCTICCCACTCATCATCATCCTCAAAATCTTCTTCATCATCT-
TCATCTTCATCTTCATCS . Following oligonudeoctides were annealed and ligated
fnto the Bgfll site of pGFP-VCA giving rise to pCFP-VCA®: 5 -CATCTAGATAACT-
CATCOCGCOGCOG3 and 5 -GATOCGGOGGOCCCATCAGTTATCTA3 . The
NTA domain (améno acid 1-84) of cortactin and Arp2 weze amplified by PCR from
28T DNA with primers: NTA sense 5 -GCATCCTCGAGATGTG-
GAAAGCTTCAGCAGGCCAC3, NTA antiserse 5 -CAATIGTCAATAGCCAT-
GGGAAGCTITIGGTCC-3 ; Arp2 sense 5 -GGATCCTCGAGATGGACAGC-
CAGGGCAGGAAGG-3, Arp? antisense 5 -CAATTGTTATCGAACAGTCACAC-
CAAGTTTC3 . PCR fragments were cloned into pCR4 Blunt TOPO, and the
BamFI-Mfd fragments were cloned into Bglll-EcoRI sites of pEGFP-C2, generating
pGFP-NTA and pGFP-Arp2. pCMMP GFP-VCA was generated by digesting pC-
MMP GFP with Age I and Bandl, ligated with Age I-BamH fragmert from pGFP-

VCA. Transfection efficencles were measured by phRL/CMV (Promega, Madison,
WI) or pHIV-1 LTR-GFP-Luciferase. F10, the MLV from rat,
was created by Fl10-ecoR (Takase-Yoden and

Watanabe, 1599) with Nad followed by the self-igation. The human nectin 1 alpha
(HigR) expression plasmid was generated by Inserting EcoRI fragment of pER-BOS
human nectin 1 alpha 3FLAG (Sakisaka ¢ al, 2001) into EoRI site of pcDNA3
(nvitrogen). The Xhol-Noil fragment of either pBCMGSneoCD4 or pBCMGS-
neoCCR5 (a generous gift from Dr. Yamashita) wes cloned into Xkol-Notl sites of

(Inviirogen), generating pCD4 and pCCRS, respeciively. The SnaBl-Noil
fragment from pOCR5 was cloned into pMACS4ires (Miltenyl Biote, Bergisch
Gladbach, Germany), generating pCCRS5 IRES CD4. The (D4 lacking the cytoplas-
e tail was amplified by the primers: 5 -GGATCCCGGGCCACCATGA-
ACCGGGGAGTCCCTTTTAGGC3 and 5- GAATTICGTGCCGGCACCTGACA-
CAGAAGAAGATGQOC3 . The Xmal-EcoRI fragment was doned into the Agel-EcRI
sites of pEGFP-C2, generating pCD4 cyt. The T7 RNA polymerase (I7 RNAP)
expression plasmid pCMMP T7RNAP IRES GFP was created by inserting Xmal-
EcoRl fragment from pVR1-T7 into Agel-Mf sites of pPCMMP IRES GFP (Aokd et al,
1958). The T/RNAP reporter plasmid pTM3Lud was desaribed (Ackiet
al,, 1998). The following pairs of oligonudectides were annealed and cloned into
Apal-EcoRl sites of pSilencer 1.0-U6 (Ambion, Austin, TX) to generate sIRNA express-
agairst GFP and Arp2: GFP sense 5 -GCTGACCCTGAAGTTC-
ATCTTCAAGAGAGATGAACTTCAGCGTCAGCTTITIT-3 and GFP antisense
5 -AATTAAAAAAGCTGACCCTGAAGTTCATCTCTCTTGAAGATGAACTIC-
AGGGTCAGCGGCC3; Arp2 sense 5 -CAGCTITACTTAGAACGAGTICAA-
GAGACTCGTTCTAAGTAAAGCTGTTITIT-3 and Arp2 antisense 5-AATT-
AAAAAACAGCTTTACTTAGAACGAGTCTCTTGAACTCGTTCTAAGTAAA-
GCTGGGCC3.

Transfection, Magnetic Selection, and Infection

Plasmid DNAs were transfected into cells by using either lipofectamin/
lipofectamin plus reagent (Invitrogen) or X-tremeGENE siRNA transfection
reagent (Roche Diagnostics, Mannheim, Germany) according to the manufac-
turer’s protocol. The latter reagent, with which the transfection efficiencies
reached 90% in 293 cells, was specifically used for pr samples to
carry out Western blot analysis demonstrating the reduction of Arp2 levels.In
brief, cells were fed in 48-well plates 1-2 d before transfection. Cells were
approximately in 50-60% confluency at wansfection. After transfection, cells
were trypeinized and plated onto 96-well plates. Transfected cells were mag-
netically selected by using MACS system di toward CD4 (Miltenyi

" Biotec). Cells were infected with viruses of 0.1-0.5 multiplicity of infection

by incubating in the virus-containing culture medium at 37°C for 1-4 h.

Cell-to-cell Fusion Assay

The fusion assay was based on the T/RNAP transcription-dependent reporter
assay originally described by Nussbaum eéf al. (1994), modified versions by
Sakamoto et al. (2003). In brief, the T/RNAP “donor” cells were generated by
transfecting 293 cells with both T7RNAP and HIV-1's Env expression vectors.
The T7RNAP “acceptor” cells were generated by transfecting 293 cells with
the T/RNAP reporter (pT7-IRES-Luciferase) along with either CD4 or
CD4 cyt, GFP or GFP-VCA, and the renilla ludferase expression vectors. At
48 h postiransfection, these cells were cocultivated for 24 h and lysed in the
passive lysis buffer to carry out the dual luciferase assay (Promega).

