4

AIDS 2007, Vol 21 No 222

—
o
~
—
0
-~
—
o
-~

25% reduction

50% reduction . o
> 10000 ﬁ > 300000 Noreduction 3000000 5, E
= By b3 =25 !
% 53 T 332 &
B o~ SE 8T SE
] - o 84 TDBE
@ 50000 BLTR-Luc & 3 150000 1500000 & & EXG
gc Ocomvle: E% % BT B
Kl 8 2= 83 ]
5 G G E g
b= 3 3~ a
d 0 — o o - g
1 2 3 4 5 6 102 3 4 =
HHBOMI - - 4 - - HEXIMI4 = = 4+ o+ BUTRiue  FHEXIMT
HEXIMIS - = - - & & Tax N DoMvtus  HEXBS
Tat -+ - & -+
(e) Vaceinia virus ® Adenovirus (@) HSV-1
> Mo > 14000000 =  Bo0000
5 12000 { &~ HEXIM1 3 12000000 { -~ HEXIM1 3 cooopp | B HEXIMT
G 10000 {4 -{O-GFP it 10000000 { L+ GFP G -+ GFP
& &S & 400000
a = 8000 @) 'B0ODODD g =
SE 5000 8E so00000 § & Sooono
] 4000 2 4000000 2 200000
o = o
0
3 2003 3 zonooog 3 100000
1 2 3 4 5 8 1 2 3 4 5 & 7 1 2 3 4
Time afier infection (h) Time after infection (h) Time afer infection (h)

Fig. 1. Expression of hexamethylene bisacetamide-induced protein 1 (HEXIMT) specifically inhibits HIV-1 replication.
(a) Detection of HEXIM1 cDNA tagged with a FLAG epitope at either the amino terminus (FHEXIM1) or the carboxy terminus
(HEXIM1-) by western blot analysis in transiently transfected 293 cells (upper panel, approximately 65 kD). A western blot against
actin is shown as a loading control (lower panel). (b) Expressing FLAG-tagged HEXIM1 decreased the luciferase activity driven by
HIV-1 long terminal repeat (LTR) promoter in the presence of Tat (lanes 4 and 6, LTR-Luc, solid bars). However, FLAG-tagged
HEXIM1 did not affect the expression of renilla luciferase from co-transfected plasmid driven by the cytomegalovirus (CMV)
promoter (CMV-Luc, open bars). Representative data from three independent experiments done in triplicate are shown. Cells were
transfected with 0.8 pg HEXIM1-expressing plasmid for the indicated lanes, 0.1 g of pSViat for the indicated lanes, and 0.1 g of
pLTR-Luc and 0.5 g for phRI/CMYV for all lanes. (c) Expressing FLAG-tagged HEXIM1 did not decrease the luciferase activity
driven by HTLV-1 LTR promoter in the presence of Tax (lanes 2 and 4, LTR-Luc, solid bars) as well as renilla [uciferase driven by the
CMV promoter (CMV-Luc, open bars). Representative data from three independent experiments done in triplicate are shown. Cells
were transfected with 0.8 g of HEXIM1-expressing plasmid for the indicated lanes, 0.1 g of pCGtax for the indicated lanes, and
0.1 pg of pHTLV LTR Luc and 0.5 pg for phRL/CMV for all lanes. {d) The dose-dependent reduction of HIV-1 production by
transfection of HEXIM1-encoding plasmids (0.1 ug for lanes 2 and 4, 0.4 g for lanes 3 and 5) along with a plasmid producing
infectious HIV-1 (pNL4-3, 0.1 pg) in Hela-CD4 cells. (e-g) Expressing HEXIM1-f did not limit the replication of vaccinia virus
(e), adenovirus {(f), or HSV-1 (g) in 293T cells. The y-axis represents the reporter gene activity, which reflects viral replication.
Representative data from three independent experiments are shown. GFP, green fluorescent protein; RLU, relative light unit.

- expression cassette, so that MLV vector-infected cells Fig, 2b and c). Expression of cyclin T2 was undetectable
P g Xp y

could be readily identified by the green fuorescence. in M8166 cells (Fig. 2¢). Similarly, HEXIM1-f expression
Human T cell lines, including SUP-T1, MOLT-4, CEM, * did notaffect the cell surface levels of the HIV-1 receptors
Jurkat, and M8166 were infected with MIV pseudotyped CD4 and CXCRA4 as demonstrated by FACS analysis

with vesicular stomatitis virus glycoprotein (VSV-G), and (data not shown). These data indicate that the expression
GFP-positive cells were collected with a FACS (Fig. 2a). of HEXIM1-f did not reach levels where the physio-
For the negative control, we used MLV expressing GFP logical regulation of P-TEFb blocked cellular
only. The successful introducdon of HEXIM1-f into the gene transcription.

cells was verified by RT-PCR. and Western blot analysis

(Fig. 2b and c). The total HEXIM1 protein expression in The replication kinetics of HIV-1 or SIV was monitored
HEXIM1-f-transduced cells was approximately 3.7~, 1.5~ by measuring the accumulation of viral capsid antigen in
2.0-, 4.8-, and 1.8-fold higher than in GFP-transduced the culture medium. Strikingly, HIV-1 replicated more
cells in the CEM, Jurkat, MOLT-4, SUP-T1, and M8166 slowly in cells of all four T cell lines expressing HEXIM 1~
cell lines, respectively (Fig. 2c). To our surprise, the f than in cells expressing GFP (Fig. 2d—g). Similarly,

HEXIMI1-f-expressing T cell lines remained GFP- HEXIM1-frexpressing M8166 cells supported SIV -
positive, and therefore HEXIM1-f-positive, for more replication less efficiently than did GFP-expressing
than 6 months and proliferated at rates almost indis- MB8166 cells (Fig. 2h). Interestingly, the magnitude of

tinguishable from GFP-expressing cells. The expression HIV-1 replication delay was the most substandal in SUP-
levels of cyclin T1, cyclin T2, actin, and Bip/GRX78 in T1 cells, in which the levels of endogenous HEXIM1

