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periodic boundary box of 100 A X 100 A X 250 A in which the top and
bottom parts of HA were set apart from the boundary by more than 10
A (Figure I1c). Consequently, the total number of atoms was about
259,300 in each model.

MD simulations were carried out for every model using NAMD ver.
264 Initially, energy minimization was executed for 1,000,000 steps
with the conjugate gradient method. Next, the temperature of the
model system was elevated up to 310 K. Then 30 ns equilibrating
simulation was performed in the NTP ensemble condition to obtain
the equilibrated structures of the wild-type HA and the three kinds of
mutants. Nonbonded interaction terms were computed with a cutoff
distance of 12 A, where a switching distance of 10 A was applied to
make the nonbonded interaction zero at the cutoff distance smoothly.
A periodic boundary condition was applied to all directions of the
calculation cell, and the particle mesh Ewald method was employed to
compute the long-distance nonbonded interaction. CHARMM27 force
field” was adopted for all atoms.

Docking Simulation. The binding modes of stachyflin to the wild-
type HA and its mutants were predicted by docking simulation using
GOLD ver. 4*** The equilibrated structure obtained from the MD
simulation was utilized as a plausible protein structure of HA in the
wild-type and three mutants. Binding score was also calculated to
evaluate the difference in binding affinity due to the mutations. A
preliminary docking calculation was executed to search for the docking
area within 30 A from Phel10 of the HA2 subunit. Since an adequate
docking space was found inside the area and stachyflin was positioned
near Aspl09 in the binding mode ranking first, recalculation of
stachyflin docking was performed with the search area set within 10 A
from Asp109 of HA2 subunit. Fifty binding poses were generated and
the binding affinities of those binding poses were estimated by GOLD
score function. On the basis of the ranking in the estimated GOLD
score, the most probable binding pose was selected. The binding
affinity for the selected binding pose was re-estimated using ASP score
function. This two-step approach, ie, determination of the binding
pose with GOLD score and subsequent estimation of binding affinity
with ASP score, was reported to successfully provide reliable
prediction in docking of low-molecular-weight ligands to an enzyme
or receptor.*%*

In Silico Screening. A search for compounds bearing chemical
features similar to those of stachyflin was made by an in silico
pharmacophore screening. A chemical database was provided by
Namiki Co. Ltd,, in which about 3 million synthesized compounds are
listed and all of the compounds are available by purchase. First,
conformations of every compound were generated by using OMEGA
module of OpenEye software.”® Totally, more than 200 million
chemical conformations were generated. Second, the pharmacophore
of stachyflin was extracted for setting queries, in which hydrogen-bond
donor and acceptor, aromatic ring, and hydrophobic region appeared
to be key features. Third, chemical screening was carried out from the
viewpoint of structural similarity to stachyflin using ROCS module of
OpenEye.* A total of 5094 compounds were extracted from the
Namiki database under the condition of the Tanimoto coefficient
being more than 0.75. Fourth, more condensed selection of chemicals
from the 5094 compounds was performed using EON module*” from
the viewpoint of similarity in charge distribution. The compounds
without structural flexibility were excluded. Consequently, 8 chemical
compounds were selected as candidates for purchase.

Synthesis of Analogue Compounds. Two series of derivatives
were synthesized in this work. One is an analogue containing a vanillic
acid skeleton, and the other is one bearing thieno-pyrimidine.
Compound 9, 3-methoxy-4-[ (methyl-sulfonyl)oxy]-benzoic acid me-
thoxy-ester, is a typical derivative of the former series. A mixture of
vanillic acid methyl (1.0 g, 5.49 mmol), KCO; (1.13 g, 8.24 mmol),
and acetonitrile (30 mL) was cooled in an ice bath under Ar
atmosphere. Methane-sulfonyl chloride (0.51 mL, 6.59 mmol) was
slowly added to the mixture, and then the solution was mechanically
stirred for 3 h at RT, The reaction mixture was filtered with Celite, and
the solvent was removed in vacuo. The resulting product was extracted
with a solution of EtOAc (30 mL) and 1 M aqueous HCl (30 mL).
The aqueous layer was treated with EtOAc (20 mL) two times, and
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the combined organic layer was washed with brine, dried over MgSO,,
and concentrated in vacuo. The product was purified by thin-layer
chromatography with hexane/EtOAc in a ratio of 3:1. The solid
obtained was resuspended with a solution of hexane and EtOAc, and
recrystallization produced the final compound as a white solid (1.01 g,
yield 71%).

A typical derivative of the latter series is compound 38, 4-(4-methyl-
1-pyperazinyl)-thieno[2,3-d]pyrimidine hydrochloride salt. 4-Chloro-
thieno[2,3-d]pyrimidine (200 mg, 1.17 mmol) was solvated with THF
(15 mL). After addition of 1-methyl-pyperazine (0.26 mL, 2.34 mmol)
and NaOH (0.94 g, 2.34 mmol), the mixture was heated under reflux
for 6 h. The solvent was removed in vacuo, and the reaction mixture
was treated with a solution of EtOAc (20 mL) and distilled H,0O (15
mL). The product was extracted with EtOAc two times, and the
organic layer was washed with brine and dried over N2,SO,. The
solvent was evaporated in vacuo, and the resulting product was purified
by two-dimensional thin-layer chromatography with hexane/EtOAc in
ratios of 3:1 and 1:1. A brown solid of (phenyl pyperazinyl)-theino-
pyrimidine was obtained in a yield of $4% (148 mg). The solid
obtained was resuspended in a solution of toluene (20 mL) and 1 M
aqueous HCI (0.6 mL) and heated under reflux for 1 h. The reaction
solution was cooled to RT, and filtration gave the final compound as a
brownish solid (127 mg, yield 45%).

Antiviral Assay. Compound potency was tested by an influenza
virus cell culture assay with measurement of the quantity of viral RNA
using real-time polymerase chain reaction (RT-PCR). Test com-
pounds were mixed with minimum essential medium (MEM)
containing bovine serum albumin (BSA). To prepare a virus-
containing compound-mixed medium, 100 units of 0% tissue culture
infective dose (TCIDS0) of influenza virus A/Perto Rico/8/34 strain
(PR8) was suspended in 100 uL of the MEM-BSA containing test
compounds and 10 ug/mL of acetylated trypsin. Madin-Darby canine
kidney (MDCK) cells were loaded in a 96-well plate. The cells were
washed with phosphate-buffered saline (PBS), followed by 0.5~1 h
incubation with compound-mixed medium. The virus-containing
compound-mixed medium was also incubated for 0.5—1 h. After
incubation, MDCK cells in the compound-mixed medium without
viruses were transferred to the compound-mixed medium with viruses.
Then the cells were incubated for 1 h at 37 °C in 100 uL of the virus-
containing compound-mixed medium (100 TCIDSO influenza virus,
10 pg/mL acetylated trypsin, and test compound at several
concentrations). MDCK cells were washed with compound-mixed
medium without viruses and incubated in the compound-mixed,
acetylated trypsin-containing medium without influenza virus for 24 h.
Culture supernatants of MDCK cells were collected after the
incubation, and RNA was extracted from the supernatants. The
amount of viral RNA was measured by the RT-PCR method. The
measurement was compared to that of the control that was performed
in a similar manner without any test compound. The compound
concentration to suppress viral proliferation to 50% (ECs,) was
estimated from the comparison.

RNA Extraction and RT-PCR. To monitor the efficiency of RNA
purification, uninfected VeroE6 cells were mixed in the ISOGEN
reagent as a source of 18S rRNA for normalization. Supernatants from
MDCK cell culture medium were mixed with ISOGEN reagent and
RNA was purified according to the manufacturer’s protocol. For
quantification of PR8 HA RNA, real-time RT-PCR was performed
using the primers and the probe with the sequences of PR8-HA-F: 5
GGCAAATGGAAATCTAATAGCACC-3', PR8-HA-R: §'-
TGATGCTTTTGAGGTGATGA-3, and PR8-HA-probe: $-FAM-
TCGCACTGAGTAGAGGCTTTGGGTCC-TAMRA-3', For moni-
toring efficiency of RNA purification, 18S rRNA was quantified using
the primers and the probe with the sequences of 18S-F: §*-
GTAACCCGTTGAACCCCATT-3, 18S-R: 5“CCATCCAATCGG-
TAGTAGCG-3', and 18S-probe: 5'-FAM-TGCGTTGAT-
TAAGTCCCTGCCCTTTGTA-TAMRA-3". The intensity of fluo-
rescence emitted from the probe was detected by the ABI-7700
sequence detector system (Applied Biosystems).

dx.doi.org/10.1021/cb200332k | ACS Chem. Biol. 2012, 7, 552~562
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Regulation of the susceptibility of HIV-1 to a
neutralizing antibody KD-247 by nonepitope
mutations distant from its epitope
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Objective: A humanized neutralizing antibody, KD-247, targets the V3 loop of HIV-1
Env. HIV-1 bearing the GPGR sequence at the V3 loop is potentially susceptible to
KD-247. However, not all GPGR-positive HIV-1 isolates are neutralized by KD-247.
We examined the potential mechanism by which the susceptibility of HIV-1 to KD-247-
mediated neutralization is regulated.

Design: We searched for nonepitope neutralization regulatory (NNR) mutations that
sensitize GPGR-bearing HIV-1,ps to KD-247 and mapped the locations of such
mutations relative to the V3 loop.

Methods: We generated a functional HIV-14pg Env library, and evaluated the viral
susceptibility to KD-247 by measuring the half-inhibitory concentration (ICs) to KD-
247 on TZM-bl cell assay.