Detection of Fluorescent Signals

The transfected 293 cells were fixed by 4% formaldehyde in PBS at 48 h
posttransfection and imaged by using confocal microscopy META 510 (Carl
Zeiss, Jene, Germany). For the images showing pseudopodial extensions,
images of different focal planes were projected to generate a single image. The
transfected H9 cells were imaged similarly at 48 h posttransfection without
fixation. The light transmission image was merged with the green fluorescent
signal. Alternatively, the transfected cells were analyzed by the flow cytom-
etry (FACS calibur, Becton Dickinson, San Jose, CA).

Molecular Biology of the Cell
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Figure 1. Inhibiting the Arp2/3 complex limited the entry of primate lentiviruses. (A) The carboxy-terminus of N-WASP, VCA domain, was
fused to GFP to give rise GFP-VCA. Western blot analysis detected the 41-kDa band, the predicted mol wt for GFP-VCA. (B) The green
fluorescence profiles of 293 cells transfected with either GFP or GFP-VCA expression vector were similar to each other as measured by the
flow cytometric analysis. (C) GFP-VCA preferentially distributed evenly throughout the cytoplasm. The pseudopodial extension was less
active when GFP-VCA was expressed in 293 cells compared with GFP (magnification, 200; inset, 400). (D) The experimental procedure
was drawn schematically. (E) The relative infection efficiencies of HIV-1, HIV-1 pseudotyped with ecotropic MLV envelope (eco HIV-1), and
SIV into cells expressing GFP-VCA were significantly decreased, whereas those of ecotropic MLV (eco MLV) and HSV-1 were not (asterisk,
p  0.01). The data represent the average and SD of indicated number of independent experiments.

Western Blot Analysis

Cells were washed with PBS and lysed in a buffer containing 4% SDS, 100
mM Tris-HCl (pH 6.8), 12% 2-ME, 20% glycerol, and bromophenol blue.
Samples were boiled for 10 min. Protein lysates approximately equivalent
to5 10% cells were separated in SDS-PAGE (Perfect NT Gel, DRC, Tokyo,
Japan), transferred to a polyvinylidene fiuoride (PVDF) membrane {fim-
mobilon-P*Q, Millipore, Bedford, MA), and blocked with 5% dried nonfat
milk (Yuki-Jirushi, Tokyo, Japan) in PBS. For the primary antibody, we
used anti-Arp2 antibody H-84 (Santa Cruz Biotechnology, Santa Cruz,
CA), antlactin antibody MAB1501 (Chemicon, Temecula, CA), or either an
mAb or-a polyclonal rabbit antiserum against GFP (Clontech). For the
secondary antibody, either a biotinylated anti-mouse antibody (Amersham
Pharmacia Biotech, Piscataway, NJ) or a biotinylated anti-rabbit antibody
was used. For the tertiary probe, a horseradish peroxidase (HRP)<onju-
gated streptoavidin (Amersham Pharmacia Biotech) was used. Signals
were developed by incubating blots with the chemilumenescent HRP
substrate (Amersham Pharmacia Biotech) and detected by using Lumi-
Imager F1 (Bochringer Mannheim, Mannheim, Germany).

Reporter Assays

Cells were Iysed in the Passive Lysis Buffer (Promega) and the dual luciferase
assay was performed to measure both firefly and renilla luciferase activities
according to the manufacturer’s protocol (Promega). The beta-galactosidase
activity was measured by using the LumiGal assay kit according to the
manufacturer’s protocol (Clontech). The chemiluminescence was detected by
Lmax (Nihon Molecular Devices, Tokyo, Japan).

ELISA

The amount of p24 antigen of HIV-1 in the culture supematants was quan-
tified by using Retro TEK p24 antigen ELISA kit according to the manufac-
turer’s protocol (Zepto Metrlx, Bufialo, NY). The signals were measured by
Vmax ELISA reader (Nthon Molecular Devices).
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Statistical Analysis

The significance of differences was tested by one-way analysis of variance
(ANOVA) and Student’s t test. P values = 0.05 were considered to be
significant.

RESULTS

GFP-VCA Inhibits Infection of Primate Lentiviruses
We first tested whether the viral infection was affected by
expressing a potential inhibitor of the Arp2/3 complex GFP-
VCA, the VCA domain of N-WASP fused to GFP (Figure
1A). The expression of GFP-VCA protein was verified by
Western blot analysis (Figure 1A). The expression levels of
GFP-VCA were similar to those of GFP as measured by the
flow cytometric analysis at 48 h postiransfection (Figure 1B).
GFP-VCA preferentially distributed to the cytoplasm and
inhibited the pseudopodial extension compared with GFP
alone in agreement with the previous report (Rozelle et al.,
2000; Figure 1C). To exclude the possibility that GFP fusion
proteins negatively affects the cell surface expression of
membrane proteins, we confirmed that the distribution and
the levels of transiently and constitutively expressed CD4
and CXCR4 on the cell surface were similar in both GFP- and
GFP-VCA-expressing cells as assessed by both confocal mi-
croscopy and the flow cytometric analysis (unpublished
data). '

To evaluate the contribution of the Arp2/3 complex on the
viral infection, we used a transient transfection/infection
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Table 1. Viruses tested in the receptor-dependent infection system