HEXIMI1-f-expressing cells were almost identical to were the lowest among the four cell lines tested for HIV-1
those in GFP-expressing cells, suggesting that the gene replication (Fig. 2c). Similar observations were made
expression did not compensate the upregulated HEXIM1 when the HIV-1 infection experimenis were repeated,
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Fig. 2. Lentiviral replication is inhibited in various T cell lines constitutively expressing hexamethylene bisacetamide-induced
protein 1 (HEXIM-1) cDNA tagged with a FLAG epitope at the carboxy terminus (HEXIM1-). (a) The genomic organization of the
retroviral vector expressing HEXIM1-f and a schematic representation of the experimental approach. (b) Detection of endogenous
HEXIM1 and murine leukemia virus (MLV)-transduced HEXIMT-f (exogenous) mRNA by reverse transcriptase-polymerase chain
reaction in green fluorescent protein (GFP)- and HEXIM1-f-expressing cells. The primer design is drawn schematically.
Amplification efficiency was examined by using a known number of templates as standards for HEXIMT. Cyclophilin A (CyPA)
was amplified to ensure the quality of the RNA. (c) Western blot analysis demonstrating expression of HEXIM1-f (denoted FLAG),
endogenous HEXIM1 (HEXIMY), Bip, cyclin T1, cyclin T2, and actin in isolated T cell lines. (d-g) Replication profiles of HIV-1
{HXB2) in SUP-T1 (d), MOLT-4 (e), Jurkat (), and CEM (g) cells either expressing HEXIM1-f or GFP alone. Representauve data from
two or three independent experiments are shown. (h) Replication profile of SIV in M8166 cells either expressing HEXIM1-f or GFP
alone. Representative data from two independent experiments are shown. (i ) The replication profiles of HIV-1 recovered from SUP-
TT/HEX!M1 -f cells (asterisk in Fig. 2d) in fresh SUP-T1/GFP or SUP-T1/HEXIM1-f. LTR, long terminal repeat.

indicating that the expression of functional HEXIM1-{

did not change over the course of the replicaion
monitoring. We tested whether the viruses emerged in
" HEXIMI-f-expressing cells were ‘revertants’ that mighe
be able to replicate in HEXIM1-f-expressing cells as fast
as in GFP-expressing cells. To address this, we recovered
virus-containing culture supernatants from SUP-T1/
HEXIMI-f cells at the peak of replication kinedes
(asterisk, Fig. 2d). Then, both fresh SUP-T1/GFP and
SUP-T1/HEXIM1-f were infected with the recovered
virus and the replication kinetics was monitored.
However, HIV-1 still replicated in SUP-T1/HEXIM1-
f cells more slowly than in SUP-T1/GFP cells (Fig. 21),
akin to the original profiles (Fig. 2d), and the nucleotide
sequences of LTR and taf, the primary targets of
HEXIMI, remained unchanged (double asterisk in

Fig. 2i). In addition, no mutations were found in viruses
propagated in GFP-expressing SUP-T1 cells. Similar
observations were made in MOLT-4 cells (data not
shown). These data provide direct evidence that the

expression of HEXIM1 inhibits lentiviral replication in
human T cell lines.

Based on our experimental observations as well as the
reported functions of HEXIM1, we assumed that the
ability of HEXIM1 to Hmit HIV-1 replication was mostly
due to the inhibidon of Tat/P-TEFb-dependent tran-
scriptional elongation. However, it was possible that
HEXIM1 might also have targeted other viral replication
steps. To test this possibility, we examined the viral entry
and production processes separately. The efficiency of
viral entry was analyzed by measuring the efficiency of
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Fig. 3. Hexamethylene bisacetamide-induced protein 1 (HEXIM1) cDNA tagged with a FLAG epitope at the carboxy terminus
(HEXIM1-1) does not affect the efficiency of viral integration or post-translational processes. (a) The Alu-long terminal repeat
(LTR) and beta-globin polymerase chain reaction products from VSV-G-pseudotyped HIV-1-infected MOLT-4 and SUP-TT cells
expressing either green fluorescent protein (GFP) or HEXIM1-f alone were separated in an agarose gel and photographed. (b) The
luciferase activities in SUP-T1/GFP or SUP-T1/HEXIM1-f cells electroporated with 10 j1g of a plasmid encoding LTR-driven firefly

luciferase plus 1 pg of phRL/cytomegalovirus (CMV). The firefly luciferase activity normalized to renilla luciferase activity in SUP-

T1/GFP cells was set to 100%. The error bars represent the standard deviation of three independent experiments. (c) Western blot
analysis showing Gag and its cleaved products expressed from either CMV promoter- or LTR promoter-driven gag-pol expression
plasmid in the presence of pSVtat (0.1 g, all lanes) and increasing amounts of HEXIM1-f (0.2 ug forlanes 2 and 6, 0.6 pg for lanes
3and7,and 2.0 ugfor lanes 4 and 8). (d) The amount of p24 produced in the culture supernatant from cells analyzed in Fig. 3c was

measured by enzyme-linked immunosorbent assay. Representative data from three independent experiments done in triplicate are

shown. SIV, simian immunodeficiency virus.

viral integration. SUP-T1/GFP or SUP-T1/HEXIM1-f
cells were irfected with a replication-in competent HIV-1
vector pseudotyped with VSV-G that expresses luciferase
upon successfiil infection. We conducted an Alu-LTR.
PCR assay to detect the integrated viral genome. PCR.
products were detected only from HIV-1-infected cells
(Fig. 3a). The signal intensities of Alu-ITR. PCR.
products from GFP- and HEXIM1-f-experssing cells
were similar. To compzre the efficiency of viral infecdon
as well as transcription quantitatively, we employed a real
time PCR technique. Some infected cells were collected
for an Alu-ITR PCR assay to quantify the amount of
integrated viral genome, and the rest were processed to
measure the amount of viral transcript as well as the
luciferase activity. The amount of Alu-ITR PCR

. product fidm SUP-T1/HEXIMI1-f cells was 3.5- and

3.3-fold more to that from SUP-T1/GEP cells from two
independent experiments, respectively (Table 1). These
data suggest that the efficiency of viral integration was not
inhibited in HEXIMIl-f-expressing SUP-T1 cells. In
contrast, the relative abundance of HIV-1 transcript

expressed in SUP-T1/HEXIMI-f cells was substantially
decreased to 0.03 and 2.9% relative to SUPT1/GFP cells
(Table 1). Furthermore, the luciferase activities were 200-
foldlower in SUP-T1/HEXIM1-f cells than in SUP-T1/
GFP cells (Teble 1). Similar data was obtained from
MOLT-4 cells infected with HIV-1 pseudotyped with
VSV-G (data not shown). The transfection of plasmids
encoding reporter viral DNA can bypass the viral entry
and make it possible to measure the effect of HEXIM1 on
LTR-driven transcription and translation. Consistent
with above data, transfecting pNL-Luc into SUP-T1/
HEXIMI1-f cells gave significandy lower luciferase
activities than SUP-T1/GFP cells (Fig. 3b, left). Similar
data were obtained using pSIVmac239AnefLuc (Fig. 3b,
right). These dara stengthen the possibility that
HEXIM] targets post-integration processes.