Results: We identified nine KD-247-sensitizing NNR mutations from 30 mutations in
various regions of gp120, including the V1/V2 loop, C2, V3 loop, C4, and C5. They
specifically affected KD-247-mediated neutralization, as they did not affect the b12-
mediated neutralization. When combined, the KD-247-sensitizing NNR mutations
additively sensitized the virus to KD-247 by up to 10 000 folds. The KD-247-sensitizing
NNR mutations increased KD-247 binding to the virion. Notably, the NNR mutation in
C4 coincides with the CD4-binding site of gp120.

Conclusion: Given that most of the KD-247-sensitizing NNR mutations are remote
from V3 loop, it is reasonable to hypothesize that the steady-state, local conformation of
the V3 loop is regulated by the interdomain contact of gp120. Our mutational analysis
complements crystallographic studies by helping provide a better understanding of the
steady-state conformation and the functional geometry of Env.
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Introduction escape from the host humoral immunity. The study on HIV-

1-neutralizing antibodies (Nabs) and the viral escape from
HIV-1 is a highly mutagenic virus. The viral envelope Nab gives us insights into viral pathogenesis, structure—
glycoprotein gp120/41 (Env) accumulates mutations to function relationship of Env, and AIDS vaccine design [1-8].
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A humanized monoclonal Nab, KD-247, which is
effective against half of clade B primary HIV-1 isolates,
targets the third hypervariable (V3) loop, is an attractive
AIDS vaccine target [1-3]. The epitope essential for
KD-247-mediated neutralization is the conserved
tetrapeptide sequence GPGR (HXB2 coordinate 312~
315). A human monoclonal Nab 447-52D targets this
same epitope [4]. Mutations in the GPGR sequence
confer viral resistance to KD-247 [3,5,6]. Moreover,
amino acid changes adjacent to the GPGR motif have
also conferred viral resistance to KD-247 (e.g. H, R,
and K at 311 position, or P at 316 position) [3].
Such mutations physically interfere with binding to the
KD-247 epitope [3]. In the absence of such mutations,
HIV-1 bearing the GPGR sequence at the V3 loop
is potentially susceptible to KD-247. However, not all
GPGR ~positive HIV-1 isolates are neutralized by KD-247.
The mechanism by which some of the GPGR-bearing
viruses are resistant to KD-247 is not fully understood.

We addressed this sequence-neutralization susceptibility
discordance by comparing the amino acid sequences
of various HIV-1 primary isolates. We defined a virus
as resistant to KD-247-mediated neutralization when
the half-inhibitory concentration (ICsp) was higher than
100 pg/ml. We analyzed V3 loop amino acid sequences
from 25 viruses positive for the GPGR epitope, including
11 KD-247-sensitive and 14 KD-247-resistant viruses.
Along with the ELISA data in our previous report [3],
we found that H304R contributes to KD-247 resistance.
The H304R polymorphism accounted for 35.7% (five
of 14 isolates) of the examples of sequence-neutralization
susceptibility discordance, but all the viruses carrying
H304R were CRFO1_AE. We failed to identify any
neutalization regulatory mutations in the clade B isolates.
Additionally, the KD-247 prototype mouse monoclonal
antibody C25 was unable to neutralize 17 GPGR-
positive HIV-1 clade B primary isolates, even though
C25 was able to bind their synthetic V3 loop peptides
(unpublished observation). From these data, we postu-
lated that the sequence-neutralization susceptibility
discordance is due to non-epitope neutralization
regulatory (NNR) mutations, especially remote from
the V3 loop. Such NNR mutations would be positioned
at certain key sites within the Env domains and
regulate the steady-state conformation. NNR mutations
have been predicted for 447-52D and other cross-
reactive Nab [6—11]. To test this hypothesis, we examined
15 entire Env amino acid sequences of KD-247-sensitive
and KD-247-resistant viruses. However, we were unable
to identify amino acids associated with susceptibility
to KD-247. This suggests that the heterologous virus
approach is not sensitive enough to identify NNR
mutations because the diversity of Env amino acid
sequences is beyond the level of detection.

Here we employed a genetic approach to identify NNR
mutations using the HIV-1apg/apa (AD8 hereafter),

which displays the sequence-neutralization susceptibility
discordance. The ADS strain has been reported to be
sensitive to 447-52D, which targets the same neutral-
ization epitope as KD-247 within the V3 loop [10],
suggesting that the GPGR epitope of the V3 loop is
open to antibodies. We thought that this should help
understand how the NNR. mutations work. It does
not contain insertions adjacent to the GPGR. motif, as
HIV-1gxs or HIV-1n14-3 do (QR insertion before
[ and G) nor H304R. Only a few NNR mutations that
make HIV-1 resistant to KD-247 have been reported
in the V1/V2 loop [6]. In this work, we generated
a functional AD8 Env library to identify many NNR
mutations simultaneously that cause HIV-1 to become
susceptible to KD-247. Through KD-247-sensitizing
NNR mutations, we tried to understand the regulatory
mechanism of the viral susceptibility to KD-247-
mediated neutralization.

Materials and methods

Cells, viruses, and transfection

Cells were maintained in RPMI-1640 Medium (Sigma,
St Louis, Missouri, USA) supplemented with 10% fetal
bovine serum (FBS) (Japan Bioserum, Tokyo, Japan),
50 U/ml penicillin, and 50 pg/ml streptomycin (Invitro-
gen, Tokyo, Japan), at 37°C in a humidified 5% CO,
atmosphere. Cells were transfected with Lipofectamine
2000 according to the manufacturer’s protocol (Invitro-
gen). The other viruses and TZM-bl cells were obtained
from the NIH AIDS Research and Reference Reagent
Program.

Antibodies

KD-247 was provided by the Chemo-Sero-Therapeutic
Research Institute, and b12 is a generous gift from
Dr Burton (The Scripps Research Institute).

Cloning

ADS Env was amplified by nested reverse-transcriptase-
PCR using RNA extracted from the culture supernatant
as a template (RNeasy mini kit; Qiagen, Hilden,
Germany). The primers used were as follows. For the
first PCR, the sense primer was 5'-ATG AAA CTTACG
GGG ATA CTT GGG-3' (HXB2 nucleotide coordinates
5698—-5721) and the antisense primer was 5-GGT ACT
AGC TTG AAG CAC CAT CC-3' (HXB2 nucleotide
coordinates 9236—9214); and for the nested PCR, the
sense primer was 5'-ATA AGA ATT CTG CAA CAA
CTG CTG-3' (HXB2 nucleotide coordinates 5739—
5762) and the antisense primer was 5'-TTC CAG GTC
TCG AGATGC TGC-3’ (HXB2 nucleotide coordinates
8910-8890). EcoRI-Xhol fragments of the PCR
products were cloned into the corresponding restriction
sites of pNL4--3. The env gene was sequenced using the
following primers: 3479a, 5-CTT GGG ATG TTG
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ATG ATC TGTAGT GCT GTA GA-3; 003A, 5'-AGC
AGA AGA CAG TGG CAATG-3'; 106A, 5'-CAT ACA
TTA TTG TGC CCC GGC TGG-3'; 545A, 5'-GAC
AAT TGG AGA AGT GAA TT-3'; and 5700, 5'-AGC
CTG TGC CTC TTC AGC TAC CAC CGC TTG-3'.

Neutralization assay

To produce virus from proviral DNA, 293FT cells (Cat#
R700-007; Invitrogen) grown in six-well plates were
transfected with proviral DINA-encoding plasmid (1 p.g)
using Lipofectamine 2000, and replated into a six-well
plate at 4—6h posttransfection. At 48 h posttransfection,
the cell culture medium was collected and mixed
with dextran (final concentration 16.25 wg/ml, DEAE-
Dextran chloride, molecular weight ~500kDa; ICN
Biomedicals Inc., Aurora, Ohio, USA). The TZM-bl
cells were plated in 96-well plates at 500 cells per well in
a volume of 100l a day before infection. The virus
and KD-247 were mixed in a volume of 50 ul and
incubated at 37°C for 30 min. Then, the TZM-bl cells
were exposed to the virus-KD-247 mixture. At 3 days
postinfection, luciferase activity was measured using the
Steady-Glo Luciferase Assay system (Promega, Madison,
Wisconsin, USA). The ICsq was defined as the Nab
concentration that yielded a half~reduction in luciferase
activity compared with the control wells after subtracting
background signals as previously described [12]. Lumi-
nescence was detected using a Veritas Microplate
Luminometer (Promega). The GHOST cell-based and
peripheral blood mononuclear cell-based neutralization
assays were performed as described previously [3].

Virus capture ELISA

The ELISA plate (Nunclon, Roskilde, Denmark) was
coated by KD-247 with incubating plates with 100 pl of
KD-247 preparation (10 pg/ml) in a carbonate buffer
(15 mmol/l Na,COj3, 35 mmol/l NaHCO3;, pH 9.6) at
4°C overnight. Plates were washed five times with Plate
Wash Buffer (Zeptometrics, Buffalo, New York, USA),
and blocked with PBS containing 20% FBS (Nalgene,
Rochester, New York) at 37°C for 1 h. After washing the
plates for five times with Plate Wash Buffer and once with
PBS, virus was captured by KD-247 by incubating
plates with viral preparations containing 50 ng of p24“
resuspended in a volume of 100 pl PBS. After washing
PBS with 10% FBS, captured virus was lysed in a buffer
and a p24CA ELISA was conducted according to the
manufacturer’s protocol (Zeptometrics).