Virally Reporter to Infected cells

encoded normalize infection harvested Receptor used S/N
Virus reporter efficiency Replication-competency (h postinfection) in this study ratio®
HIV-1 Renilla luciferase Firefly luciferase Incompetent 48-72 CD4 45
eco HIV-1 Renilla luciferase Firefly luciferase Incompetent 48-72 F10 412
sIv Firefly luciferase Renilla luciferase Competent 48 CD4 and CCRS 264
eco MLV -galactosidase PFirefly luciferase Incompetent 48-72 F10 20.8
HSV-1 -galactosidase Firefly luciferase Competert 8 HigR 2074
See Figure 1.

aThe signal-to-noise ratio was calculated by dividing the virally encoded reporter gene activities in the GFP-expressing cells by the
background signal. Data from all the trials shown in Figures 1 and 4 were averaged.

system in which target cells were transfected with a mixture
of plasmid DNA expressing 1) an Arp2/3 complex inhibitor
GFP-VCA, 2) a viral receptor, and 3) a reporter gene to
normalize transfection efficiencies (depicted in Figure 1D).
Because of the nature of cotransfection, the majority of cells
uptook the expression vector for GFP-VCA were transfected
with the other plasmids because the mixture of DNA con-
tained fivefold excess amount of the GFP-VCA expressing
plasmid. At 48 h postiransfection, a portion of transfected
cells were collected to measure the transfection efficiencies
and others were challenged by a virus expressing a reporter
gene to monitor the effidency of infection. Various times
after infection, cells were lysed and the virally encoded
reporter gene activities were measured, which was divided
by the transfection efficiencies to normalize. Infection of
viruses was restricted to the wansfected cells by using viral
receptors: human CD4 for HIV-1, human CD4 and CCRS for
SIV, Fi0 for ecotropic MLV envelope-pseudotyped HIV-1
(eco HIV-1) and ecotropic MLV (eco MLV), human nectin-1
alpha (HigR) for HSV-1. Viruses, receptors, and the combi-
nation of reporter genes for each virus were summarized in
Table 1. Primarily we targeted HEK293 cells because actin
cytoskeletal system is shared among eukaryotes. To monitor
HSV-1 infection, CFHO-K1 cells were used that lack enzy
molecules for HSV-1. To monitor the efficiencies of single-
round viral infection, we used replication-incompetent
HIV-1 and MLV. Alternatively, cells infected with replica-
tioncompetent viruses were lysed at time points before
viruses entered the second replication cycdle, except SIV,
which required 48 h to give sufficient signal to be detected.
Importantly, all the viruses tested in this study were re-
ported to utilize actin cytoskeleton to infect cells as exam-
ined by using chemical inhibitors against actin such as cy-
tochalasin (CC; Rosenthal ef al., 1985; Kizhatil and Albrition,
1997; Bukrinskaya ef al., 1998; Iyengar et al., 1998; Li et al.,
1998). The infection efficiencies of viruses into cells express-
ing GFP were set at 100% throughout the study unless stated
and the infection efficiencies into GFP-VCA-expressing cells
relative to GFP-expressing cells were calculated. For exam-
ple, when eco HIV-1 was tested, the firefly luciferase activ-
ities representing the transfection efficiencies for GFP- and
GFP-VCA-ransfected cells were 2,065 and 1,854 relative
light unit (RLU), respectively, where the background signal
was 3 RLU. The renilla luciferease activities reflecting the
infection efficiencies into GFP- and GFP-VCA-transfected
cells were 4,018 and 1,254 RLU, respectively, where the
background was 15 RLU. In this case, the relative infection
efficiency of eco HIV-1 into GFP-VCA expressing cells was
34.4%. The relative infection efficiency was introduced be-
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cause we were able to integrate data from independent
experiments. Results from the indicated number of indepen-
dent experiments were summarized in Figure 1E. Expres-
sion of the GFP-VCA significantly reduced the relative in-
fection efficiencies of HIV-1, eco HIV-1, and SIV (30.3, 35.8,
and 22.7%, respeciively; p  0.01; Figure 1E), whereas those
of eco MLV and HSV-1 (98.5 and 103.5%, respeciively; Fig-
ure 1E) did not. A 10-fold higher or lower titer of HSV-1 did
not affect the results (unpublished data). Consistent with
this, the average signal-to-noise ratio did not correlate with
the efficiency of inhibition (Figure 1E and Table 1). The
GFP-VCA did not inhibit eco MLV but did inhibit the infec-
don of eco HIV-1, suggesting that GFP-VCA’'s ability to
inhibit the infection of eco HIV-1 was eco env-independent.
It also suggested that the cell surface expression of the F10
was not affecied by GFP-VCA expression. In additon, cur
SIV done did not encode nef and HIV-1 vpr, demonstrating
that both nef and vpr were not necessary for primate lenti-
viruses (HIV-1 and SIV) to infect GFP-VCA—expressing cells
efficiently. These results suggested that inhibiting the
Arp2/3 complex by GFP-VCA negatively afiected the infec-
tion of primate lentiviruses.