To test this further, we analyzed the efficiency of post-
transcriptional processes with a transient transfection assay
measuring the amount of Pr55 Gag, a viral gene product,
and vins-like particles (VLPs) produced in the culture
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Table 1. Eifect of hexamethylene bisacetamide-induced protein 1 (HEXIMT) cDNA fagged with a FLAG epitope at the carboxy terminus
(HEXIM1-f) on viral entry and transcription in SUP-T1 cells examined by quantitative real time polymerase chain reaction.

Integrated HIV-1 genome

HIV-1 transcript Luciferase activity

Alu-LTR  @-globin  Normalized®  HIV-TRNA  CyPA  Normalized® Normalized®

Exp.  Transduced gene {copy) (copy) (%) (copy) (copy) (%) RLUS (%)

1 GFP 52x10° 6.7x10° 100.0 1.6x10° 6.8x107 100.0 3.2x10° 100.0
HEXIM1f 2.0%x10°  7.4x10° 351.3 6.7x10"  1.0x10° 0.03 1.5%10° 0.5

2 GFpP 46x10%  1.8x107 100.0 3.1x10%  8.9x107 100.0 7.1%x10° 100.0
HEXIM1f 1.6x107  1.9x107 333.2 9.4x10°  9.3x107 2.9 3.4x10° 0.5

*The number of Alu-long terminal repeat (LTR) products divided by the number of beta-globin products in SUP-T1/GFP is set to 100%. The
abundance of Alu-LTR products in SUP-TT/HEXIM1-f relative to SUP-T1/green fluorescent protein (GFP) is shown.
"The number of HIV-1 RNA transcripts in SUP-T1/GFP divided by the number of cyclophilin A (CyPA) transcripts is set to 100%. The abundance of

HIV-1 RNA in SUP-T1/HEXIM1-f relative to SUP-T1/GFP is shown.
“The luciferase activity is shown by relative light unit (RLU).

9The luciferase activity in SUP-T1/GFP is set to 100%. The luciferase activity in SUP-T1/HEXIM1f relative to SUP-T1/GFP is shown.

supernatants. For this purpose, we used the CMV
promoter-driven gag-pol expression plasmid, because
HEXIM1-f did not affect CMV-driven wanscription
(Fig. 1b). At the levels of HEXIM1-f where LTR ~driven
Tat-dependent transcription was drastically inhibited
(Fig. 3c, lanes 7, 8), the amount of CMV promoter-
driven Gag expression was almost identical to that in the
absence of HEXIM1-f (Fig. 3¢, lanes 1-4). Furthermore,
the processing pattern of Pr55 Gag in the presence of
HEXIM1-f was identical to that in its absence (Fig. 3c).
These data-indicate that HEXIMI1-f did not inhibit the
transcription from a Tat-independent promoter, the
translation of wviral protein, or the protease activity of

HIV-1. Finally, the potential effect of HEXIM1 on viral .

budding was examined. To do this, the amount of p24 CA
in the culture supernatant of transfected cells was
quantified as a representaion of the amount of VLP
Expressing HEXTM1-f reduced VLP production from
cells co-transfected with pLTR gag-pol and pSVtar at levels
comparable to the protein expression levels (Fig. 3¢ and
d). In contrast, expressing HEXIM1-f did not reduce the
amount of VLP produced by cells co-transfected with
pCMVgag-pol and pSVtat in conditions in which Tat-
dependent ITR transcription was substantially inhibited
(Fig. 3c and d). Taken together, this indicates that
HEXIM!I-f lowers the efficiency of Tat-dependent
transcription from LTR promoter but does not block
the efficiency of the late phase of the viral life cycle
including translation, Gag’s assembly, and budding. Thus,
it is likely that HEXIM1 primarily targets Tat/P-TEFb-
dependent transeription to inhibit HIV-1 replication.

Qur findings demonstrated that HEXIMI, a cellular P-
TEFDb inhibitor, is a specific negative regulator of
lentiviral replication in human T cell lines. The
replication of vaccinia virus, adenovirus, and HSV-1
were not affected by HEXIM 1-f expression; however, the
tat-dependent transcription of the LTR. promoter of both
HIV-1 and SIV was reduced by HEXIM1-f. HEXIM1
limited replication of HIV-1 dramatically at levels where
it did not visibly affect cell physiology (as little as a 5-fold

increase over the endogenous levels), nor were revertants
immediately selected in HEXIMI-f-expressing cells.
These data support the feasibility of developing HIV-1
inhibitors targeting the processes in which HEXIMI1 is
involved. For example, it is conceivable to hunt for a non-
toxic chemical inducer for HEXIM1 since expression of
HEXIM1 is induced by hexamethylene bisacetamide
(HMBA) that is considerably toxic for cells [20].

P-TEFD has been shown to support transcription of the ¢-
myc and CIHITA transcripton factors (reviewed in
[21,22]). The functions of these transactivators are critical
for cell proliferation, but in this smdy constitutive
expression of HEXIM1-f, which reduces P-TEF-b
activity, did not affect the cell proliferation of human
T cell lines, the human epithelial cell lines HEK293 or the
NP2 glioblastoma cell lines (data not shown). How can
this be explained? Very recently, a high-molecular-weight
bromodomain protein, Brd4, was found to funcdon as a
‘cellular a¢’ [23,24]. Interestingly, it was shown that Brd4
binds not only to cyclin T1 but also to cyclin T2, a widely
expressed variant of cyclin T, to which HEXIM1 binds
but Tat does not [23-25]. We hypothesize that Brd4
might be able to recruit and actvate P-TEFb more
efficiently than does Tat, leaving cellular transcription
unaffected by the upregulated expression of HEXIMI1
from the retroviral vector. An alternative possibility
comes from the fact that HEXIM1 does not interact with
the ubiquitously expressed cyclin K, which fanctions as a
P-TEFb component. It is possible that Tat is not able to
utilize P-TEFb consisting of CDK9 and cyclin K but
Brd4 can, such that cyclin K may substitute for cyclin T1
to sapport Brd4-mediated cellular gene transcription.
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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
400nM. 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 shouid 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-fitness 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 al.,, 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 er al, 1999; Gehringer
et al., 2000; Yerly ez al, 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
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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 ez al, 2002).
Alternatively, for the phenotypic resistance testing, the
drug resistance profiles are measured by many
biological/virological assay systems (Hertogs ef al, 1998;
Iga et al, 2002; Jarmy ef al, 2001; Kellam & Larder, 1994;
Menzo et al., 2000; Walter ef al., 1999). Phenotypic resis-
tance testing is powerful because the diagnosis is based on
experimental observations. Among the systems, 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 rephca‘uon incompetent HIV-1 (HXB2
Avpr, Arev, Aenw, 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 env, faz, rev and nef (pIllex) as described previ-
ously in Komano et 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
MA41L, D67N, K70R, V75M, K101Q, T215F and K219Q_
and protease carried the following mutations 1101, K20R,
M36I, M461, L63P, A71V, V82T, N88S and L.90M. For
the generation of replication-incompetent murine
leukaemia virus (MLV) vector expressing firefly luciferase,
pCMMP luciferase was transfecting into 293 T cells along
with gag/pol and VSV-G expressing plasmids as described
previously (Komano ef al, 2004).