Results

Construction of a functional Env library based on
the ADS8 strain

In theory, it is possible to identify NNR mutations
conferring viral resistance to the Nab by selecting
Nab-resistant mutants from a Nab-sensitive virus in

culture. However, this approach is not ideal for the
identification of many NNR mutations at the same
time because it primarily selects epitope mutants and
only a few dominant NNR mutants. To overcome this
problem, we tried to identify NNR mutations that
sensitize HIV-1 to KD-247. To achieve this goal, we
generated a functional Env library and tried to
identify KD-247-sensitizing NNR mutations by corre-
lating mutations with viral susceptibility to KD-247-
mediated neutralization. We chose a KID-247-resistant
strain, ADS8, that shows sequence-neutralization suscepti-
bility discordance, and its ICso to KD-247, when the
virus is produced in 293T cells from a proviral DNA,
was 354.9 wg/ml by TZM-bl assay (average of five
independent experiments). Interestingly, this strain has
been reported to be sensitive to 447—52D, which targets
the same neutralization epitope within the V3 loop {10].
This suggests that the GPGR epitope of the V3 loop is
open to antibodies, and the hindrance of KD-247 epitope
is unlikely.

An Env mutant library can be produced by genetic
engineering (e.g., PCR-based random mutagenesis).
However, such an approach does not always produce
functional Env. In contrast, Env mutants generated by
viral diversification in tissue culture should be functional
unless sporadic mutations that interfere with Env function
are introduced. We took the latter approach to generate
a functional Env library. We diversified ADS8 viruses
by approximately 100 passages in MOLT-4 cells. This was
a simple bulk passage of virus, whereby tissue culture
supernatant was transferred to fresh cells, likely conferring
the survival of random mutations. We examined
the diversity by sequencing 56 env clones. Of these 56
clones, 54 env clones were independent, suggesting

that the diversification of env was successful. The 1Csq of

diversified AD8 to KD-247 was 334.6 pg/ml by TZM-bl
assay (average of three independent experiments),
suggesting that the diversified ADS is resistant to KD-
247 when scored in bulk. Our data indicate that long-
term viral selection in tissue culture does not necessarily

select a few dominant mutants; various mutants of

independent origins can be maintained. We expected that
most of the amino acid substitution mutations should
not damage Env function; otherwise, they should not

have been selected in culture. The average number of

mutations was 3.0 per clone, including the frameshift and
stop codon mutations, and, importantly, every virus
retained the GPGR epitope in the V3 loop. These viruses
were distinct from each other but not as divergent as
a panel of field isolates, making them suitable for the
identification of KD-247-sensitizing NNR mutations.
Our diversification protocol does not necessarily
select Env mutants with higher or lower susceptibility
to KD-247. We expect that some (but not all) mutations
may increase the susceptibility to KD-247. We next
evaluated whether any mutations could confer the
increased susceptibility of the ADS strain to KD-247.
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Identification of nonepitope neutralization
regulatory mutations in various domains of
gp120

In our viral diversification protocol, mutations can occur
in any region of the viral genome. We are concerned
that non-Env mutations could affect neutralization
susceptibility to KID-247. For example, the ICs, could
be scored lower if the viral fitness is poor and higher if
viral fitness is high. To avoid these possibilities, we cloned
diversified Env into the same viral genetic background.
We chose HIV-1nr4_3 because it is one of the standard
molecular clones of HIV-1, and the proviral DNA
is relatively stable and, thus, suitable for such cloning.
The ADS env cloned HIV-1yp4-3 was named NL/ADS.
At first, we verified that the susceptibility of viral isolates
to KDD-247-mediated neutralization could be reproduced
on the HIV-114-3 genetic background. For this purpose,
we used HIV-1yy and AD8 Env, which are highly
susceptible and resistant to KID-247, respectively. Cloning
env from KD-247-sensitive HIV-1y into HIV-114_3
reproduced neutralization susceptibility (ICsy 0.07 pg/
ml). Similarly, the KD-247 resistance seen in the ADS
strain was reproduced in the NL/ADS viruses (ICsq
357.5 pg/ml, Table 1). Env mutants with no stop codon or
frameshift were tested on the HIV-1yr4-3 background.

Chimeric viruses carrying AD8 Env mutants that did not
yield and infectivity index in TZM-bl cells comparable
to that of viruses carrying NL4-3/AD8 were not tested
further. Viruses bearing combinations of mutations
were generated by positioning mutations between useful
restriction enzyme recognition sites in the viral genome.
Finally, we examined 27 molecular clones by substituting
HIV-1p4_3 env with the diversified ADS env clones or
ADS8 env with a point mutation found in the diversified
pool (Table 1) Mutations causing Env amino acid
changes did not comutate the viral proteins encoded in
the Env-overlapping frames including vpu, tat, and rev.

We determined the [Csy of KD-247 on these viruses
using TZM-bl cells. Out of 27 viruses, 19 increased
their susceptibility to KD-247-mediated neutralization
to more than two-fold that of NL/ADS8 (19 of 27
clones, 70.4%; Table 1), consistent with previous reports
suggesting that the long-term passages in vitro select
Nab-susceptible HIV-1 [13,14]. Comparing the ICs,
for each of the mutations, we identified nine NNR
mutations that sensitized viruses to KID-247 by more
than two-fold (nine of 30 mutations, 30.0%; Table 2).
A mutation that altered the ICsy no more than two-
fold was defined as a non-INNR mutation. Seventeen

Table 1. Summary of half-inhibitory concentration of mutant viruses against KD-247 and b12.

KD-247 b-12
Mutations® 1Cso (;Lg/rn)b Fold sensitization® I1Cso (pvg/m)b Fold sensitization®
NL/ADS 357.5+121.8 1 24+1.0 1
T48A, D163N, R248M, N297S, S370N, A721T 0.03 +£0.02 123422 0.2+0.1 12.6
T48A, S186R, S302G S370N, F764S% 7.0+£5.5 50.8 0.7+0.2 33
S370N, K428E, Q504R, A509T, G689S 39.84259 9.0 1.0£03 2.3
D163G, R300G, S370N, S760G 44+£3.9 82.1 0.4+0.1 6.0
K285R, N298Y, 1488T, E506K 480.9 £27.1 0.7 1.8+1.1 1.3
E31G, T48A, N279T 141.44+53.1 2.5 1.0+0.2 2.5
D181G, N298Y, S760G 350.0+£173.2 1.0 1.8+09 1.3
S186R, S370N, S760G 102.8+8.1 3.5 NT
N298Y, S370N, S760G 380.9+70.7 0.9 1.9+1.0 1.3
V178A, N298Y 89.04+29.3 4.0 8.7+0.9 0.3
N191D, N298Y 157.2+76.8 2.3 1.5£09 1.6
1280M, S370N 284.6£34.3 1.3 6.4+0.5 0.4
N297S, S370N 24+1.8 149.0 0.8+0.2 3.0
N298Y, E655G* 428.1+£47.5 0.8 1.1+£0.0 23
S370N, N391S 280.5+29.6 1.3 25+£19 1.0
S370N, 1546V 303.6£60.8 1.2 2.0+£0.2 1.2
S370N, A580T 81.3+£18.0 4.4 26+£0.7 0.9
D163G 6.0+3.5 59.4 1.3+0.0 1.9
D163N 4.8+2.4 743 09+04 2.6
S186R 46.7 +24.4 7.7 1.0£0.3 2.4
R248M 59.7+35.8 6.0 26+£0.7 0.9
N297S 3.0+£17.4 119.2 1.24+0.5 2.1
R300G 68.8+28.1 5.2 22+£1.2 1.1
$302G 6.6+3.4 54.4 22411 1.1
S370N 211.5+£92.1 1.7 1.2+0.5 2.0
K428E 39.3435.0 9.1 21401 1.2
Q504R 121.6+38.5 2.9 2.7+£1.0 0.9

ICs0, half-inhibitory concentration; NT, not tested.

*NL/ADS8 was used as a reference. The amino acid numbering is according to HIV-1TAD8 Env. The virus without an asterisk was subjected to virus—

antibody binding experiment shown in Fig. 1.

“The average and SD from two to 13 independent experiments are shown.

“The ICsq of the control virus was divided by 1Csq of each mutant.
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Table 2. Summary of mutations characterized in this study.

HXB2 Location Fold
Mutations® coordinate in Env? sensitization
NNR
D163G G167 V1/V2 59.4
D163N G167 V1/NV2 74.3
S186R K192 V1/V2 7.7
R248N R252 C2 7.0
N297S N301 V3 119.2
R300G R304 V3 5.2
S302G R306 V3 54.4
K428E K432 C4 9.1
QSI(\)JiIRR Q507 () 2.9
Non-
E31G* E32 C1 -
T48A° T49 C1 -
V178A° 1181 V1/V2 -
D181G D185 V1/NV2 -
N191D¢ $195 ViN2 -
K285R N289 V3 -
N298Y N302 V3 -
S370N $375 C3 -
N391S X396 V4 -
1488T 1491 Cc5
E506K E509 Cc5 -
A509T¢ A512 gp4l -
1546V 1548 gp41 -
A580T¢ A582 gp41 -
E655G E657 gp41 -
G6895° G691 gp41 -
§760G 5762 gp41 -

NNR, nonepitope neutralization regulatory.

2The gp120 was subdivided into C1, V1/V2, C3, V3, C4, V4, and C5.
®NNR mutations conferring a change in neutralization susceptibility
of more than two-fold. Non-NNR mutations are defined as mutations
conferring a change in neutralization susceptibility of no more than
two-fold.