HIV-1 Pseudotyped with VSV-G Overcomes the Block of
Infection by GFP-VCA

To gain insight of the mechanism of GFP-VCA's action to limit
primate lentiviral infection, we tested whether the GFP-VCA
blocked infection of VSV-G-pseudoiyped HIV-1 (VSV-G HIV-
1). HIV-1 enters cells by inducing the virus-cell membrane
fusion at the cell surface, When HIV-1 was pseudotyped with
V5V-G, the route of viral entry became endocytosis (Stein et al,,
1987; Maddon et al., 1988). We transfected 293 cells with GFP-
or GFP-VCA-expressing plasmid along with one-tenth
amount of CD4- and Fl0-expressing plasmids. Then we en-
riched transfected cells by using magnetic beads directing to-
ward CD4 at 36-42 h postiransfection. This allowed us to
measure the infection efficiencies into the transfected cells only
(depicted in Figure 2A). More than 90% of the magnetically
selected cells were green flucrescence-positive as examined by
the flow cytometric analysis (unpublished data). At 48 h post-
transfection, cells were infected either with HIV-1, ecoHIV-1 or
VSV-G HIV-1. For a comparison, amphotropic MLV (ampho
MLV) and VSV-G MLV (VSV-G MLV) were
tested in parallel. Infected cells were lysed at 2-3 d postinfec-
tion, and the virally encoded reporter gene activities were
measured to estimate the relative infection efficiencies (de-
picted in Figure 2A). For example, when eco HIV-1 was tested
in parallel with VSV-G HIV-1, the renilla luciferease activities
representing the infection efficiencies of eco HIV-1 into mag-
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Figure 2. GFP-VCA does not inhibit the infection efficiency of HIV-1 pseudotyped with VSV-G or the membrane fusion induced by the
HiV-1’s Eno-CD4 interaction. (A) The experimental procedure using the magnetic selection was drawn schematically. (B) The relative
infection efficiencies of HIV-1 and HIV-1 pseud: with ecotropic MLV envelope (eco HIV-1) were significantly decreased (asterisk, p

0.01). In contrast, the VSV-G-pseudotyped HIV-1 (VSV-G HIV-1) entered GFP-VCA-expressing cells as efficient as GFP-expressing cells
similar to amphotropic MLV (amhpo MLV) and VSV-G-pseudotyped MLV (VSV-G MLYV). (C) The experimental procedure for the cell-to-cell
fusion assay was drawn schematically. (D) GFP-VCA did not negatively affect the cell-to-cell fusion mediated by HIV-1’s Eno and either the
full-length CD4 or the CD4 without the cytoplasmic tail (CD4 cyt) compared with GFP. The data represent the average and SD of indicated

number of independent experiments.

netically selected GFP- and GFP-VCA-expressing cells were
41968 and 10,117 RLU, respeciively, where the background
was 30 RLU. In contrast, the renilla luciferase activities of
VSV-G HIV-1-infected cells were 6346 RLU for GFP-express-
ing cells and 5436 RLU for GFP-VCA-expressing cells where
the background signal was 30 RLU. In these cases, the relative
infection efficiencies of eco and VSV-G HIV-1 into GFP-VCA-
expressing cells were 24.1 and 85.6%, respectively. Resulis from
a mumber of independent experiments are summarized in Fig-
we 2B. The relative infection efficiencies for HIV-1 and eco
HIV-1 were significantly reduced when target cells expressed
GFP-VCA compared with GFP alone (47.3 and 36.0%,p 001,
respectively; Figure 2B). The magnitude of inhibiton of HIV-1
infection in this assay was smaller than that of the first exper-
imental setup (Figure 1D), presumably because the levels of
(D4 on the cell surface might have decreased after the mag-
netic selecion (Figure 1E). On the other hand, the relative
infeciion effidiency for eco HIV-1 36.0%, p  0.01; Figure 2B)
was similar to the first experimental setup, indicating that the
magnetic selection did not detectably influence the cellular

susceptibility to viral infection. Interestingly, VSV-G HIV-1-
infected GFP-VCA—positive cells at efficiencies almost equal to
GEP-positive cells (101.7%, Figure 2B). Similarly, both ampho
MLV- and V5V-G MLV-infected GFP-VCA~expressing cells
as efficient as they did GFP-expressing cells (96.9% for ampho
MLV, 932% for VSV-G MLV, Figure 2B). In this experimental
setup, the signal-to-noise ratio of HIV-1 and eco HIV-1 in-
creased compared with the first experimental system; how-
ever, the results remained the same (Figures 1E and 2B, and
Table 2). These data indicated that the GFP-VCA was unable to
block HIV-1 infection when HIV-1 entered cells through the
VSV-G-mediated endocyiosis. In other words, the reverse
transcription, nudear import, and integration of HIV-1 genome
into the host chromosome were able to proceed in the presence
of GFP-VCA.

The Efficiency of the Membrane Fusion Is Not Negatively
Affected by GFP-VCA

The membrane fusion is the critical event when enveloped
viruses infect cells. We next asked if the expression of GFP-

Table 2. Viruses tested in the magnetic selection system

Virally Reporter to

encoded normalize infection Receptor used S/N
Virus reporter efficiency Replication-competency in this study ratio®
HIV-1 Renilla luciferase Firefly luciferase Incompetent CD4 72
eco HIV-1 Renilla luciferase Firefly luciferase Incompetent F10 101.3
VSV-G HIV-1 Renilla luciferase Firefly luciferase Incompetent 251.6
ampho MLV -galactosidase Firefly luciferase Incompetent 12.0
VSV-G MLV -galactosidase Firefly luciferase Incompetent 590.4
See Figure 2.