Chemical compound

Sparsomycin was either purchased from Sigma-Aldrich (cat.
S51667) or obtained from Dr Nakajima (Toyama Prefectural
University, Toyama, Japan). Sparsomycin was dissolved in

2mM dimethyl sulphoxide and stored at ~20°C until use.
Menitoring 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 L9OM mutants
were introduced into cells either by electroporation or
DEAE-dextran-mediated protocol as previously described
(Matsuda ez al., 1993; Miyauchi ef 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 e a/. (personal communication). In
brief, 2 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 e 4/,
2002). The renilla luciferase expression vector phRL/CMV
was purchased from Promega. pLTR Luc encoded GFP-
luciferase under the regulation of HIV-1’s LTR promoter
(Komano e# al, 2004). pLTRAnefLuc encoded renilla
luciferase by substituting 7e¢f in the proviral context of
HXB2 (Komano e al, 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 Fugené (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.
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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, 2
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
Sh'epz‘omyces sparsogenes, is unique in that it comprises two
unusual entities, 2 monooxodithicacetal moiety and a uracil
acrylic acid moiety (Figure 1A). HY 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
accurnulated 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
accurnulation 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.
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Replication-enhancing effects were also seen by using the
chemically-synthesized derivatives of sparsomycin (unpub-
lished data; Nakajima et a/, 2003). The replication-
boosting effect levelled-out at 500 nlM, an approximately
20-fold lower concentration than the 50% toxic dose
(TD,,) 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 L90OM are common drug-resistant
mutations found within HIV-1 protease in HIV-1-infected
patients on HAART (Devereux ez a/,, 2001; Kantor ez al,
2002; Pellegrin er al., 2002; Sugiura ef a/, 2002). We intro-
duced proviral DNA carrying the D30N or L90M muta-
tion into HY, Jurkat, and SupT1 cells. HIV-1 replication
was than monitored in the presence of 400aM of spar-
somycin. The replication of both viral mutants was
substantially enhanced in the presence of sparsomycin in
HY 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 transcriptase inhibitors; lamivudine, 13.7
and 10.4nM, and stavudine, 6.3 and 17.00M; an non-
nucleoside reverse transcriptase inhibitor, nevirapine, 78.2
and 146.4nM; and protease inhibitors, nelfinavir, 2.8 and
1.0 oM, 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 nlV], respectively,
and for LPV they were 103.1 and 78.9nM, 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’s life cycle was
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Figure 1. The enhancement of HIV-1 replication by sparsomycin
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(A) Structure of sparsomycin. The uracil acrylic acid moiety confers the binding capacity to the conserved nucleobase A2602 of the large
ribosomal subunit. (B) HI cells infected with HIV-1 were photographed at a week after infection (magnification, x200). (C) The replication
profiles of HIV-1 in H9 cells in the presence of varying concentrations of sparsomycin. (D-G). The replication profiles of HIV-1 in Jurkat (D),
SupT1 (E), and HI cells (F and G) in the presence of sparsomycin (400 nM, solid circle) or in the absence (open circle; F and G). Virus-containing

culture supernatant was collected at 13 days post-infection (asterisk, F) to infect fresh H3 cells and the replication profiles of HIV-1 were analysed
in the presence of sparsomycin (400 nM, solid circle) or in the absence (open circle, G).

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. Qur 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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(A and B) The replication kinetics of the D30N-carrying (circle) and L90M-carrying (square) mutants in the presence of sparsomycin (400 nM,
solid) or in the absence (open) were investigated twice independently in H9 cells. (C and D) The replication kinetics of the L90M-carrying mutant
were examined in Jurkat cells (C) and SupT1 cells (D) in the presence of sparsomycin (400 nM, solid circle) or in the absence (open circle).

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 ef 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 a/.
(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
in a 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 (+=0.926, P<0.001, n=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 pLue(-1) vector, remained
unchanged (Figure 3C). These data suggested that spar-
somycin positively affected the efficiency of HIV-1%s ~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 cells with the HIV-1%
proviral DNA carrying the D25N mutation in protease

that produced catalytically inactive protease to increase the
sensitivity of detecting Gag—Po/ (Xie ez 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 x0.14 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
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(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 pol frame (pLuc(-1)). The renilla luciferase expression vector phRUCMV was used in parallel.
The pLTR Luc encodes the GFP-luciferase driven by HIV-1's LTR promoter. The pLTRAnefLuc 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 Juciferase activities from phRU/CMV were shown for the
pluc(-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; lane 2, 20 nM; lane 3, 200 nM; lane 4, 400 nM;
lane 5, MOCK). The lower panel shows the Gag-Pol 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 Enu:Gag ratio
(unpublished data), suggesting that the sparsomycin’s effect
on Gag~PolGag 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 400~500nVL.
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 a/, 1986; Porse ez al,, 1999).
Sparsomycin has the ability to enhance the ~1 frameshift in
mammalian cells as well as S cervisiae (Dinman ef 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 sparsomycin’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 e# 4,
1988). Therefore, limiting Gag—Po/ production should lead
to an inhibition of viral replication because po/ encodes
enzymes essential for viral replication (Levin ef 2/, 1993).
In contrast, it was also reported that increasing the Gag—Pol
to Gag ratio by twofold resulted in a reduction of viral
replication (Hung e# 4/, 1998; Shehu-Xhilaga ez al, 2001).
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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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SUMMARY: The membrane-spanning domain (MSD) of HIV-1 envelope protein (Env) has an additional gly-
cine residue within a well-conserved putative transmermnbrane helix-helix interaction motif, GXXXG, and forms
a G¥IG#IXX G sequence (G, glycine; X, any residues; the numbering indicates the position within the Env of
an infectious molecular clone, HXB2). Different from vesicular stomatitis virus G (VSV-G), the glycine residues of
the GXXXG motif of HIV-1 showed higher tolerance against mutations, and a simultaneous substitution of
G690 and G694 with lencine residues only modestly decreased fusion activity and replication capacity of HIV-1.
When G691 was further substituted with alanine, phenylalanine or leucine residue while G690 and G694
were substituted with leucine residues, the efficiency of membrane fusion decreased, with the decrease greatest
occurring with the leucine substitution, a less severe decrease with phenylalanine, and the least severe decrease
with alanine. Substitution with lencine residue also decreased the incorporation of Env onto virions, and the
mutant showed the most delayed replication profile. Thus the presence of the extra glycine residue, G691, may
increase the tolerance of the other two glycine residues against mutations than VSV-G. The fact that a more
severe defect was observed for the leucine residue than the phenylalanine residue suggested that the finction of
Env depended on the steric nature rather than on the simple volume of the side chain of the amino acid residue at
position 691. Based on this result, we propose a hypothetical model of the association among MSDs of gp41, in
which G*! locates itself near the helix-helix interface.

