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a b s t r a c t

Primary mutations in HIV-1 that are directly involved in the resistance to enfuvirtide have been well
documented. However, secondary mutations that are associated with primary mutations and contribute
little to the resistance still remain to be elucidated. This study reveals that synonymous mutations at gp41
Q41 (CAG to CAA) or L44 (UUG to CUG) act as secondary mutations. Complementary mutations in the
eywords:
usion
p41
ev responsive element
econdary mutation
IV-1

nucleotide level are located in the Rev responsive element (RRE) of the HIV-1 RNA-genome and maintain
the replication kinetics of HIV-1 through increasing the structural stability of stem-loop III in the RRE.
Therefore, synonymous mutations in the gp41/RRE sequence improve the viral replication impaired by
the primary mutations and play a key role as secondary (complementary) mutations.

© 2009 Elsevier B.V. All rights reserved.
eplication

. Introduction

Enfuvirtide (T-20), an HIV-1 fusion inhibitor which has been
pproved for the treatment of HIV-1 infected patients, success-
ully suppresses the replication of HIV-1 even in strains resistant
o various reverse transcriptase and protease inhibitors (Fung and
uo, 2004; Lalezari et al., 2003; Lazzarin et al., 2003; Manfredi and
abbatani, 2006). However, HIV-1 variants resistant to T-20 have
merged after prolonged T-20 therapy (Lu et al., 2006; Marcelin et
l., 2004; Sista et al., 2004; Wei et al., 2002). The majority of resis-
ant variants develop primary mutations to T-20, including V38A
nd N43D, in the consensus sequence, GIVQQQNNLL (DIVQQQNNLL
or NL4-3) motif of the gp41 within amino acid positions 36–45
Cabrera et al., 2006; Fikkert et al., 2002; Lu et al., 2006; Marcelin et
l., 2004; Menzo et al., 2004; Mink et al., 2005; Poveda et al., 2002;
ista et al., 2004; Su et al., 2006; Wei et al., 2002). Few studies have

o far addressed secondary mutations for resistance to T-20.

Primary and secondary mutations were recently well-defined
or C34, a peptide derived from the gp41 carboxyl terminus hep-
ad repeat (C-HR) in vitro (Nameki et al., 2005). A30V and D36G in

∗ Corresponding author. Tel.: +81 75 751 3986; fax: +81 75 751 3986.
E-mail address: ekodama@virus.kyoto-u.ac.jp (E.N. Kodama).

1 The author has been moved to Kureha Corporation, Tokyo, Japan.

166-3542/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.antiviral.2009.02.002
the gp41 act as secondary mutations which enhance the replica-
tion kinetics impaired by primary mutations. Interestingly, these
mutations are complementarily located in stem-loop IIA and C
(Fig. 1) of the Rev responsive element (RRE) which is an essen-
tial RNA structure for transporting non- and singly spliced viral
RNA to the cytoplasm from the nucleus (Olsen et al., 1990; Zapp
and Green, 1989). Most recently, T18A and V38A complementarily
located in the stem IIA of the RRE has been detected in clinical iso-
lates treated with T-20 (Svicher et al., 2008). Co-presence of T18A
and V38A is associated with high level of viral load. These data
support our recent in vitro results that these secondary mutations
in stem II maintain HIV-1 replication through substitutions at the
nucleotide as well as the amino acid level (Nameki et al., 2005). This
study analyzed the nucleotide sequences of T-20 resistant variants
deposited in the GenBank (http://www.ncbi.nlm.nih.gov/Genbank)
and revealed that synonymous mutations in stem-loop III of the
RRE maintain HIV-1 replication impaired by N43D, one of primary
mutations for T-20 resistance.

2. Materials and methods
2.1. Antiviral agents and cells

T-20 was synthesized as described previously (Otaka et al.,
2002). 2′,3′-Dideoxycytidine (ddC) was purchased from Sigma (St.