2The signal-to-noise ratio was calculated by dividing the virally encoded reporter gene activities in the GFP-expressing cells by the
background signal. Data from all the trials shown in Figure 2 were averaged.
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Table 3. Viruses tested in the T7 RNA polymerase system

Reporter to normalize Infected cells harvested S/N
Virus infection efficiency Replication-competency (h postinfection) ratio®
v Renillaluciferase Competent 3 18084
Adenovirus Renillaluciferase Competent 24 901.3
See Figure 3.
* The signal-to-noise ratio was calculated by dividing the luciferase activities in the GFP-expressing cells by the background signal. Data from

all the trials shown in Figures 3 and 4 were averaged.

VCA inhibited the membrane fusion through HIV-1's Env-
receptor interaction. We carried out the cell-to-cell fusion
assay in which Env-positive cells expressing T7 RNA poly-
merase (I7RNAP) were fused to the CD4-positive cells car-
rying the T/RNAP promoter-driven firefly luciferase re-
porter plasmid (depicted in Figure 2C). The efficiency of the
cell-to-cell fusion was measured by the firefly luciferase
activity divided by the renilla luciferase activity represent-
ing the transfection efficiency. The ratio of the firefly lucif-
erase to renilla luciferase activities in GFP-expressing cells
was set at 100%, and the relative efficiencies of cell-to-cell
fusion of GFP-VCA~expressing cells were calculated. It re-
vealed that the efficiencies of cell-to-cell fusion initiated by
the interaction between HIV-1's Env and CD4 were not
inhibited when GFP-VCA was expressed in CD4-expressing
cells compared with GFP (114%, Figure 2D).

To eliminate a possibility that the GFP-VCA inhibited the
expression/distribution of CD4 on the cell surface, we ex-
amined whether the CD4 lacking the cytoplasmic domain
(CD4 cyt) was able to support the membrane fusion in the
presence of GFP-VCA. Because GFP-VCA distributed
throughout the cytoplasm, it was unlikely that the motility
of CD4 cyt on the cell surface was restricted by GFP-VCA.
It was found that CD4 cyt induced the cell-to-cell fusion in
the presence of GFP-VCA at efficiencies almost equal to the
full length CD4 (113%, Figure 2D). In support of this, envel-
oped viruses (HSV-1, MLV, and VSV-G HIV-1) were able to
infect GFP-VCA-positive cells as efficient as GFP-positive
cells (Figures 1E and 2B). In particular, when HSV-1 and
ampho MLV enter cells, like HIV-1, the membrane fusion
takes place at the cell surface (Fuller and Spear, 1987, Mc-
Clure et al., 1990; Wittels and Spear, 1991; Nussbaum et al.,
1993). These data indicated that the virus-cell membrane
fusion was not inhibited by GFP-VCA. According to the data
presented hereby, it seemed likely that GFP-VCA did not
negatively affect the expression of receptors or viral aitach-
ment to receptors, or the virus-cell membrane fusion. Be-
cause VSV-G HIV-1-infected cells in the presence of GFP-
VCA, we assume that GFP-VCA inhibits HIV-1’s life cycle
after the membrane fusion before or at the reverse transcrip-
tion, espedially when HIV-1 enters cells through the mem-
brane fusion at cell surface where the viral core is placed in
the cortical compartment.

GFP-VCA Inhibits Infection of Intracellular Mature
Vaccinia Virus but Not Adenovirus

To test whether the inhibition of viral entry by GFP-VCA
was limited to the primate lentiviruses, we examined both
intracellular mature vaccinia virus (IMV) and adenovirus.
IMV enters cells via the membrane fusion at cell surface,
which is accompanied by a drastic actin cytoskeletal reorga-
nization (reviewed by Smith et al., 2002). Adenovirus infects
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cells through clathrin-dependent endocytosis (Wang et dl.,
1998). Adenovirus was the only envelope-free virus studied
in this article. These viruses encoded T7 RNA polymerase as
a reporter (Table 3). To detect the infecton signal from
transfected /infected cells, we introduced the T7 promoter-
driven luciferase reporter into 293 cells (Figure 3A). For
example, when IMV was tested, the renilla luciferase activ-
ities representing the transfection efficiencies for GFP- and
GFP-VCA~transfected cells were 485 and 556 RLU, respec-
tively, where the background signal was 8 RLU. The firefly
luciferease activities reflecting the infection efficiencies of
virus into GFP- and GFP-VCA-transfected cells were 29,020
and 10,044 RLU, respectively, where the background was 23
RLU. In this case, the relative infection efficiency of IMV into
GFP-VCA-expressing cells was 30.3%. Results from a num-
ber of independent experiments were summarized in Figure
3B. The relative infection efficiency of IMV was significantly
reduced (30.6%, p 0.01; Figure 3B), whereas adenovirus-
infected GFP-VCA-expressing cells as efficiently as GFP-
expressing cells (98.3%, Figure 3B). IMV gave the highest
signal-to-noise ratio throughout the study, yet its infection
was blocked efficiently by GFP-VCA (Table 3). Considering
all the signal-to-noise data, it was suggested that the signal-
to-noise ratio did not positively correlate with the magni-
tude of inhibition of viral infection. Ten-fold higher or lower
titer of either IMV or adenovirus did not affect the results