INTRODUCTION

The envelope protein (Env) of human immunodeficiency
virus type 1 (HIV-1) is a trimer of non-covalently associated
heterodimers of gp120 and gp41. As with other retroviruses,
gp120 (SU) and gp41(TM) play key roles in the determina-
tion of host range and membrane fusion, respectively.

For the three subdomains of HIV-1 gp4l, the structure-
function relationship of the ectodomain during membrane
fusion has been elucidated at the molecular level (1,2). After
p120 binds to the receptor/coreceptor, the ectodomain
undergoes a conformational change to form a six-helix bundle,
a common structure observed for the class I fusion protein
(3,4). Information on the structure-function relationships of
the membrane-spanning domain (MSD) is rather limited.
Although the amino acid sequence of the MSD of HIV-1's
gp41 is highly conserved among different clades, the signifi-
cance of the specific amino acid sequence within MSD has
been underestimated, because some heterclogous MSDs
can substitute functionally for the native MSD of gp4l
(5.6). However, truncation of HIV-1 MSD by a glycosyl-
phosphatidylinositol anchor abolished the fusion activity (7).
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Furthermore, in viruses such as simian immunodeficiency
virus and the influenza virus, mutations introduced into the
MSD have been shown to impede the late stage of membrane
fusion (8-11). These data suggest the importance of the MSD
for the function of Env.

A glycine-containing helix-helix interaction motif, a
GXXXG motif, has been found in MSDs of many membrane
proteins such as glycophorin A (GpA) (12,13) and the hepa-
titis C virus envelope glycoproteins (14). In the case of HIV-1,
it occurs as a GFG¥I XK G sequence (G, glycine residue;
X, any amino acid residue; the number indicates the position
of each glycine residue in the Env of a molecular clone HXB2
[15]) within the MSD of gp41. The glycine residues within
the GXXXG motif are critical for the proper fusogenicity of
vesicular stomatitis virus G (VSV-G) (16). In a previous study
we have shown that the point mutations of the individual
glycine residue of the GXXXG motif of gp41 MSD were
well tolerated (17). The molecular basis for this high toler-
ance of gp41 MSD against mutations was not identified.

Here we hypothesize that the GXXXG motif of gp41, like
in other transmembrane helices, forms the helix-helix inter-
face of gp4l MSDs. We reevaluated the role of glycine
residues within the gp41 MSD by introducing a simultaneous
substitution of several glycine residues. We confirined the
high tolerance of gp41 MSD against mutations through the
finding that any combinatorial mutations of two glycine resi-
dues with leucine residues were well tolerated. By using one
of the mutants, the LG®'X X1 nwtant, we evaluated the role



of the extra glycine residue by substituting it with several
different amino acid residues, such as alanine, leucine, and
phenylalanine residue. These substitutions negatively affected
the fimction of Env, such as its fusogenicity or virion incor-
poration, We also found that there was a correlation between
the steric characteristics of the side chain of the residue
replacing G*! and the alteration in the fimction of Env. Based
on these findings, we propose a potential association model
of gp41 MSD.

MATERIALS AND METHODS

Construction of plasmids: The substitution mutants were
generated by using the QuikChange Site-Directed Mutagen-
esis Kit (Stratagene, La Jolla, Calif,, USA) using the subclone
containing the 1.2-kb Nhel-BamHI fragment covering the env
portion of HXB2RU3AN as described previously (17). The
complementary oligonucleotide pairs used were as follow:
691F, ATGATAGTAG GATTCTTGGT AGGTTTA/ TAAA
CCTACCAAGAATCCTA CTATCAT;, 690/691-2L, GTACT
GCTCT TGGTAGGTTT AAGAATAGTT TTTG/ CAAA
AACTAT TCTTAAACCT ACCAAGAGCA GTAC; 690/
694-2L, ATTCATAATG ATAGTACTGG GCTTIGGTACT
TTTAAG/ CTTAAAAGT ACCAAGCCCA GTACTATCAT
TATGAAT; 691/694-2L, TTCATAATGA TAGTAGGACT
CTTGGTACTT TTAAG/ CTTAAAAGTA CCAAGAGTCC
TACTATCATT ATGAA. PCR was perfonned using PfuTurbo
(Stratagene). The three glycine (G691) substitution mutants
were created by site-directed mutagenesis using one subclone
of the 2L mutants, 690/694-2L, as a PCR template and the
following complementary oligonucleotide pairs: 690/694-2L
+ 691A, ATTCATAATG ATAGTACTGG CCTTGGTACT
TTTAAG/ CTTAAAAGTA CCAAGGCCAG TACTATC
ATT ATGAAT; 690/694-2L + 691L, CATAATGATA GTA
CTGCTCT TGGTACTTTIT AAGAAT/ ATTCTTAAAA
GTACCAAGAG CAGTACTATC ATTATG; 690/694-2L +
691F, ATTCATAATG ATAGTACTGT TCTTGGTACT
TITAAG/ CTTAAAAGTA CCAAGAACAG TACTATC
ATT ATGAAT). Following mutagenesis, the 1.2-kb Nhel-
BamHI fragments were sequenced and cloned back into the
pSP6SHXB2RU3AN or pElucEnv (17) plasmid. The entire
Nhel-BamHI portion, together with the junction, was verified
by sequencing after the fragments were back.

Cells and antibodies: COS7 cells, 293 cells and 293CD4
cells (17) were grown in Dulbecco’s modified essential
medium (DMEM,; Sigma, St. Louis, Mo., USA) supplemented
with 10% fetal bovine serum (FBS) (HyClone Laboratories,
Logan, Utah, USA) and penicillin-streptomycin (Gibeo-
BRL, Rockville, Md., USA). Jurkat cells were grown in RPMI
1640 (Sigma) supplemented with 10% FBS and penicillin-
streptomycin. Cells were kept under 5% CO, in a humidified
incubator. Anti-gp120 polyclonal antibody was obtained from
Fitzgerald Industries Intemational, Inc. (Concord, Mass,,
USA). The hybridoma 902 and Chessie 8 were obtained from
Bruce Chesebre and George Lewis, respectively, through
the AIDS Research and Reference Reagent Program, Divi-
sion of AIDS, National Institute of Allergy and Infectious
Diseases, National Institutes of Health (18-20). Serum from
a patient infected with HIV-1 was kindly provided by T. H.
Lee of Harvard School of Public Health, Boston, Mass., USA.