‘Estimated from the fold sensitization of a mutant carrying multiple
mutations.

non-NNR mutations were also found (Table 2). The
magnitude of sensitization by NNR. mutations ranged
from 2.9 to 119.2. These NNR mutations were present
in a broad range of gp120 sites, including V1/V2 loop,
C2, V3 loop, C4, and C5. When combined, the NNR
mutations additively sensitized the virus to KD-247 by
up to 10000-fold, suggesting an independent structural
cross-talk between the V3 loop and each NNR mutation.
Such a drastic effect was not observed against b12
Nab targeting the CD4-binding site of gp120 (Table 1).
The effect of these NNR mutations appeared to be
specific to KD-247, as evidenced by the statistically
insignificant correlation between ICsq values for KD-247
and b12 (Supplementary Information S1, http://links.
lww.com/QAD/A180). This is probably due to the
conserved nature of the bl2 epitope structure and
function. It should be noted that infection with mutant
viruses yielded similar levels of luciferase signal from
TZM-bl cells when comparable amounts of viruses were
used. Also, the viruses bearing six mutations (T48A,
D163N, R248M, N297S, S370N, and A721T) replicated
in MOLT-4/CCRS3 cells with similar efficiency to the no
mutation control (NL/ADS), suggesting that replication

competency can not account for the change in
neutralization susceptibility (data not shown).

Correlation between neutralization susceptibility
and KD-247 binding affinity to the virion

We investigated how NNR mutations could sensitize
a virus to KD-247-mediated neutralization. We tested
whether the KD-247-sensitizing NINR mutation could
induce a conformational change in gp120 in such a way
that KD-247 became able to bind to gpl20 with
higher efficiency. To address this question, we performed
a capture ELISA in which ELISA plates were precoated
with KD-247 and blocked, followed by incubation of
virions bearing NNR mutations in the wells of the
ELISA plate. The amount of KD-247 captured virus was
quantified by ELISA detecting the viral core antigen
(Fig. 1). If the latter model 1s correct, KIDD-247 captures
every mutant with similar efficiencies. As a result, viral
binding to KD-247 was significantly correlated with
neutralization susceptibility (P < 0.01, n =26, two-tailed
Student’s t-test; Fig. 1). These data support a model in
which KD-247-sensitizing NNR  mutations alter the
steady-state structure of gpl120 into a conformation
such that KD-247 is able to bind to its target with
higher efficiencies.

Structural analysis of nonepitope neutralization
regulatory mutations

To gain insight into the potential mechanisms whereby
KD-247-sensitizing mutations enable neutralization
of virions, we used the three-dimensional structural
model described by Blay et al. [15]. We used an X-ray
crystallographic structure with variable loops [15], which
was aligned in a trimeric form in accordance with a model
developed by Pancera et al. [16].

250 -
A= 0.653 (N = 26), P<0.001
250

150

100

50

KD-247 - virus binding (p24, pg)

T T T

SledsL
-2 —1 0 1 2

IC5, on TZM-bl assay (mg/ml, log1o)

Fig. 1. Analysis of neutralization susceptibility of HIV-1 to
KD-247. The half-inhibitory concentration (ICso) for each
virus for KD-247 is plotted against the virus capture ELISA
data using KD-247 as summarized in Table 1. A significant
correlation between the two parameters was detected
(P<0.01, two-tailed Student’s t-test). HIV-Tyun, HIV-Tjre,
and HIV-Tyaps are shown as M, J, and A, respectively.
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Fig. 2. The three-dimensional mapping of KD-247-sensitizing
non-epitope neutralization regulatory mutations based on the
Env structure aligned in a trimeric form. The view angle is
indicated on the left (arrows) where the gp120 and gp41 are
shown in sphere (purple) and rectangle (red), respectively.
The gp120 core was shown in blue and red, and the variable
loops are shown in yellow. KD-247-sensitizing non-epitope
neutralization regulatory (NNR) mutations are indicated by
their amino acid numbers. The NNR mutations on the V1/V2
loop, V3 loop, and gp120 core are shown in blue, red, and
green, respectively. The GPGR on the V3 loop is shown as a
letter code in yellow. The approximate CD4-binding site
(CD4BS) is indicated by a white line. The original structural
image was developed by Blay et al. [15]

The R248N in the C2 region is placed on the gp41l
side of the gp120 surface and is not facing the trimeric
interface of gpl120 (Fig. 2, green) [15]. It has been
reported that the H66N, positioned near the trimeric
interface of gp120, induces a conformational change of
gp120 [17,18]. It has been proposed that H66N alters
the quaternary Env structure by acting intermolecularly
rather than intramolecularly. In contrast to H66N,
the R248N is not positioned at or close to the trimeric
surface of gp120. It is likely that R248N induces
a different conformational change of the gp120 from
H66N, one that does not affect the neutralization
susceptibility to b12. It is of interest that the remote

KD-247-sensitizing NNR mutation of the gp120 core
can specifically affect the conformation of the V3 loop
positioned on the gp120 surface.

K428E in the C4 region was mapped in the CD4-binding
site close to the so-called bridging sheet (Fig. 2, green),
suggesting that the V3 loop and CD4-binding site
neutralization epitopes can influence each other’s con-
formation under steady-state conditions. Like R248N,
K428E is not positioned at or close to the gp120 trimeric
interface. Thus, we speculate that K428E induces a local,
not global, Env conformational change. The amino acid
corresponding to K428 has been implicated previously in
b12 binding through its side-chain as well as through CD4,
using HXBc2 Env as a model [19,20]. K428E induces a
drastic change in side-chain properties. However, K428E
did not significantly affect the viral susceptibility to b12
and the replication efficiency of the NL/ADS backbone,
suggesting that this amino acid may not play a significant
role in AD8 Env—-b12 interaction. K428 is positioned at
the edge of the b12—Env or CD4—Env contact region
and, thus, may not contribute significantly to b12~Env
or CD4-Env interaction in the context of AD8 Env.
Structural cross-talk between the V3 loop and the C4
region under steady-state conditions has been suggested
by two studies using monoclonal antibodies. Our approach
pinpointed the amino acids responsible for this inter-
domain cross-talk.

In contrast to the above two mutations, the precise
positioning of KD-247-sensitizing NNR. mutations in
the V1/V2 and V3 loop is unclear because structural
information for them are lacking in the original
crystallographic data. According to the molecular
dynamics modeling [15], the KD-247-sensitizing
NNR mutations in the V1/V2 and V3 loop may not
be positioned at or close to the trimeric surface of
gp120 (Fig. 2). Instead, they function intramolecularly to
affect the conformation of the KD-247 epitope. The
Q504R is also lacking in the X-ray crystal structures.
However, Q504R is next to the gp120/41 cleavage site
and should be close to gp4l. The gp4l is relatively
proximal to the CD4-binding site of gp120. Some of
the mutations in gp4l, including T569A and 1675V,
have been reported to influence the viral susceptibility
to Nabs, including b12 [21]. It is conceivable that
these mutations in gp41 affect the conformation of
gp120. In contrast to T569A and 1675V, Q504R is not a
b12-sensitizing NNR mutation. Therefore, the confor-
mational change of gp120 induced by Q504R should be
distinct from the gp41 mutations.

The structural approach has a potential limitation because
the molecular model of Env does not represent the
native structure but the liganded structure (Fig. 2). In fact,
almost all of the deposited X-ray crystallographic
structures are devoid of V1/V2 and/or V3 loops and
do not represent the native Env structure, including
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the model that our figure is built upon [4,8,15,16,19,22—
24].

Discussion

In this work, we identified a number of KID-247-
sensitizing NNR  mutations using a functional Env
library. We re-examined KD-247-sensitive or KD-247-
resistant GPGR-positive HIV-1 isolates for NNR
mutations and found that KID-247-sensitive viruses,
MN (a tissue culture adapted strain of MN) and MNp
(a primary HIV-1 isolate), had the mutation equivalent
to N301S [25,26]. The predictive value for KD-247
susceptibility due to this mutation was high in the clade B
population. However, this does not apply to CRFO1_AE,
suggesting that this mutation is a clade B-specific
predictor of viral susceptibility to KD-247. The other
KID-247-sensitizing NNR mutations identified in AD8
did not fully account for the neutralization susceptibility
of all of the HIV-1 primary isolates. This suggested that
additional NNR mutations should be present, and/or
NNR mutations in a given individual virus may function
differently than in the other viruses.

How do these mutations alter the conformation of Env
to increase the susceptibility of virus to KD-247-
mediated neutralization? ADS is originally resistant to
KD-247. One of the molecular mechanisms of ADS8
resistance to KD-247 is an epitope-masking by other
gp120 domains, possibly the V1/V2 loop or poly-
saccharides attached to the gp120 [6,27]. Recently,
however, Gorny et al. [28] reported that the V3 loop of
ADS8 Env is accessible to KD-247, as AD8 is susceptible to
447-52D-mediated neutralization. This clearly suggests
that the sensitization of ADS8 strain to KD-247 by the
NNR. mutations we identified is unlikely due to the
removal of the Env domains that physically block
antibody access to GPGR epitope. We assume that the
V3 loop forms a local conformation in which the
neutralization epitope of KD-247 is buried or cannot
be recognized by a Nab (local epitope conformation
model). When the KD-247-sensitizing NNR mutation
occurs, it induces a local, not a global, conformational
change of the V3 loop that exposes the neutralization
epitope of KD-247. Most of the KD-247-sensitizing
NNR mutations are remote from V3 loop. Thus, we
assume that KD-247-sensitizing NNR mutations may be
located at or close to the interdomain contact regions, and
regulate the local conformation of the V3 loop indirectly.
Although proven by X-ray crystallographic studies, we
propose that the steady-state Env structure is regulated
such a way that the domain-independent structural
fluctuation is limited. This model predicts that the steady-
state structure of the V3 loop is relatively rigid and
that its local conformational fluctuation is restricted. This

model is relevant to understand the mechanism of action
of other NNR mutations against array of Nabs [6—11].