A B .
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48h s =
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Virus with T7 N e
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Figure 3. Limiting infection of IMV but not adenovirus by inhib-
iting the Arp2/3 complex. (A) The experimental procedure was
drawn schematically. (B) The significant decrease of relative infec-
tion efficiency of IMV, but not adenovirus, was observed (asterisk,
p  0.01). The data represent the average and SD of indicated
number of independent experiments.
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Figure 4. Inhibitory effects of GFP-VCA derivatives, GFP-NTA, and siRNA against Arp2 on the infection of both HIV-1 and IMV. (A)
Schematic drawing of GFP-VCA derivatives and GFP-NTA. (B) Western blot analysis detected 30-, 41-, 32-, 30-, 28-, and 37-kDa bands, each
predicted mol wt for GFP, GFP-VCA, -CA, -A, VCA¥, and -NTA, respectively. (C) The relative infection efficiencies of HIV-1 (@) and IMV
() were significantly inhibited when cells expressed GFP-CA and GFP-NTA (asterisk, p  0.01; double asterisks, p 0.05). Expression of
GFP-A significantly reduced the relative infection efficiency for HIV-1 but not for IMV. GFP-VCA* did not detectably inhibited infection of
both viruses. The data represent the average and SD of more than three independent experiments. (D) The siRNA directed against Arp2
down-modulated expression of Arp2 by 73.5% on the average, whereas the expression of siRNA against GFP did not as demonstrated by
Western blot analysis in which 293 cell lysates correspondingtothe5 10%or2  10° were analyzed at 2 d posttransfection. (E) Introducing
siRNA against Arp2 significantly reduced the relative infection efficiencies of HIV-1 and HIV-1 pseudotyped with ecotropic MLV envelope
(eco HIV-1; asterisk, p  0.01) but not ecotropic MLV (eco MLV), HSV-1, adenovirus, and IMV. The data represent the average and SD of

indicated number of independent experiments.

(unpublished data). These data suggested that inhibiting the
Arp2/3 complex by GFP-VCA negatively affected infection
of IMV as well as primate lentiviruses. We focused on HIV-1
and IMV for the further studies.

GFP-VCA's Ability to Nucleate Actin Filament Is Not
Necessary to Inhibit Viral Entry

We attempted to locate the domain within VCA responsible
for the inhibition of HIV-1 and IMV infection. We generated
a series of truncated GFP-VCA mutants (Figure 4A). Their
functions were also summarized according to the previous
reports (Figure 4A; Takenawa and Miki, 2001; Weaver et al.,
2003). Expression of each mutant was verified in Western
blot analysis (Figure 4B). Introducing a stop codon into
GFP-VCA afier the GFP open reading frame allowed VCA-
encoding RNA to be expressed but not VCA protein (GFP-
VCA®). Expression of GFP-VCA® did not inhibit infection of
both HIV-1 and IMV (82.9 and 112.6%, respectively; Figure
4C), suggesting that the inhibition of viral entry attributed to
the VCA protein, not the VCA-encoding RNA (Figure 4C).
GFP-CA retained the ability to limit both HIV-1 and IMV
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infection (46.7 and 464%, p 00l and p  0.05, respec-
tively, Figure 4C). Expression of GFP-A inhibited HIV-1
infection less efficiently than other derivatives (57.7%, p
0.05; Figure 4C). However, GFP-A was unable to limit IMV
infection (110.8%, Figure 4C) although synthetic peptides of
A subdomain has been shown to retain the binding affinity
to the Arp2/3 complex as high as VCA in vitro (Panchal et
al., 2003). These data suggested that the V subdomain was
not required for the inhibition of HIV-1 and IMV infection.
It seemed likely that C and A subdomains functioned
cooperatively in vivo to inhibit infection of both HIV-1 and IMV.
To further verify that the reduction of viral infection effi-
dencies was due to the inhibition of Arp2/3 complex func-
tions, we have tested whether another potential Arp2/3
complex inhibitor NTA, amino-terminal acidic domain of
cortactin (amino acids 1-84), was also able to limit both
HIV-1 and IMV infection as did VCA. Cortactin is unrelated
to WASP family of proieins but is able to bind the Arp2/3
complex through the NTA domain. Expression of GFP-NTA
was verified by Western blot analysis (Figure 4B). As ex-
pected, GFP-NTA reduced the infection efficiencies of both
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HIV-1 and IMV (39 and 50%, p 0.0l and p  0.05, respec-
tively; Figure 4C). These data confirmed that inhibiting func-
tions of the Arp2/3 complex was indeed responsible for
limiting both HIV-1 and IMV infection. As GFP-NTA lacked
the ability to nucleate actin filaments similar to GFP-CA and
because of the reported functions of CA subdomains (Figure
44), it was strongly suggested that, not their abilities to
enhance actin nucleation, but GFP fusion proteins’ abilities
to bind the Arp2/3 complex was primarily important to
inhibit viral infection.

In addition, we tested whether down-regulating expres-
sion of Arp2 by using siRNA technique inhibited both HIV-1
and IMV infection. The GFP-VCA and -NTA were able to
inhibit functions of Arp2/3 complex by binding to it di-
rectly, whereas siRNA against Arp2 down-modulated ex-
pression of Arp2, therefore decreasing the number of
Arp2/3 complex. Because siRNA against Arp2 was not able
to inhibit the function of preexisting Arp2/3 complex di-
rectly, it was expected that siRNA against Arp2 should be
able to limit viral infection, if any, less efficiently than GFP-
VCA. Transfecting the plasmid vector expressing siRNA
directing against Arp2 reduced the expression of endog-
enously expressed Arp2-26.5% in 293 cells as demonstrated
by Western blotting analysis (Figure 4D). Viral infection
efficiencies were measured using the experimental setups
(Figures 1D and 3A) except the GFP or GFP-VCA expression
plasmid was replaced with the siRNA expression vectors
against GFP or Arp2. When siRNA directing toward GFP
was set as 100%, the relative efficiencies of both HIV-1 and
eco HIV-1 infection in cells expressing siRNA against Arp2
became 39.4 and 39.1%, respectively (both, p  0.01; Figure
4E). Adenovirus infection was slightly inhibited by the
siRNA against Arp2 (69.4%, Figure 4E). However, the rela-
tive infection efficiencies of eco MLV, HSV-1, and IMV were
not significantly reduced by siRNA directed toward Arp2
(91.3, 103.8, and 104.4%, respectively, Figure 4E). Given that
the other two Arp2/3 inhibitors were able to limit IMV and
HIV-1 infection, it seemed reasonable to speculate that the
inhibition of HIV-1 infection by siRNA was due to the
down-modulation of newly synthesized Arp2. However, we
were unable to limit the infection of IMV by siRNA against
Arp2. We assumed that this was either because siRNA was
unable to down-regulate expression of Arp2, therefore
Arp2/3 complex, at levels sufficient to block the entry of
IMV or the number of the preexisting Arp2/3 complex
might be sufficient to support IMV infection, or both.