Protein analysis: The provirus DNA constructs were
transfected into COS7 cells by electroporation or lipofection.
In electroporation, COS7 cells (4 g proviral DNA per
1 X 107 cells) were suspended in serum-free DMEM and
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electroporated at a 250-kV, 950- 1L F setting using Gene Pulsar
I (Bio-Rad, Hercules, Calif., USA). In lipofection, COS7
cells (3 X10° cells) were transfected with 7 £tg proviral DNA
by FuGene6 (Roche Molecular Biochemicals, Mannheim,
Germany). At 72 h after transfection, transfected COS7
cells were collected by scraping and were centrifuged at 2,000
X g for 10 min (Allegra 6KR system; Beckman Coulter,
Fullerton, Calif., USA). The cell pellets were dissolved in
radioimmunoprecipitation assay (RIPA) lysis buffer (0.05 M
Tris-Cl [pH 7.2] including 0.15 M NaCl, 1% Triton X-100,
1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate
[SDS]) and the clear lysates were centrifuged at 314,00 X g
for 45 min at 4°C (Himac CS 120fx system; Hitachi, Tokyo,
Japan). The virus was sedimented from pre-cleared superna-
tants (centrifuged at 2,000 X g for 20 min; Allegra 6KR
system, then filtered through 0.45-gm-pore-size filters;
Millipore, Bedford, Mass., USA) by centrifuging at 113,000
X gfor 1.5hat4°C on 3 ml of a 20% sucrose cushion (SW28
rotor; Beckman Coulter). Virus pellets were dissolved in RIPA
lysis buffer. Both cell and virus lysates were mn on a 7.5 -
15% gradient in a SDS-polyacrylamide electrophoresis
gel (PAGE) system (DRC, Tokyo, Japan), and proteins were
blotted onto Immobilon-P (Millipore) by passive transfer, as
described previously (21). The immunoblotting procedure was
as described previously (17). Enhanced chemiluminescence
(Roche Molecular Biochemicals) and a LAS-3000 (Fuji Photo
Film, Kanagawa, Japan) were used to detect the bands.

Infection study: For the infection study, the virus seed
was prepared by transfecting 1 11 g of the proviral DNA into
10° of the COS7 cells using FuGene6 (Roche Molecular
Biochemicals). Jurkat cells were infected with each virus
adjusted by the p24 amount (10 ng per 10¢ cells). The infec-
tion was monitored by measuring the amount of p24 in the
culture supematant at specific time points after infection (0,
8, 15, 22 and 25 days). A p24 ELISA was performed using a
p24 RETRO-TEK ELISA kit (ZeptoMetrix, Buffalo, N.Y,,
USA).

Flow cytometry: The level of Env expressed on the cell
surface was monitored by fluorescence-activated cell sorting
analysis as described previously (17). Briefly, 48 h after
the COS7 cells were transfected with each Env expression
vector by FuGene$, the cells were stained with the 902 mono-
clonal antibody for 1 h at 4°C (10 fg/ml in phosphate-
buffered saline [PBS] with 2% FBS), incubated with biotin-
XX goat anti-mouse immunoglobulin G (Molecular Probes,
Eugene, Oreg., USA) for 30 min at 4°C, treated with
streptavidin Alexa Fluor 555 (Molecular Probes) for 30 min
at 4°C, and finally fixed with 1% paraformaldehyde in PBS.
Cells were suspended in PBS with 2% FBS and analyzed
with Becton Dickinson FACSCalibur and CellQuest soft-
ware (BD Biosciences Immunocytometry Systems, San Jose,
Calif, USA). A double gate was defined by forward versus
side scatter and by the amount of GFP (FL-1). A total of 10,000
events within this gate were collected for analysis. An Env
KO that fails to express Env was used as a negative control,
as described previously (17).

T7 RNA polymerase (RNApol) transfer assay: The effi-
ciency of fusion pore formation was examined using T7
RNApol transfer assay as described previously (17). Briefly,
COS7 cells were transfected with each Env expression
vector together with the reporter plasmid pTM3hRL using
FuGene$. The reporter plasmid contains the T7 promoter-
driven renilla luciferase. At 48 h after transfection, the
transfected COS7 cells were cocultured with the 293CD4 cells



that had been transfected with the T7 RNApol expression
vector, pPCMMP T7RNApoliresGFP (the ratio of cells was
1:1). At 12 h after the coculture, the cells were lysed. Firefly
luciferase activities, derived from the Env expression vector,
and renilla luciferase activities, activated by the T7 RNApol
transferred from 293CD4 cells through the generated fusion
pores, were determined using the Dual-Glo luciferase reporter
assay system (Promega, Madison, Wis., USA).

RESULTS

Mutagenesis of glycine residues within the GGXXG
sequence: In our previous study, mutations to an individual
glycine residue within gp41 MSD were well tolerated, and
high tolerance of gp41 MSD against mutations was expected
(17). Therefore this time we simultaneously mutated several
glycine residues within the MSD (Fig. 1). First, we substi-
tuted two glycine residues with leucine residues to create
three forms of 2L mutants: 690/691-2L, 690/694-2L., and 691/
694-2L. In the mutant 690/694-2L, the conserved glycine
residues corresponding to the GXXXG motif were substi-
tuted. A similar mutation introduced into that of VSV-G
resulted in functionally defective VSV-G (16). Next, to ad-
dress the significance of the additional glycine residue at
position 691, we substituted G691 with alanine, phenylalanine,
or leucine residue while G690 and G694 were substituted
with leucine residues. These substitutions formed the 2L +
691X mutants 690/694-2L + 691A, 690/694-2L + 691F, and
690/694-2L + 691L. Thus the sequence context of 2L+ 691X
mutants is LXxxT. (the small x represents the original sequence
of HXB2). As a control, the single substitution of the G691
with phenylalanine (691F) in which the other two glycine
residues were left intact was generated (Fig. 1). The single
substitution of the G691 to alanine (691A) or leucine residue
(691L) was well tolerated and described in our previous study
as mentioned above (17).