Much attention has been paid to the structural dynamics
of HIV-1 Env on CD4 and/or Nab binding. In contrast,
not as much attention has been paid to the steady-
state conformational dynamics of Env. Unlike previous
studies, ours focuses on the steady-state conformational
regulation of Env. X-ray crystallography is the best
approach to solve a high-resolution native Env structure.
However, technical hurdles prevent us from doing so
for HIV-1 Env. We examined the mechanism by which
the Env conformation is regulated by utilizing Nab
KD-247 as a probe. Our approach to identify NNR
mutations should complement the crystallization
approach in achieving a better understanding of the
steady-state structure of HIV-1 Env. Revealing the native
structure of Env is critical to the design of an immunogen

for the AIDS vaccine and to an understanding of

how Env supports virus—cell membrane fusion from the
receptor-unbound state.
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A Synthetic C34 Trimer of HIV-1 gp41 Shows Significant Increase in

Inhibition Potency

Wataru Nomura,® Chie Hashimoto,® Aki Ohya, Kosuke Miyauchi,” Emiko Urano,® Tomohiro Tanaka,
Tetsuo Narumi,® Toru Nakahara,® Jun A. Komano,® Naoki Yamamoto, and Hirokazu Tamamura*

The development of new anti-HIV-1 drugs such as inhibitors of
protease and integrase has been contributed to highly active
anti-retroviral therapy (HAART) for the treatment of AIDS."" The
entry of human immunodeficiency virus type 1 (HIV-1) into
target cells is mediated by its envelope glycoprotein (Env), a
type | transmembrane protein that consists of surface subunit
gp120 and noncovalently associated transmembrane subunit
gp41.? Sequential binding of HIV-1 gp120 to its cell receptor
CD4 and a co-receptor (CCR5 or CXCR4) can trigger a series of
conformational rearrangements in gp41 to mediate fusion be-
tween viral and cellular membranes."™ The protein gp41 is
hidden beneath gp120, and its ectodomain contains helical N-
and C-terminal leucine/isoleucine heptad repeat domains, N-
HR and C-HR. Particular regions of N-HR and C-HR are involved
in membrane fusion, and 36-mer and 34-mer peptides, which
are derived from N-HR and C-HR, have been designated as the
N-terminal helix (N36) and C-terminal helix (C34), respectively.
In the membrane fusion of HIV-1, these helices assemble to
form a six-helical bundle (6-HB) consisting of a central parallel
trimer of N36 surrounded by C34 in an antiparallel hairpin
fashion. Synthetic peptides derived from these helices have
potent antiviral activity against both laboratory-adapted strains
and primary isolates of HIV-1.% They inhibit the membrane
fusion stage of HIV-1 infection in a dominant-negative manner
by binding to the counterpart regions of gp41 (N-HR or C-HR),
blocking formation of the viral gp41 core.

Several potent anti-HIV-1 peptides based on the C-HR region
have been discovered,”® and T20 was subsequently devel-
oped as the clinical anti-HiV-1 drug enfuvirtide (Roche/Trime-
ris).B 11 It is a 36-mer peptide derived from the gp41 C-HR
sequence and can bind to the N-HR to prevent formation of
the 6-HB in a dominant-negative fashion."” T20 therapy has
brought safety, potent antiretroviral activity, and immunologi-
cal benefit to patients, but its clinical application is limited by
the development of resistance. The C-terminal helix C34 is also
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a C-HR-derived peptide, and contains the amino acid residues
required for docking into the hydrophobic pocket, termed the
“deep pocket”, of the trimer of the N-HR region. This peptide
potently inhibits HIV-1 fusion in vitro."¥ To date, several gp41
mimetics, especially those of N36 regions, which assemble
these helical peptides with branched peptide linkers, have
been synthesized as antigens.*™""

Recently, by using a novel template with C3-symmetric link-
ers of equal length, we synthesized a three-helix bundle mim-
etic that corresponds to the trimeric form of N36.%” The anti-
sera obtained from mice immunized by the peptide antigen
showed strong recognition against the N36 trimer peptide
with structural preference. At the same time, the trimer pep-
tide was also investigated as a fusion inhibitor. However, the
trimer N36 showed only a threefold increase in inhibition of
HIV-1 fusion relative to the N36 monomer.?" In terms of N36
content, the trimer and monomer have nearly the same inhibi-
tory potency. This phenomenon is consistent with the results
from other studies.?'? The multimerization of the functional
unit, such as synthetic ligands against receptors, show syner-
gistic binding and strong binding activity. Thus, we hypothe-
sized that our strategy using C3-symmetric linkers in the
design of trimer mimics of gp41 could be applied to the C34
peptide, which shows significant inhibition potency in the
monomeric form. In the present study, we designed and syn-
thesized a novel three-helical bundle structure of the trimeric
form of C34. This equivalent mimic of the trimeric form of C34
was evaluated as a novel form of fusion inhibitor.

The C-terminal region of gp41 is known to be an assembly
site involving a trimeric coiled-coil conformation. In the design
of the C34-derived peptides C34REG-thioester (Figure 1A) and
C34REG (Figure 1B), the triplet repeat of arginine and glutamic
acid (RERERE) was added to the C-terminal end of the C34 se-
quence (residues 628-661) to increase aqueous solubility, and
for C34REG-thioester, a glycine thioester was fused to the
C terminus. To form a triple helix corresponding precisely to
the gp41 pre-fusion form, we designed the novel C3-symmet-
ric template depicted in Figure 1C. This designed template
linker has three branches of equal length, a hydrophilic struc-
ture, and a ligation site for coupling with C34REG-thioester.
The template was synthesized as shown in Scheme 1. This ap-
proach uses native chemical ligation for chemoselective cou-
pling of unprotected C34REG-thioester with a three-armed cys-
teine scaffold to produce triC34e (Figure 2).2%%

Circular dichroism (CD) spectra of C34REG and triC34e are
shown in Figure 3A. The peptides were dissolved in 50 mm
sodium phosphate buffer with 150 mm NaCl, pH7.2. Both
spectra display minima at ~200 nm, indicating that these pep-
tides form random structures. We previously reported that the
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template.

N36 monomer N36RE and the N36 trimer triN36e form a highly
structured a helix, and that the helical content of triN36e was
greater than that of N36RE.”>?® These results suggest that in
contrast to N36-derived peptides, C34-derived peptides tend
to form random structures both in the monomeric and trimeric
forms. To assess the interaction of triC34e with N36, CD spectra
of a mixture of triC34e with an N36-derived peptide, N36RE,
were measured (Figure 3B). The spectrum of the C34REG and
N36RE mixture and that of the triC34e and N36RE mixture
showed double minima at A 208 and 222 nm, indicating that
the peptide mixture forms an a-helical structure and that the
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conditions: a) (3-bromopropyl)carbamic acid tert-butyl ester, NaH, THF; b) 4 m
HCl/dioxane; c) Boc-Cys(Trt)-OH, EDCI-HCI, HOBt-H,0, Et;N, DMF; d) 90% aq.

TFA.

helical content of the trimer triC34e and N36RE mixture is
lower than that of the monomer C34REG and N36RE mixture,
This is evidence that relative to the monomer C34REG, the
trimer triC34e interacts with N36 only with difficulty, due to
the assembly of three peptide strands by covalent bonds.

As the trimeric C34 was proven to interact with N36 helices,
the potential HIV-1 inhibitory activities of the C-terminal pep-
tides, C34REG and triC34e, were evaluated. The C34 peptide
without the solubility-increasing sequence (3x[Arg-Glu], ob-
tained from NIAID) was used as the monomeric control.?”! All
peptides showed potent inhibitory activity in the viral fusion
assay (Table 1), with the potency of triC34e being 100- and 40-
fold higher than that of C34REG and C34 peptides,
respectively. Notably, the triC34e trimer peptide is re-
markably more potent in anti-HIV-1 activity than the
monomer, indicating that a trimeric form is critical
for inhibitory activity. Cytotoxicity from the peptides
was not observed at concentrations of 15 um for
C34REG and C34, and 5 um for triC34e.

We next carried out an assay for the inhibition of
viral replication. As shown in Table 2, triC34e showed
30- and 20-fold higher inhibitory activity than pep-
tides C34 and C34REG, respectively. In the two anti-
HIV-1 assays, triC34e showed a great enhancement
of activity over the C34 monomers. The ICy, values
obtained in the assays are different, and this can be

a ue dgjtgrrﬁihétﬁijt{y, viral fusion ‘inhibition . and

C34 peptide® C34REG

triC34e
1Cso [um1® 0.044 0.12 0.0013
CCsp [um]©@ >15 >15 >5

[a] HIV-1 1lIB C34 peptide. [b] IC,, values are based on luciferase signals in
TZM-bl cells infected with HIV-1 (NL4-3 strain). [c] CCs, values are based
on the decrease in viability of TZM-bi cells. All data are the mean values
from at least three experiments.
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Table 2. IC;, values determined by inhibition assay based on p24 ELISA,

(34 peptide C34REG triC34e

ICso [pm]® 1.59 1.06 0.0547

[a] ICs, values are based on the production of p24 in MT-4 cells infected
with HIV-1 (NL4-3 strain). All data are the mean values from at least three
experiments.

explained through differences in experimental procedures. In
the fusion inhibition assay, cells were treated with peptides
before viral infection. In contrast, in the viral replication inhibi-
tion assay, peptides were treated after viral adsorption to cells.
Therefore, in the latter case, the infection by HIV-1 might pre-
cede peptide binding to gp41.