HIV-1 Replication Is Negatively Affected When GFP-VCA

Is Constitutively Expressed in H9 Cells

Finally, we asked whether the replication of HIV-1 was
inhibited in T-cells, one of the natural targets of HIV-1. Todo
this, we isolated H9 cell clones either expressing GFP or
GFP-VCA constitutively by infecting H9 cells with MLV
vector followed by the limiting dilution. Introducing expres-
sion plasmid for GFP-VCA did not alter the morphology of
HOY cells compared with GFP-expressing cells or untrans-
fected cells when observed under the confocal microscopy at
48 h postiransfection (Figure 5A) as well as stable cell clones
(unpublished data). H9 GFP-VCA dones proliferated at
speed indistinguishable from H9 GFP dones (unpublished
data). We verified the expression of GFP and GFP-VCA in
isolated clones by Western blot analysis (Figure 5B). How-
ever, the average expression levels of GFP-VCA appeared
low compared with those of GFP in H9 clones (Figure 5B).
We infected six H9-GFP and three H9-GFP-VCA clones with
a replication-competent HIV-1 (HIXB2) and collected culture
supernatants at different time points to monitor the viral
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Figure 5. Slow replication kinetics of HIV-1 in H9 cells expressing
GFP-VCA constitutively. (A) The morphology of H9 cells was not
drastically altered when GFP-VCA was expressed compared with
GFP or uniransfected cells. The green fluorescent image was
merged with the transmission image (magnification, 630). (B) H9
clones siably expressed GFP or GFP-VCA as demonstrated by West-
ern blot analysis (arrowheads). (C) The amount of p24 antigen in the
culture supernatants accumulated rapidly in H9-GFP cell clones
(red), whereas H9-GFP-VCA clones did not support the efficient
HIV-1 replication (blue). Similar results were obtained by two in-

dependent experiments.

replication by measuring the amount of p24 viral antigen.
The replication kinetics of HIV-1 in GFP-expressing H9
clones showed a rapid propagation of HIV-1 in culture. In
conirast, the amount of p24 in the culture supernatants of H9
GFP-VCA clones did not accumulate, suggesting that the
HIV-1 replication was substantially suppressed in H9 GFP-
VCA clones (Figure 5C). The replication assay was carried
out twice consecutively and similar data were obtained. On
the average, the peak of HIV-1 replication kinetics in GFP-
VCA clones delayed a week compared with GFP clones. The
maximum amount of p24 in the culture supernatants of H9
GFP-VCA clones did not appear different from those of H9
GFP clones.

We next examined whether the viruses propagated in H9
GFP-VCA clones were mutants capable of replicating in the
presence of GFP-VCA. We isolated viral RNA from the
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culture supernatants of a H9 GFP clone and three H9 GFP-
VCA clones and sequenced the gag/pro/pol region because
the GFP-VCA's ability to limit HIV-1 infection did not de-
pend on Env, Nef, Vpr, and Rev. However, we could not find
any nucleic acid alterations when the viral sequences from
an H9 GFP-VCA culture were compared with the one from
an H9 GFP culture. These data suggested that the levels of
GFP-VCA in H9 clones might be insufficient to confer the
selective advantage for mutant viruses to take over the
wild-type HIV-1. We found that the late phase of HiV-1 viral
life cycle was slightly affected by GFP-VCA. Transfecting
proviral DNA into 293 T-cells along with the expression
vector for GFP-VCA yielded fewer amount of p24 antigen in
the culture supernatant (72%) compared with GFP alone.
Taken together, the decreased replication kinetics of HIV-1
in H9 GFP-VCA was assumed to be mostly due to the
inhibition of the early phase, partly the late phase, of HIV-1's
life cycle. These data demonstrated that the constitutive
inhibition of the Arp2/3 complex by expressing GFP-VCA
limited efficient replication of HIV-1 in T-cells as well as
epithelial cell systems.