The replication profile of the MSD mutants: To examine
replication capacity, Jurkat cells were infected with the
mutant viruses after the p24 amount was adjusted for. Virus
replication was monitored by measuring the amount of p24
released into the culture supernatants at 0, 8, 15, 22, and 25
days after infection. A representative result of the Jurkat cell
experiment is shown in Figure 2. The single substitution

WT: yikLFIMIVGGLVGLRIVFAVLSIVnry
6391F: yikLFIMIVGFLVGLRIVFAVLSIVnrv
2L mutants
698/691-2L: yikLFIMIVLLLVGLRIVFAVLSIVnrv
690/694-2L: yilkLFIMIVLGLVLLRIVFAVLSIVnrv
691/694-2L: yikLFIMIVGLLVLLRIVFAVLSIVArv
690/694-21.+691 mutants
690/634-21+691A: yikLFIMIVLALVLLRIVFAVLSIVnrv
690/694-2L.+691L: yikLFIMIVLLLVLLRIVFAVLSIVnry
690/694-2L+691F: yikLFIMIVLELVLLRIVFAVLSIVnrv
Fig. 1. The mutants of gp41 MSD studied. The primary structures of
the MSD mutants used in this study are shown using the one-letter
abbreviation of 2mino acid residues. The position numbering is based
on that used for HXB2 Env. The portion of the predicted MSD is

shown in capital letters. WT corresponds fo the wild type HXB2.
Mutated residues are underlined.
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mutant, 691F, was replicated with a slight delay compared
with the wild type (WT). Other single substitution mutants,
691A or 691L, were replicated as efficiently as the WT (de-
scribed in a previous study, data not shown) (17). The
2L mutants showed slightly delayed replication kinetics
compared to those of the WT. The replication of the 2L +
691X mutants was less efficient than that of the WT. Substi-
tution with leucine residue (690/694-2L + 691L) produced
the slowest replication profile in repeated experiments. These
data confirmed the high tolerance of the glycine residues
within the GXXXG motif of gp41 MSD against mutation.
Although the replication kinetics were generally slower in
the H9 cells, a similar replication profile was observed (data
not shown).

Analysis of the protein profiles of MSD mutants: The
protein profiles of the mutants depicted in Figure 1 were
examined by immunoblotting analysis using the serum from
an individual infected with HIV-1 and anti-gp120 polyclonal
antibody for both cell and virus lysates, Similar protein pro-
files were observed for all mutants and the WT in cell lysates
(Fig. 3A). Almost equivalent amounts of gp160 and gp120
were observed for all constructs, and there was no obvious
alteration in the processing. There was no difference found
in the processing of Gag and Pol products. In the virus
lysates, as in the cell lysates, no differences were found in
the profiles of Gag and Pol products (Fig. 3B). However the
amounts of gp120 found on 690/694-2L + 691L virions were
50-60% those of the WT (51.9% =+ 14.4 %, n = 3, the amount
of the incorporated Env was estimated by determining the
ratio of the intensity of the Env to the p24 bands). This result
is not due to the shedding of gp120, because the probing of
the virus lysates with anti-gp41 monoclonal antibody detected
a smaller amount of gp41 in 690/694-2L + 691L than in the
WT (Fig. 3C). Therefore the alteration of the replication
profiles observed for 690/694-2L + 691L (Fig. 2) may be
accounted for by a defect in the incorporation of Env onto
the virions. The reason other mutants manifested the slower
replication is not evident from the protein profiles.

Fusion activity of mutants evaluated by the efficiency
of fusion pore formation: Our previous study as well as
others (11,17,22), have shown that mutations of the MSD
sometimes negatively affect the fusogenicity of the Env.
Therefore, to investigate the reason for the delayed replica-
tion observed in Figure 2, we evaluated the fusion efficiency
of our mutants using the Env expression vector (Fig. 4A).
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Fig. 2. The replication profile of gp41 MSD mutants in Jurkat cells.
The replication of HIV-1 was monitored by measuring the p24 amount
in the culture medium at 0, 8, 15, 22 and 25 days. The replication of
691A and 691L was similar to that of WT, as reported previously
(17) and not shown here,
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Fig. 3. Protein profiles of cell and virus lysates of the WT and mutants.
The protein profiles of mutants were examined by immunoblotting.
The cell (A) and virus (B, C) lysates prepared from transfected COS7
cells were used. The Env proteins (gpl60, gpl20 and gp41) were
detected using anti-gp120 polyclonal antibody or anti-gp41 mono-
clonal antibody, respectively. Gag (p17 and p24) and Pol (p51 and
p66) were detected using serum from an individual infected with
HIV-1. The names of the mutants are shown.

First, we confinned that the surface expression level of Env
was similar by using the 902 monoclonal antibody in a flow
cytometric analysis (Fig. 4B). This confirmation further
supported the hypothesis that 690/694-2L + 691L has a
defect in the incorporation of Env onto the virions rather
than a defect in the intracellular transport of Env. We then
analyzed the fusion activity of Env mutants using the T7
RNApol transfer assay. In this assay, the T7 RNApol that is
transferred through the fusion pore between the Env- and
receptor-expressing cells activates the T7 promoter-driven
renilla Iuciferase. The renilla luciferase activity was nonmal-
ized for transfection efficiency by the firefly luciferase
activity derived from the Env expression vector. The repre-
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sentative data are shown in Figure 4C. Compared with WT,
the 2L mutants showed a decrease in fusion efficiency of about
30%. There were no significant differences in fusogenicity
among the different 2L mutants, a finding that was consistent
with the replication profile shown in Figure 2. Therefore, the
delayed replication observed for 2L mutants may be due to a
defect in fusion. The delayed replication of 691F may also be
due to a similar mechanism, although the observed decrease
in the fusogenicity of 691F is not statistically significant (Fig.
4C).

The effect of the mutations of the conserved glycine resi-
dues within the GXXXG motif of gp41 MSD was less severe
than in the case of VSV-G, in which a simultaneous substitu-
tion of two glycine residues corresponding to G690 and G694
tesulted in almost complete elimination of fusion activity (16).
The presence of an additional glycine residue within the
GXXXG motif generates the GG*'XXG sequence in gp4l
MSD, which led us to evaluate the effect of substituting other
amino acid residues for the glycine residue at position 691 in
the 650/694-2L context for membrane fusion. Substituting
glycine residue with alanine residue did not reduce the fiu-
sion efficiency further (for example, compare 690/694-2L
with 690/694-2L + 691A in Fig. 4C). However, changing the
glycine residue to phenylalanine reduced the fusion efficiency
significantly (690/694-2L versus 690/694-2L + 691F in Fig.
4C). The introduction of leucine residue in place of the
glycine residue had the most severely negative effect. Thus
the presence of a glycine residue at position 691 seems to
produce an apparently higher fusion efficiency for gp41 even
when the two other glycine residues constituting the GXXXG
motif were replaced with leucine residue. Furthermore, be-
cause substitution with lencine resulted in less fusogenic gp41
than did substitution with phenylalanine residue, it seemed
that the steric nature of the side chain at position 691, not
simple bulkiness, affected the outcome.