It has been shown that T-1249, an analogue of enfuvirtide,
and its hydrophobic C-terminal region inhibit HIV-1 fusion by
interacting with lipid bilayers.”® The tryptophan-rich domain
of T-1249 was shown to play important roles in HIV-1
fusion.®3" As enfuvirtide shows weak interaction with the
gp41 core structure, and the C34 sequence lacks the C-termi-
nal lipid binding domain, it has been suggested that C34 has a
mechanism of action distinct from that of enfuvirtide.*? Thus,
it is of interest to discern the mechanism of the enhanced in-
hibition observed with triC34e relative to the monomer. Two
explanations can be envisaged: 1)the o helicity of the C34
trimer is higher than that of the monomer, as shown in Fig-
ure 3A, and as a result, the C34 trimer binds more strongly to
the N36 trimer; and 2) in the mixture with the N36 monomer,
the C34 trimer shows less o helicity than its monomer (Fig-
ure 3B). As shown in Figure 3 A, the molar ellipticity at 222 nm
is similar for both the C34 trimer and the monomer. Thus, the
decrease at 222 nm in the mixture with N36 might be due to a
decrease in the o helicity of N36. These results suggest that
the C34 trimer might destabilize helix formation in N36 and
thus exert potent inhibitory activity. it has been shown that a
dimeric C37 (residues 625-661) variant does not show a signifi-
cant difference in ICs, value against HIV-1 from wild-type C37,
although the dimeric peptide shows tighter binding to the
gp41 N-HR coiled-coil than the C37 monomer®® Thus, the
mechanism of action of the C34 trimer could be different from
that of the dimeric C-peptide. The detailed action mechanism
of the trimer as a fusion inhibitor and the reasons behind its
remarkable increased anti-HIV-1 activity will be the subjects of
future studies in our research group.

A C-terminal helical peptide of HIV-1 gp41 has been de-
signed as a new HIV fusion inhibitor and was synthesized with
a novel template and three branched linkers of equal length.
The native chemical ligation proceeded by chemoselective
coupling in an aqueous medium of an unprotected C34 deriva-
tive containing a C-terminal thioester with a three-cysteine-
armed scaffold. This process led to the production of triC34e.
As a fusion inhibitor, triC34e has potent anti-HIV-1 activity, 100-
fold greater than that of the C34REG monomer, although the
anti-HIV-1 activity of the N36 trimer is threefold higher than
that of the N36 monomer, and the N36 content is the same in
both cases.”™ A trimeric form of C34 is evidently critical as the
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Figure 3. A) CD spectra of C34REG (monomer, -----, , 6 um) and triC34e
(trimer, ——, 2 pm). B) CD spectra in the presence or absence of the N36 mo-
nomer N36RE:2% - , [C34REG (6 um) + N36RE (6 um)]; —, [triC34e (2 pm)
-+ N36RE (6 pM)]; «+=+ N36RE (6 pm). In the amino acid sequence of N36RE,
the triplet repeat of arginine and glutamic acid is located at the N-terminus
of the original N36 sequence.?® C) Amino acid sequence of N36RE: FP and
TM represent the hydrophobic fusion peptide and transmembrane domains,
respectively.

active structure of the fusion inhibitor. The soluble C34 deriva-
tive, SC34, retains potent inhibitory effects against enfuvirtide-
resistant viruses,®¥ and this suggests that the present highly
potent trimeric inhibitor could be effective for enfuvirtide-re-
sistant HIV-1 strains. The design of inhibitors that target the
dynamic supramolecular mechanism of HiV-1 fusion will be
useful for future studies of anti-HIV-1 agents.

Experimental Section

Conjugation of C34REG-thioester and the template to produce
triC34e

TCEP-HCI (773 ug, 2.67 umol) and thiophenal (9 uL, 89 pmol) were
dissolved in 0.1 M sodium phosphate buffer (60 pl) containing 6 m
urea and EDTA (pH 8.5, 2 mM) under a nitrogen atmosphere. Com-
pound 5 (100 pg, 0.0899 pmol), C34REG-thioester (1.77 mg,
0.297 umol), and CH,CN (20 ub) were added. The reaction was
stirred for 5 h at 37°C and monitored by HPLC. The ligation prod-
uct (triC34e) was separated as an HPLC peak and characterized by
ESI-TOF-MS (m/z caled for Cyo3H108N50505455¢ [IM4-HI™: 16533.9,
found: 16543.8). Purification was performed by reversed-phase
HPLC (Cosmosil 5C,g-AR Il column, 10x250 mm, Nacalai Tesque,
Inc.) with elution using a 33-43 % linear gradient of CH;CN (0.1%
TFA) over 40 min. Purified triC34e, obtained in 17 % yield, was iden-
tified by ESI-ToF-MS. Details of the synthesis of these peptides are
described in the Supporting Information.
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CD spectra

Circular dichroism measurements were performed with a J-720 CD
spectropolarimeter equipped with a thermoregulator (Jasco). The
wavelength dependence of molar ellipticity [6] was monitored at
25°C from A 195 to 250 nm. The peptides were dissolved in PBS
(50 mm sodium phosphate, 150 mm NaCl, pH 7.2).

Virus preparation

For virus preparation, 293FT cells in a 60 mm dish were transfected
with the pNL4-3 construct (10 pg) by the calcium phosphate
method. The supernatant was collected 48 h after transfection,
passed through a 0.45 pum filter, and stored at —80°C as the virus
stock.

Anti-HIV-1 assay

For the viral fusion inhibition assay, TZM-bl cells (2x 10 cells per
100 pl) were cultured with the NL4-3 virus (5 ng of p24) and serial-
ly diluted peptides. After culture for 48 h, cells were lysed, and the
luciferase activity was determined with the Steady-Glo luciferase
assay system (Promega, Fitchburg, W1, USA).® For the viral replica-
tion inhibition assay, MT-4 cells (5x 10* cells) were exposed to HIV-
1 NL4-3 (1 ng of p24) at 4°C for 30 min. After centrifugation, cells
were resuspended with 150 uL medium containing indicated con-
centrations of serially diluted peptides. Cells were cultured at 37°C
for 3 days, and the concentration of p24 in the culture supernatant
was determined by HIV-1 p24 antigen ELISA kit (ZeptoMetrix, Buf-
falo, NY, USA).

Cytotoxicity assay

The cytotoxic effects of peptides were determined by the CellTiter
96 AQueous One Solution Cell Proliferation assay system (Promega)
under the same conditions, but in the absence of viral infection.
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Abstract

Rho GTPases are able to influence the replication of human immunodeficiency virus type 1 (HIV-1). However,
little is known about the regulation of HIV-1 replication by guanine nucleotide dissociation inhibitors (GDls),
one of the three major regulators of the Rho GTPase activation cycle. From a T cell-based ¢cDNA library
screening, ARHGDIB/RhoGDIf, a hematopoietic lineage-specific GDI family protein, was identified as a neg-
ative regulator of HIV-1 replication. Up-regulation of ARHGDIB attenuated the replication of HIV-1 in multiple
T cell lines. The results showed that (1) a significant portion of RhoA and Racl, but not Cdc42, exists in the GTP-
bound active form under steady-state conditions, (2) ectopic ARHGDIB expression reduced the F-actin content
and the active forms of both RhoA and Racl, and (3) HIV-1 infection was attenuated by either ectopic expression
of ARHGDIB or inhibition of the RhoA signal cascade at the HIV-1 Env-dependent early phase of the viral life
cycle. This is in good agreement with the previous finding that RhoA and Racl promote HIV-1 entry by
increasing the efficiency of receptor clustering and virus-cell membrane fusion. In conclusion, the ARHGDIB s a
lymphoid-specific intrinsic negative regulator of HIV-1 replication that acts by simultaneously inhibiting RhoA

and Racl functions.

introduction shRNA libraries have failed to identify Rho GTPases®'°
This may suggest that Rho GTPases are not potent regula-

HE HUMAN TMMUNODEFICIENCY VIRUS TYPE I (HIV-1) is  tors of HIV-1 replication and are therefore difficult to detect

the causative agent of acquired immunodeficiency syn-  unless the viral replication assay is employed, since multiple
drome (AIDS). The clinical success of Maraviroc, an anti- replication cycles augment the biological effects of Rho

retroviral drug that targets the host cell protein CCR5, GTPases.

demonstrates the importance of understanding host-HIV-1 There are three major regulators of the activation cycle of
interaction as this information will provide the basis for the Rho GTPases: guanine nucleotide exchange factors (GEFs),
development of the next generation of antiretroviral drugs., GTPase-activating proteins (GAPs), and guanine nucleotide
HIV-1 replicates primarily in CD4-positive T cells. However, dissociation inhibitors (GDIs or ARHGDIs). RhoGEFs pro-
aside from the viral receptors CD4 and CCRS5, few lymphoid — mote the exchange of GDP for GTP, RhoGAPs accelerate GTP
cell-specific regulators of HIV-1 replication have been iden-  hydrolysis, and ARHGDIs stabilize the GDI-bound form of
tified. This is partly due to the use of nonlymphoid cells to  Rho GTPases and also mask the lipid moiety of Rho GTPases,
screen for cellular factors that regulate HIV-1 replication, as t‘.hereb?/l sequestering Rho GTPases at the plasma mem-

these cells support the efficient transduction of genetic brane.