DISCUSSION

We have demonstrated that the Arp2/3 complex contributes
to the efficient infection of both primate lentiviruses (HIV-1
and SIV) and IMV but not MLV, HSV-1, and adenovirus.
Actin cytoskeleton has been shown to play a role in the
infection of all the viruses tested in this study according to
previous studies using the chemical actin inhibitor
(Rosenthal ef al., 1985; Kizhatil and Albritton, 1997; Bukrin-
skaya et al., 1998; Iyengar et al., 1998; Li et al., 1998; Locker ef
al., 2000). In addition, the Arp2/3 complex-mediated actin
nucleation is sensitive to CC (Welch et 4., 1998). Therefore,
GFP-VCA's ability to limit infection of primate lentiviruses
and IMV might be a part of, if not all, the mechanism by
which CC reduced the efficiency of viral infection. In other
words, primate lentiviruses and IMV might utilize the
Arp2/3 complex-dependent actin polymerization system to
support their early phase of viral life cydes. In contrast,
MLV, HSV-1, and adenovirus might utilize actin to enter
cells in an Arp2/3 complex-independent manner. Perhaps,
other functional aspecis of actin are important for their
efficient infection such as the actin cable-dependent traffick-
ing system. Our data clearly demonstrated that the different
viruses use actin system differenily. It was reported that the
infection of HIV-1 was inhibited by CC at least two different
levels: 1) by limiting viral receptor/coreceptor clustering
upon viral attachment (Iyengar et al., 1998); and 2) by dis-
rupting establishment of active reverse transcription com-
plex (Bukrinskaya et al., 1998). Our findings suggest a pos-
sible involvement of the Arp2/3 complex in the laiter
process or a presence of another actin polymerization-de-
pendent step between two processes.

What is the molecular mechanism by which the Arp2/3
complex supports infection of both primate lentiviruses and
IMV? One of the possibilities is that these viruses may
activate the Arp2/3 complex and nucleate actin filaments to
support their entry. It has been reported that an acidic motif
DDW or DEW can be found among cellular Arp2/3 com-
plex-binding proteins induding WASP, cortactin, and MyoD
as well as Listeria monocytogenes surface protein ActA (Weed
and Parsons, 2001). We are unable to find such a binding
motif in proteins encoded by both HIV-1 and SIV. Therefore,
these viruses may not activate Arp2/3 complex due to a
direct interaction between viral gene producis and Arp2/3
complex. There are two regulatory pathways known to ac-
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tivate the Arp2/3 complex. One is WASP/WAVE pathway
and the other being cortactin pathway. Expression of the
dominant-negative derivatives of N-WASP, WAVEs, and
cortactin were unable to limit the infecton of both HIV-1
and IMV (unpublished observation, consistent with the
Locker’s finding, Locker et al., 2000). The dominani-negative
derivative of cdc42, RhoGTPase family protein that locates
upstream of WASP/WAVE pathway, was also unable to
reduce the relative infection efficiencies of both viruses (un-
published observation). These data implied that the activa-
tion of Arp2/3 complex upon infection of both lentiviruses
and IMV might be mediated by novel virus-host interac-
tions. Inhibiting the Arp2/3 complex by GFP-VCA did not
drastically reduce the efficiency of HIV-1 production as did
that of HIV-1 infection, suggesting that the incoming HIV-1
might have something unique which budding virus lacks.
We speculate that viral gene products cleaved by HIV-1's
protease may be responsible to induce activation of Arp2/3
complex because viral protease become active when viral
particles are released from cells such that the cleaved pro-
teins are present at high concentrations only in mature virus
particles. VV encodes envelope protein A36R that binds
adaptor proteins Nck, Wip, Grb2 that recruits and activates
WASP-Arp2/3 complex system (Frischknecht et al., 1999;
Rietdorf et al., 2001; Scaplehorn et al., 2002). These molecular
interactions are known to be important for vaccinia virus to
bud from infected cells as extracellular enveloped virus
(EEV). However, IMV does not have A36R on its envelope.
Accordmgly, IMYV should initiate activation of Arp2/3 com-
plex via A36R-independent mechanisms.

On the basis of our data as well as previous observations,
we propose models in which the Arp2/3 complex plays a
role in the entry of both primate lentiviruses and IMV.
HIV-1 enters cells via the membrane fusion on the cell
surface (Stein ef al., 1987; Maddon et al., 1988). The viral core
complex is released to the cytoplasm immediately after the
membrane fusion over the cortical layer. Our model is that
the viral core components, independent of Env, Nef, Vpr, and
Rev, recruit adaptor proteins and activate the Arp2/3 com-
plex o generate mechanical force by which HIV-1's core
complex passes through the cortical layer and migrates to-
ward the nudeus efficiently (Figure 6A). McDonald et al.
(2002) had shown that the microtubule system supports
long-distance movement of HIV-1's core complex. It is pos-
sible that lentiviruses utilize the Arp2/3 complex-mediated
active transport system to get access to a subcellular com-
partment where they meet microtubule system. Consistent
with our model, a short-distance rapid movement of HIV-1’s
core was observed in the time-lapse imaging, which sug-
gested a presence of an actin polymerization-dependent
transport (McDonald ef al., 2002). On the other hand, IMV
enters cells via the membrane fusion at the cell surface as
suggested by the intensive studies including electron micro-
scopic studies (reviewed in Smith ef al., 2002). IMV infection
induces the formation of actin-rich cell surface protrusions
partly due to GTPase Racl signaling (Locker et al., 2000) and
is inhibited by treating cells with CCD (Vanderplasschen et
al., 1998; Locker et al., 2000). Taken together, the Arp2/3
complex-mediated actin polymerization may be required for
not only the late phase but also the early phase of IMV's life
cycle, specifically at the postmembrane fusion processes
(Figure 6B). Also, it is necessary to reorganize the cortical
actin network to transport the virus-core toward the cyto-
plasmic subcompartment where the vaccinia virus repli-
cates. The Arp2/3 complex may play a role in the latter
process (Figure 6B). In any case, IMV induces relatively
global cytoskeletal reorganization in which a substantial
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