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:ekodama@virus.kyoto-u.ac.jp
http://www.ncbi.nlm.nih.gov/Genbank
dx.doi.org/10.1016/j.antiviral.2009.02.002
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Fig. 1. (A) Secondary structure of RRE depicted based on references (Olsen et al., 1990; Zapp and Green, 1989). T-20-resistant mutations are accumulated between amino
acid position from 36 to 45 of gp41 and nucleotides coding for these amino acids, are given in bold. Stem-loop II (light gray region) was examined as described previously
(Nameki et al., 2005) and stem-loop III (dark gray region) was analyzed in this study. (B) Amino acid substitutions in the gp41 with their nucleotide changes and putative
secondary structures and their stabilities of stem-loop III are shown. Nucleotide substitutions are indicated in bold and circle. Newly generated nucleotide pairs are indicated
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f the amounts of p24 production and stability of stem-loop III (�G value) is show
38A is located in stem IIA. Since replication of N43D containing clones were extre
ere used. When excluding data of D36G combined with N43D or N43K and includ

ouis, MO). HeLa-CD4-LTR-�-gal cells were used for the drug sus-
eptibility assay (MAGI assay) as described (Nameki et al., 2005).
T-2 and 293T cells were grown in RPMI1640- and Dulbecco’s mod-

fied Eagle’s medium (DMEM)-based culture medium, respectively.

.2. Generation of recombinant viruses

An HIV-1 infectious clone, pNL4-3, which was kindly provided
y Dr. H. Sakai, Institute for Virus Research, Kyoto University (Kyoto,
apan), was used for the construction and the production of HIV-1

ariants. To generate major T-20-resistent molecular clones, desired
utations were introduced into the Nhe I-BamH I region (1221 bp)

f pSLgp41WT, which encoded nucleotides 7250–8470 of pNL4-3,
y site-directed mutagenesis as described (Nameki et al., 2005). The
he I-BamH I fragments were then inserted into pNL4-3, generat-
he MFold program version 3.2 (Mathews et al., 1999; Zuker, 2003). (C) Correlation
s of Q41H and L45M were included (see text) but that of V38A was excluded since
low, p24 productions obtained from D36G combined N43D or K containing clones,
at of N43K without D36G, correlation coefficient (R2) was 0.72.

ing various molecular clones with the desired mutations. Viruses
were recovered from the supernatant of the transfected 293T cells
and stored at −80 ◦C until use. A wild type HIV-1, HIV-1WT, was
generated by transfection of pNL4-3 into 293T cells.

2.3. Determination of titer and drug susceptibility of HIV-1

The titer and peptide-sensitivity of infectious clones was deter-
mined by the MAGI assay with some modifications (Kimpton and
Emerman, 1992; Kodama et al., 2001; Maeda et al., 1998). Briefly,

the target cells (HeLa-CD4-LTR-�-gal; 104 cells/well) were plated in
96-well flat microtiter culture plates. On the following day, the cells
were inoculated with the supernatant of 293T cells transfected with
HIV-1 clones and the titrated HIV-1 clones in the presence of var-
ious concentrations of drugs in fresh medium, for determination
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f titer and drug susceptibility of HIV-1, respectively. Forty-eight
ours after the viral exposure, all the blue cells stained with X-
al were counted in each well. Viral titer was determined with

he MAGI assay as blue cell forming units (BFUs). The activity of
est compounds was determined as the concentration that blocked
IV-1 replication by 50% (EC50).

.4. Viral replication kinetics assay

MT-2 cells (105 cells) were infected with each virus preparation
500 BFUs) derived from molecular-constructed clone for 4 h. The
nfected cells were washed and cultured in a volume of 3 ml. The
ulture supernatants were harvested on day 4 after infection dur-
ng the linear replication phase and p24 antigen production was
etermined (Hachiya et al., 2008). For competitive HIV-1 replica-
ion assays (CHRA), the two titrated infectious clones were mixed
nd added to MT-2 cells as described previously (Nameki et al.,
005). To ensure that the two infectious clones being compared
ere of approximately equal infectivity, a fixed amount (500 BFUs)

f one infectious clone was mixed with three different amounts
250, 500 and 1000 BFUs) of the other infectious clone. On day
, one-third of the infected MT-2 cells were harvested, and sub-
ected to DNA extraction. The purified DNA was used for nested
CR and then direct sequencing. Every 4–5 days, the viral popu-
ation change was also determined, and the cell-free supernatant
f the virus coculture (1 ml) was transmitted to new uninfected
T-2 cells. The cells harvested at the end of each passage were

ubjected to direct sequencing, and the viral population change was
etermined.