~14 Some RhoGAPs and RhoGEFs have been known

materials. Therefore, T cell-based cDNA library screening has  to regulate HIV-1 replication.®**%15718 Posjtive regulators
some advantages, as discussed later. of Rho GTPases, such as RhoGEFs, were identified in the

Members of the Rho GTPase family, including RhoA, Racl,  genome-wide screens, although these studies yielded varying
and Cdc42, have been reported to regulate the replication of  results. In this sense, the upstream regulators of Rho GTPases
HIV-1 at various stages of the viral life r.?lcle, including viral may more potently influence HIV-1 replication than Rho
entry, transcription, and viral release.” Although these GTPasesthemselves when expression levels are dysregulated.
proteins are widely expressed, genome-wide screens for ARHGDIs have yet to be identified as regulators of HIV-1

proteins that regulate HIV-1 replication using siRNA or replication.

}Laboratory of Viral Pathogenesis, Institute for Virus Research, Kyoto University, Kyoto, Japan.
2AIDS Research Center, National Institute of Infectious Diseases, Tokyo, Japan.
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Previously, we established a genetic screening system us-
ing a T cell-derived cDNA library to isolate géllular factors
that render cells resistant to HIV-1 replication.’ This sys-
tem is unique in that the screen is based on MT-4 cells, a
human CD4-positive T cell line, which were exposed to rep-
lication-competent HIV-1. Using this system, the carboxy-
terminal domains of Brd4 and SEC14L1a were found to be
negative regulators of HIV-1 replication.!®? Importantly,
these factors were not found in previous genetic screens,
suggesting that our system complements other genome-wide
analyses. In this study, we describe a Iymphoid-specific
RhoGD1 that negatively regulates HIV-1 replication through
attenuation of both RhoA and Racl functions.

Materials and Methods a

Cells

Cells were maintained in RPMI 1640 medium (Sigma, St.
Louis, MO) supplemented with 10% fetal bovine serum (FBS;
Japan Bioserum, Tokyo, Japan or Thermo Fisher Scientific
Inc., Waltham, MA), 50-100 U/ml penicillin, and 50-100 ng/
ml streptomycin (Invitrogen, Tokyo, Japan), and then incu-
bated at 37°C in a humidified 5% CO, atmosphere. The se-
lection of ¢cDNA library-transduced cells was described
previously.® To select puromycin-resistant cells after infec-
tion with pQc- or pSM2c-based murine leukemia virus (MLV)
vector, 1 g/ ml puromycin (Sigma) was added to the culture
medium.

Plasmids

The plasmid vectors pCMMP, pMDgag-pol, pSV-tat,
PhRL/CMYV, and pVSV-G were described previously.?! The
shRNA expression vectors pSM2c and pSM2/ARHGDIB
(RHS1764-9680880) were purchased from Thermo Fisher
Scientific (Open Biosystems Products, Huntsville, AL). The
pQcXIP was obtained from Clontech (BD Biosciences Clon-
tech, Palo Alto, CA). pGEX-Rhotekin-RBD and pGEX-4T-
PAK2-RBD were kindly provided by S. Narumiya, Kyoto
University.>* To construct pLTR-hRL, the HIV-1jxs; long
terminal repeat (LTR) was amplified by PCR using the fol-
lowing primers: 5-GGA TCC TGG AAG GGCTAATTC ACT
CC-3' and 5-GCT AGC TGC AGC TGC TAG AGA TTT TCC
ACA CTG-3". The BgllI-Nhel fragment of the PCR product was
cloned into the corresponding restriction sites of phRL/CMYV,
generating gLTR-hRL. The LTR-Luc plasmid was described
previously.” To construct pCMV-Tat-FLAG, HIV-1ni4 tat
was amplified from ¢cDNA prepared from HIV-1-infected MT-
4 cells by RT-PCR using the following primers: 5-ATG GAG
CCA GTA GAT CCT AGA CTA GAG CCC T-3' and 5-TTC
CTTCGG GCC TGT CGG GT-3, The PCR product was cloned
into the EcoRV sites of pcDNA3,1 Zeo(+) bearing FLAG-tags
at the NotI-Xhol site (Invitrogen). The pCMV-Luc plasmid was
a generous gift from Dr. Hijikata (Kyoto University).

Flow cytometry

Cells were incubated with anti-CID4, anti-CD8, or anti-
CXCR4 monoclonal antibodies conjugated to R-phycoery-
thrin (PE; BD Pharmingen, San Diego, CA) for 30 min at 4°C.
Cells were washed once with phosphate-buffered saline (PBS)
supplemented with 1% FBS and analyzed by FACS Calibur
(Beckton Dickinson, San Jose, CA).
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Phalloidin staining of F-actin

Phalloidin staining of F-actin was performed as described
previously.?* In brief, cells were fixed, permeabilized by cy-
tofix /cytoperm (BD Bioscience) for 20min on ice, washed,
and stained with Alexa Fluor 647-phalloidin (Invitrogen) for
30min at 4°C, Samples were kept on ice until analysis by
FACS Calibur or Canto II (Beckton Dickinson, San Jose, CA).
The flow cytometric data were analyzed using Flow]Jo version
9.3 (Tree-star Inc., Ashland, OR).

Viruses

The retroviral vector pCMMP, carrying the MT-4 ¢cDNA
library and a green fluorescent protein (GFP) expression cas-
sette, was obtained from Takara (Takara, Otsu, Japan). Full-
length ARHGDIB was cloned from a lymph node cDNA
library (Takara) by RT-PCR using the primers 5-GCA CCG
GTC TCG AGC CAC CAT GAC TGA AAA AGC CCC AGA
GC-3’ and 5"-CCA ATT GGA TCC TCA TTC TGT CCA CTC
CTTCTT AAT CG-3, and cloned into the pPCMMP vector. The
MLV vectors were produced by tripartite transfection of
pMDgag-pol, pVSV-G, and either pCMMP, pQc, or pSM2c
retroviral vector. Cells were infected with the MLV vectors as
described previously.”” The production of replication-com-
petent HIV-1ycp; and the measurement of replication kinetics
were performed as described previously.”!

Western blotting

Western blotting was performed according to techniques
described previously.”® The following monoclonal antibodies
were used: anti-RhoA (C-11; Santa Cruz Biotechnology, Santa
Cruz, CA), anti-Racl (23A8; Millipore, Japan), anti-Cdc42 (B-
8; Santa Cruz Biotechnology), anti-ARHGDIB (A01; Abnoba,
Taiwan), anti-p24“* (183-H12-5C; DHH AIDS Research and
Reference Re}éent Program), anti-actin (clone C4; Millipore),
and anti-tubulin (DM1A; Sigma). Densitometric analysis was
performed using Image] ver. 1.43 software (obtained from
http: //rsbweb.nih.gov /ij/index.html).

Active Rho GTPase capture assay

We adopted a protocol described previously.*?? In brief,
the glutathione S-transferase (GST) fused to the Rho GTPase
binding domain (RBD) of Rhotekin and GST fused to the RBD
of PAK2 were expressed in E. coli and purified by incubating
the cell lysates with glutathione-Sepharose 4B beads (GE
Healthcare Bio-Sciences, Piscataway, NJ) for 3h at 4°C. The
beads were washed three times with ice-cold Rho buffer
(25mM HEPES, pH 7.5, 150 mM NaCl, 10 mM MgCl,, 1mM
EDTA, 10% Glycerol). Finally, the beads were washed with
ice-cold Rho buffer supplemented with 1% NP-40 and pro-
tease inhibitor cocktail tablets (Complete, Roche Diagnostics
GmbH, Mannheim, Germany). Cells were incubated in ice-
cold Rho buffer for 15 min on ice, and the cell lysates were
clarified by centrifugation at 18,000 g at 4°C for 20min. A
fraction of the cleared cell lysates was incubated at 37°C for
30min as a negative control or coincubated with GTP;S
(0.1mM, Sigma) for 30 min at 30°C as a positive conirol. These
preparations were incubated with the above beads at 4°C for
1h. The beads were washed three times with Rho buffer
containing 1% NP-40 and subjected to SDS-PAGE followed by
Western blotting. The bead-bound GTPases were detected
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using a monoclonal antibody against RhoA, Racl, or Cdc42,
as appropriate.

Single-round infection assay

Single-round virus infection and luciferase assays were
performed as described previously.”* In brief, cells were
exposed to viral preparations containing 1-10ng of p24A.
Luciferase activities were measured at 2-3 days postinfection
with the Picagene luciferase assay kit (Toyo Ink, Tokyo,
Japan) or Steady-Glo kit (Promega, Tokyo, Japan) according
to the manufacturer’s protocols. For the inhibition of Rho-
kinase (ROCK), cells were pretreated with 12.5 M Y27632
(Nakalai tesque, Kyoto, Japan) for 1k and incubated with the
viral preparation in the presence of 12.5 uM Y27632 for 4h.
Cells were washed with tissue culture medium and cultivated
for 2 days. Light emission was detected with a 1420 ARVOSX
multilabel counter (Perkin Elmer, Wellesley, MA) or a Veritas
luminometer (Promega). :

Single-round production assay

Five million PM1/control or PM1/ARHGDIB cells were
resuspended in 250 ul of STBS (25 mM Tris-Cl, pH 7.4, 137 mM
NaCl, 5mM KCl, 0.6mM Na,HPO,, 0.7mM CaCl,, and
0.5mM MgCl,), including 10 ug of pHXB2 proviral plasmid
DNA. Cells were mixed with 2500 of STBS containing
1mg/ml of DEAE-Dextran and incubated for 30 min at room
temperature (RT). The cells were then incubated with STBS
containing 10% DMSO for 2min at RT and washed with 11ml
HBSS (Invitrogen). Transfected cells were cultured in RPMI
medium containing 10% FBS and 1 uM efavirenz. After 2 days
in culture, viruses in the culture supernatant were pelleted by
ultracentrifugation on a 20% sucrose cushion. Cells and
viruses were lysed with radioimmunoprecipitation assay
(RIPA) lysis buffer (0.05M Tris-HCl, 0.15M NaCl, 1% Triton
X-100, 0.1% sodium dodecyl sulfate, and 1% sodium deox-
ycholate) and electrophoresed in a 10% polyacrylamide gel for
SDS-PAGE. Proteins were then transferred to a PYDF mem-
brane, and p24“* was detected by immunoblot analysis using
an anti-p24“* antibody.