DISCUSSION

The importance of the GXXXG motif in helix-helix associa-
tion has been well established through the studies of GpA.
The glycine residnes within the GXXXG motif play a critical
role in helix-helix interaction (13,23). Here we showed that
the nntations introduced in the conserved glycine residues
within the GXXXG motif of gp41 MSD were well tolerated.
This finding is quite different from that of the previous study
of V8V-G MSD, where a similar mutation corresponding to
the 690/694-2L mutant almost abolished the fusion activity
(16). Furthermore, we also observed that the substitution of
any two glycine residues within the GGXXG sequence of
gp41 MSD only modestly decreased the fusion activity (Fig.
4C). The expression, processing, and transport of Env pro-
teins 1o the cell surface were preserved (Fig. 3A and Fig, 4B).
Consistent with the modest decrease in fusion activity, the
replication profiles of these mutant viruses were only slightly
retarded when compared to that of the WT virus (Fig. 2).
This result confirmed the high tolerance of gp41 MSD that
allows the substitution of any two glycine residues within the
GGXXG sequence. The results for the £90/694-2L mutant
may suggest that the GXXXG motif of gp41 MSD does not
play arole as a helix-helix mteraction motif or that there is
another mechanism that cancels out the introduced mutations.

The presence of the additional glycine residue within the
GXXXG motif is a well-conserved feature of gp41’s MSD
(15), and this feature is absent from VSV-G. The three
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glycine residues will cluster within the gp41 MSD helix (Fig.
SA, prepared by the program Insight IT; Accelrys, San Diego,
Calif.,, USA). Having a hydrogen atom as its side chain, the
clustering of three glycine residues may give the region more
flexibility to accommeodate mutations. To test whether the
high tolerance of gp41MSD against mutations is attributable

81

to the presence of the extra glycine residue within the gp41
GXXXG motif, we further mutated the extra glycine residue
(G691) while the other two glycine residues were mutated to
leucine residues under the LG*'XXL context, This also
allows us to obtain information on a potential helix-helix
interface among gp41 MSDs. We would expect the mutation
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Fig. 5. A structural model of MSD and a hypothetical arrangement of the MSD helices. (A) The MSD region (position 684-705 of
HXB2 Env, the amino acid sequence: LFIMIV! GGLVGLRIVFAVLSIV) of the WT HXB2 was modeled in an a-helix conforma-
tion. Molecular dynamics simulations were carried out in the lipid-like environment, using the Generalized Born method with a
relative permittivity 0 4.0 (25, 26). The most representative structure seen in the simulation was extracted by a principal component
analysis and is shown graphically. Three glycine residues (shown in red) colocalize each other and generate a hollow surface on
one aspect of the helix. Two different views (ball-and-stick and CPK) of the same helix are shown. (B) A hypothetical arrangement
of the MSD helices. The glycine residue at positions 691 and arginine residue at position 696 are shown in red and blue, respectively.
The potential interactions between amino acid residues are shown by the bold and dotted lines, respectively.

to have no significant effect if G691 was facing outward to
the lipid environment and was not involved in the helix-helix
interaction. We took a genetic approach and we created
the mutants 690/694-2L + 691A, 650/694-2L + 691F, and
690/694-2L + 691L.. None of these mutations changed the
processing or surface expression of Env (Figs. 3A and 4B).
This suggests that these mutations did not induce drastic
conformational changes that could be detected by a quality
control mechanism of endoplasmic reticulum. Indeed, our
molecular dynamics analyses of these mutants failed to
detect severe deformation of the structure of the individual
helix (data not shown).

‘When the fusion activity of the §90/694-2L + 691X mutants
was evaluated, there was no statistically significant difference
between glycine and alanine residue (Fig. 4C). This finding
is consistent with the observation that alanine residue can
functionally substitute glycine residue in transmembrane
helices (23). The substitution of glycine residue with a bulky
residue, namely phenylalanine residue (690/694-2L + 691F),
resulted in a significant reduction in fusion activity. The
fusion efficiency of 690/694-2L + 691F was about 50% that
of WT. Substitution with leucine residue (690/694-2L + 691L)
had an even greater negative effect on fusogenicity, and
the fusion efficiency of 690/694-2L + 691L was about 30%
that of WT (Fig. 4C). The replication efficiency somewhat
reflected these changes in fusion activity, although we conld
not attribute the defect of 690/694-2L + 691L to the defect in
fusion alone because 690/694-2L + 691L had an additional
defect in Env incorporation (Figs. 3B and C). These results
showed that the presence of glycine residue at position 691
seemed to reduce the negative effects of the leucine residue
substitution of glycine residue at positions 690 and 694.

It is noteworthy that we have observed the phenotypic
changes of gp41 according to the nature of the substituted
amino acid residue at the position 691 (Figs. 2 -4), Interest-
ingly, the negative effect of mutations was not dependent on

the mere volume of the side chain (F > L), but rather on the
steric nature of the side chain, The introduction of another
branched amino acid residue, isoleucine residue, at position
691 also resulted in decreased fusion activity (data not shown).
This may suggest that the mutation may affect the interhelix
association of MSDs, and the changes in association among
MSDs may affect the function of gp41. Indeed our prelimi-
nary analysis of the measurement of helix-helix interaction
by means of TOXCAT (12) analysis indicated that 690/694-
2L +691L had a slightly stronger association than WT (E.
Matthews and D. M. Engelman, unpublished data). Based on
these data, we present our hypothetical model of the associa-
tion of the three MSDs in which the GXXXG motif is facing
inward as shown in Figure 5B. Under this configuration,
the G691 locates itself near the helical interface. Although
this model is consistent with our observation, it places
the highly conserved arginine residue downstream of the
GXXXG motif toward the lipid environment., This may not
be a thermodynamically favorable arrangement despite the
recent finding that suggested that arginine residue can be
accommodated into a lipid bilayer more easily than previ-
ously expected (24). Therefore we cannot rule out altemative
arrangements of the gp41 MSDs at present, The observed
high tolerance of glycines constituting this hypothetical inter-
face may also suggest that the potential interaction among
gp41 MSDs may be a rather weak one. To prove our model,
the physical structure of the gp41 MSDs in lipid environ-
ments must be determined.

Here we have shown that the efficiency of the Env-
mediated fusion pore formation and the incorporation of Env
onto virions were affected by alterations within the MSD of
gp4!. This confinms that the specific primary structure of
MSD is important for its proper fimction. Our findings also
suggest that a subtle change in the structure within MSD
can affect the conformations of other subdomains of gp41.
Conversely, they may suggest that the conformational changes



in other subdomains may affect the structure of the MSD. This
may have implications for the mechanism of disassembly and
for that of uncoating events, and may also suggest that the
MSD of gp41 may become another target for therapeutic
intervention against HIV-1 infection.
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