.5. GenBank accession numbers

All sequences of clinical isolates referred in this study are
vailable under GenBank accession nos. AF500084 to AF500093,
J964904 to AJ964940, AY185366 to AY185492, AY436381 to
Y436401, AY523979 to AY523991, AY750998 to AY751078,
Y768582 to AY768660, and AY785131 to AY785135.

. Results

.1. T-20 susceptibility of HIV-1 clones

V38A, N43D, and a combination of Q40H and L45M conferred
trong resistance to T-20 (more than 48-fold) while the Q40H, N43K,
nd L45M substitutions conferred moderate resistance (5.4–13-
old) in comparison to NL4-3 (wild type, WT) (Table 1). These
esults are consistent with those of a previous report (Labrosse et
l., 2006; Lu et al., 2004; Menzo et al., 2004; Pérez-Alvarez et al.,
006; Wei et al., 2002) and demonstrate that these substitutions act
s a primary mutation for T-20 resistance. All synonymous muta-
ions at 39, 41, and 44 conferred little T-20 resistance by themselves
nd even in combination with other substitutions, including N43D
nd N43K (Table 1). Since Q39, located adjacent to stem-loop III,
as no complementary partner, Q39 was used for further experi-
ents as a control for synonymous mutations. Therefore, the gp41

mino acid sequence solely confers T-20 resistance, while the RNA
equence or the structure itself may not markedly contribute to T-20
esistance.

Although the D36G substitution located in the stem-loop II is
bserved in the vast majority of HIV-1 strains, only NL4-3 strain
ontains D36 at this position. The introduction of D36G into NL4-3

ased T-20 resistant clones enhanced T-20 susceptibility by approx-

mately 10-fold (Table 1). The D36G partially or completely restored
-20 susceptibility attenuated by N43D or K in NL4-3 viruses,
espectively. Therefore, D36 may actually enhance T-20 resistance
aused by N43D or N43K in the vast majority of the HIV-1 strains.
arch 82 (2009) 67–72 69

In fact, D36 is frequently detected in T-20 experienced patients
and is associated with T-20 resistance (Cabrera et al., 2006). How-
ever, N43K containing variants with D36G background seem to be
insufficient for resistance to T-20 (only 4-fold resistance), which is
consistent with low frequency of emergence of N43K containing
variants in T-20-experienced patients (Lu et al., 2006; Morozov et
al., 2007; Si-Mohamed et al., 2007).

3.2. Replication kinetics

In D36 background (pNL4-3 derived virus), replication of HIV-
1 with primary mutation(s) was much attenuated (Table 1). It is
well consistent with rare frequency of simultaneous introduction of
V38A and/or N43D with D36 in vivo (Cabrera et al., 2006). Synony-
mous substitutions at amino acids, Q41 and L44 were frequently
observed in T-20-resistant clinical isolates with N43 substitu-
tions deposited in the GenBank, suggesting that these synonymous
mutations may work as secondary mutations. To prove this hypoth-
esis, N43D mutants were generated with synonymous mutations,
L44L-CUG: UUG → CUG, Q39Q-CAA: CAG → CAA and Q41Q-CAA:
CAG → CAA, designated as HIV-1N43D/L44L-CUG, HIV-1Q39Q-CAA/N43D
and HIV-1Q41Q-CAA/N43D, respectively, and their replication kinet-
ics were determined. The p24 production of all of the mutants
remained less than 2% in comparison to that of HIV-1WT (Table 1).
Replication kinetics were compared based on CHRA, demonstrating
that combination of synonymous and complementary mutations,
Q41Q-CAA and L44L-CUG restored replication kinetics impaired
by N43D, while that of a simple synonymous mutation (not com-
plementary), Q39Q-CAA, did not (Table 2). However, the D43N
(GAU → AAU) substitution, which reverts to WT sequence, was
detected in the virus population as early as on day 10 during the
CHRA, when HIV-1N43D was used (Fig. 2). N43D (GAU) is the puta-
tive target site of apobec3F or 3G deamination that is involved in
innate immunity to HIV-1 infection (Bishop et al., 2004; Harris et al.,
2003; Liddament et al., 2004; Mangeat et al., 2003; Wiegand et al.,
2004; Zhang et al., 2003). The MT-2 cells used in this study express
both apobec 3G and 3F as confirmed by reverse transcription 165
coupled PCR (data not shown). Therefore, N43D might be reverted
to N43 (identical sequence of HIV-1WT) by the deaminases, thus
resulting in the appearance of NL4-3 strains.