Reporter expression assay

The luciferase-expressing reporter plasmids were trans-
fected into PM1 cells according to the DEAE-Dextran method
as described above. For transfection, either 1 ug of pCMV-Luc,
10 ug of pLTR-Luc, 0.5 ug of phRL/CMV, or 1pg of pLTR-
hRL was used. The pLTR-Luc and pLTR-hRL vgére co-
transfected with 5 yg of pCMV-tat-FLAG and 1 pg of pSVtat,
respectively. Firefly luciferase activity was measured as de-
scribed above. Renilla luciferase activity was also measured as
described above, except that the Renilla Luciferase Assay
System (Promega) was used in place of the Steady-Glo kit. The
data were analyzed using a two-tailed Student’s t-test.

Results

Identification of RhoGDIB/ARHGDIB as a negative
regulator of HIV-1 replication

A pool of MT+4 cells constitutively expressing a cDNA li-
brary transduced with an MLV-based retroviral vector was
used to screen for possible regulators of HIV-1 replication.

12:13am  Page 3
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The MLV vector carried an expression cassette for GFP and
inserts from a cDNA library derived from MT-4 cells (Fig. 1A).
The cDNA-transduced cells were enriched with a cell sorter
using GFP as a marker. These cells were then infected with
CXCR4-using (X4) HIV-11;xp2. MT-4 cells have been shown to
support efficient HIV-1 production and rapidly undergo cell
death after infection. The surviving MT-4 cells were propa-
gated and genomic DNA was isolated to identify the inserted
cDNA, as described previously.'® These genes were consid-
ered potential negative regulators of HIV-1 replication. A
cDNA clone encoding ARHGDIB (RhoGDI1f/LyGDl/
D4GDI; gene ID 397) was recovered from the MT-4 cDNA
library (1/94 independent clones, 1.1%).

Full-length ARHGDIB ¢DNA was cloned into the MLV
vector pQcXIP, and a T cell line expressing ARHGDIB at
levels higher than endogenous levels was established. To
verify the HIV-1-resistant phenotype of ARHGDIB, therate of
HIV-1 replication was assessed in MT4 cells subjected to ec-
topic ARHGDIB expression. In these cells, ARHGDIB levels
were increased by approximately 4.9-fold compared with
control cells, while the cell surface expression of CD4 and
CXCR4 was not significantly affected in MT-4 cells (Fig. 1B).
Even the modest up-regulation of ARHGDIB delayed HIV-1
replication kinetics (Fig. 1B). Suppression of HIV-1replication
was independently reproduced in MT-4 cells, even when a
different retroviral vector, pPCMMP, was used to transduce
ARHGDIB (data not shown). In addition, neither the rate of
cell proliferation nor cell morphology was affected by stable
ectopic expression of ARHGDIB over at least 6 months in
culture (data not shown). Delayed HIV-1 replication in cells
ectopically overexpressing ARHGDIB was also observed in
PM1 (Fig. 1C), M8166 (Fig. 1D), and Jurkat cells (Fig. 1E), in
which ARHGDIB levels were increased by 2.1+, 1.9, and 1.5-
fold, respectively, compared with control levels. Similar data
were also obtained in SUP-T1 cells (data not shown). The
delayed HIV-1 replication in cells ectopically expressing
ARHGDIB was reproduced in 10 independent experiments
(p<0.01, two-sided binomial test), strongly suggesting that
ARHGDIB attenuates the replication of HIV-1. These results
indicate that enhanced expression of ARHGDIB renders cells
resistant to HIV-1 replication. Consistent with these data, the
shRNA-mediated down-regulation of ARHGDIB accelerated
the replication of HIV-1 in MT-4 cells (Fig. 1F). These data
support the idea that ARHGDIB is a negative regulator of
HIV-1 replication.

The RhoGDI family has three members, «, f§, and 7, which
correspond to ARHGDI A, B, and C, respectively.’! RhoGDI
family members are known to regulate Rho GTPases, in-
cluding RhoA, Racl, and Cdc42, although some nonredun-
dant functions of RhoGDIs have been reported.”” ARHGDIB/
RhoGDIf is primarily expressed in cells of a hematopoietic
lineage. Given that Rho GTPases are known to be positive
regulators of HIV-1 replication and that ARHGDIB is a neg-
ative regulator of Rho GTPases in hematopoietic cells, the
function of ARHGDIB was investigated in further detail.

Molecular mediators in the inhibition.
of HIV-1 replication by ARHGDIB

Under in vitro culture conditions, T cell lines show a con-
stitutively activated cell phenotype, and Rho GTPases, in-
cluding RhoA, Radl, and Cdc42, have been implicated in T cell
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FIG. 1. Isolation and char-
acterization of ARHGDIB as a
negative regulator of HIV-1
replication. (A) The screening
strategy used to isolate genes
that render MT-4 cells resis-
tant to HIV-1 replication. (B-
E) Ectopic expression of
ARHGDIB (open rectangles)
in MT-4 (B), PM1 (C), M8166
(D), and Jurkat (E) cells de-
layed the replication kinetics
of HIV-1. Representative data
from five, two, and two in-
dependent experiments for
MT-4, M8166, and Jurkat cells
are shown, respectively. The
control counterpart is shown
as filled diamonds. (B) The
flow cytometric profiles of
MT+4 cell surface CD4 and
CXCR4 are shown. MT-4/
ARHGDIB cells stained for
CD8 were used as a negative
control. (F) Down-regulation
of ARHGDIB (open circles) in
MT+4 cells accelerated the
replication of HIV-1. The
control counterpart is shown
as filled circles. (B~F) Expres-
sion levels of ARHGDIB and
an intemnal control, either ac-
tin or tubulin, were assessed
by Western blot analysis. The
magnitude of ARHGDIB up-
or down-regulation was de-
termined by densitometry
and is indicated below each
image. AU, arbitrary unit;
D.P.1, days postinfection.
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activation.®*® These Rho GTPases are expressed in various T
cell lines, including MT-4, PM1, and M8166 cells, as confirmed
by RT-PCR analysis (data not shown), It seemed likely that
augmented ARHGDIB expression affected HIV-1 replication
by modulating the activity of these Rho GTPases. Thus, the
activation status of RhoA, Racl, and Cdc42 was determined in
relation to the enhanced expression of ARHGDIB.

Rho GTPases are intrinsically inefficient hydrolyzing en-
zymes that quickly cycle between GTP-bound active and
GDP-bound inactive forms. If ARHGDIB attenuates HIV-1
replication by inhibiting Rho GTPase activities, some fraction
of Rho GTPases would exist in a GTP-bound active form
under steady-state tissue culture conditions; and this popu-
lation should be decreased in cells ectopically expressing
ARHGDIB. Using an active Rho GTPase capture assay, the
levels of active Rho GTPases in cop6l and ARHGDIB-
expressing cells were measured (Fig. 2A). In this assay, GTP-
bound Rho GTPase is captured by glutathione-Sepharose
beads conjugated to GST fused to the Rho binding domain of
Rhotekin or PAK?2. The active forms of both RhoA and Racl,

FIG. 2. Activation of RhoA A

and Racl under steady-state e axchanas
conditions in PM1 cells. (A)

The experimental procedure  tnectysform*

for the active Rho GTPase
capture assay. The active GTP-
bound form is collected by
glutathione-Sepharose  beads
coated with an RBD-GST fu-
sion protein and compared
with the total expression levels
of each Rho GTPase by Wes-
tern blot analysis. Incubation
of the cell lysate with GTPyS
shifts the equilibrium to the
right, and incubation of the
cell lysate at 37°C for 30min
shifts it to the left, representing
the maximal activation levels
(Max levels in B-D) or the
background levels  (back-
ground in B-D) of each Rho
GTPase, respectively. (B-D)

GTP hydrolysis
(iocubation at 31C)

Total extracis

c
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but very little Cdc42, were detected in PM1 cells under steady-
state tissue culture conditions (Fig. 2B-D). Activation levels
under the steady-state conditions were estimated by com-
paring the captured Rho GTPase signals with the maximal
activation levels, which were established by converting all
Rho GTPases to an active form by GTPyS before the pull-
down procedure. The activated fractions of Racl, RhoA, and
Cdc42 were 34.2%, 23.2%, and 0.0%, respectively (Fig. 2B-D).
Importantly, ectopic expression of ARHGDIB reduced the
activated fractions of RhoA and Racl to 4.1% and 3.6%, re-
spectively (Fig. 2B and C). Similar observations were made
for MT4 and SUP-T1 cells (data not shown).

These observations clearly indicated that ARHGDIB at-
tenuates RhoA and Racl activity simultaneously in these T
cell lines and suggested that RhoA and Racl are the primary
targets of ectopically expressed ARHGDIB. Note that RhoA
and Racl levels were increased by 1.4- and 1.3-fold, respec-
tively, in cells ectopically expressing ARHGDIB, according to
the densitometric analysis (Fig. 2B and C). This is due to
the ARHGDIB-mediated stabilization of Rho GTPases, as
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