Since D36G increases the level of replication by controlling the
fusogenic activity (Kinomoto et al., 2005) and stability of RRE struc-
ture (Nameki et al., 2005), the generated N43D mutants were com-
bined with D36G (HIV-1D36G/N43D, HIV-1D36G/N43D/L44L-CUG, HIV-
1D36G/Q39Q-CAA/N43D and HIV-1D36G/Q41Q-CAA/N43D). These recom-
binant viruses showed comparable replication kinetics with
HIV-1WT or HIV-1D36G (Table 1) and revealed an identical order
of replication observed in the N43D containing HIV-1s by the CHRA
(Table 2). It is likely that N43D mainly impaired replication kinetics
through altered fusion kinetics, since reduced replication kinetics
by N43D can be partially restored by introduction of S138A (Cabrera
et al., 2006; Marcial et al., 2006; Mink et al., 2005; Xu et al., 2005)
and the �G value is identical to that of WT (Fig. 1B). It is also possible
that nucleotide sequence of N43D-GAT may influence Rev binding
to stem III.

In N43K mutants, the synonymous mutation, L44L-CTG,
also enhanced the replication kinetics (Table 2). The L44L-CTG
enhancement was greater in N43K-AAA mutant. Taken together,
synonymous and complementary mutations restore HIV-1 repli-
cation impaired by introduced primary mutations, suggesting that
these mutations act as secondary mutations.
3.3. Stability of stem-loop III

The structural stability of stem-loop III for N43K with codons
AAA or AAG, were both comparable (Fig. 1) when calculated using
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Table 1
Drug susceptibilitya and viral replicationb of HIV-1 clones with primary mutations or synonymous mutations.

Mutation(s) EC50
c (�M) p24(%)

ddC T-20

WTd 0.51 ± 0.089 0.021 ± 0.0093 100
D36G 0.66 ± 0.22 (1.3)e 0.0026 ± 0.0012 (0.1) 95 ± 15

Primary mutations
V38A 0.65 ± 0.12 (1.3) >1.0 (>48) 3.3 ± 1.7
Q40H 0.47 ± 0.11 (0.9) 0.21 ± 0.087 (10) 31 ± 11
N43D 0.48 ± 0.13 (0.9) >1.0 (>48) <2
N43KAAA 0.22 ± 0.005 (0.4) 0.28 ± 0.024 (13) 21 ± 11
N43KAAG 0.32 ± 0.009 (0.6) 0.11 ± 0.019 (5.4) 30 ± 16
L45M 0.68 ± 0.12 (1.3) 0.27 ± 0.11 (13) 5.4 ± 0.8
Q40H/L45M 0.37 ± 0.2 (0.7) >1.0 (>48) 7.7 ± 3.7

Synonymous mutations
QCAG39QCAA 0.62 ± 0.077 (1.2) 0.015 ± 0.006 (0.7) 115 ± 16
QCAG41QCAA 0.58 ± 0.13 (1.1) 0.054 ± 0.011 (2.6) 192 ± 53
LUUG44LCUG 0.62 ± 0.089 (1.2) 0.030 ± 0.018 (1.5) 191 ± 34
LUUG44LUUA 0.64 ± 0.18 (1.3) 0.014 ± 0.0026 (0.7) 5.9 ± 1.7

N43D series
N43Df 0.48 ± 0.13 (0.9) >1.0 (>48) <2g

N43D/L44LCUG 0.35 ± 0.050 (0.7) >1.0 (>48) <2
Q39QCAA/N43D 0.34 ± 0.17 (0.7) >1.0 (>48) <2
Q41QCAA/N43D 0.62 ± 0.097 (1.2) >1.0 (>48) <2
D36G/N43D 0.56 ± 0.18 (1.1) 0.13 ± 0.056 (6.1) 81 ± 10
D36G/N43D/L44LCUG 0.63 ± 0.19 (1.2) 0.10 ± 0.045 (4.9) 103 ± 34
D36G/Q39QCAA/N43D 0.76 ± 0.12 (1.5) 0.14 ± 0.057 (6.8) 59 ± 23
D36G/Q41QCAA/N43D 0.74 ± 0.14 (1.5) 0.14 ± 0.066 (6.8) 67 ± 16

N43K series
N43KAAA

f 0.22 ± 0.005 (0.4) 0.28 ± 0.024 (13) 21 ± 11
N43KAAG

f 0.32 ± 0.009 (0.6) 0.28 ± 0.077 (13) 30 ± 16
N43KAAA/L44LCUG 0.64 ± 0.087 (1.3) 0.22 ± 0.082 (11) 76 ± 18
N43KAAG/L44LCUG 0.59 ± 0.10 (1.2) 0.20 ± 0.067 (10) 37 ± 15
D36G/N43KAAA 0.61 ± 0.086 (1.2) 0.0069 ± 0.0004 (0.3) 26 ± 18
D36G/N43KAAG 0.60 ± 0.078 (1.2) 0.0087 ± 0.0008 (0.4) 27 ± 12
D36G/N43KAAA/L44CUG 0.28 ± 0.14 (0.6) 0.0057 ± 0.0016 (0.3) 96 ± 19
D36G/N43KAAG/L44LCUG 0.69 ± 0.14 (1.4) 0.0069 ± 0.0003 (0.3) 53 ± 8.1

a Antiviral activity was determined by the MAGI assay. The data shown are mean values and standard deviations obtained from the results of at least three independent
experiments.

b Viral replication was determined by p24 ELISA. The data shown are mean values and standard deviations obtained from the results of at least three independent
experiments. Absolute p24 value for HIV-1WT was 1.8 ± 0.2 ng/ml.

c 50% effective concentration was determined with the MAGI assay (Nameki et al., 2005).
d HIV-1NL4-3 was used as a wild type virus.
e Fold change in EC50 of the gp41 recombinant molecular clone compared with that of HIV-1WT.
f Also described in the primary mutations section of Table 1.
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Only insufficient replication of HIV-1N43D in MT-2 cells was observed. However,
ells in the MAGI cells, since the MAGI assay only detects first round of viral infectio
ffect compared to other assays that allow multiple replications.

he MFold program version 3.2 (http://frontend.bioinfo.rpi.edu/
pplications/mfold/) (Mathews et al., 1999; Zuker, 2003). The
eplication kinetics of HIV-1N43K-AAA and HIV-1N43K-AAG were
omparable, in combination of L44L-CTG, however, that of HIV-
N43K-AAA was greater by the CHRA. It is possible that the

ucleotide sequence itself may affect binding affinity of Rev to the
RE, although detailed mechanism of the difference between N43K-
AA and -AAG remains to be elucidated. Introduction of D36G to
43K-containing clones did not improve the replication kinetics of
43K-containing clones but restored their susceptibilities to T-20

able 2
ffect of synonymous mutations on replication of HIV-1.

utation background Orde

43D HIV-
36G/N43D HIV-
43K HIV-
ynonymous mutations HIV-

ompetition of HIV-1 replication assay (CHRA) was performed in MT-2 cells. At least two
uld determine initial titer of the HIV-1N43D obtained from freshly transfected 293T
o Tat expression. Therefore, it may be ideal for determination of accurate inhibitory

(Table 1). These results indicate that synonymous mutations thus
maintain HIV-1 replication.

A combination of primary mutations, namely Q40H and L45M
(both �G values are 0.1 but in combination that is −4.5), which are
complementarily located and stabilize stem III structure (Fig. 1B)

and observed in vivo (Cabrera et al., 2006; Marcial et al., 2006;
Mink et al., 2005; Xu et al., 2005), may alter the replication kinet-
ics at either the nucleotide or amino acid level. Recent studies
also highlight strong co-presence of Q40H and L45M in clinical
isolates treated with T-20 (Svicher et al., 2008). These results sug-

r of replication

1N43D/L44L-CUG = HIV-1Q41Q-CAA/N43D > HIV-1N43D = HIV-1Q39Q-CAA/N43D

1D36G/N43D/L44L-CUG = HIV-1D36G/Q41Q-CAA/N43D > HIV-1D36G/N43D > HIV-1D36G/Q39Q-CAA/N43D

1N43K-AAA/L44L-CUG > HIV-1N43K-AAG/L44L-CUG > HIV-1N43K-AAA = HIV-1N43K-AAG

1L44L-CUG = HIV-1Q41Q-CAA > HIV-1WT = HIV-1Q39Q-CAA

independent CHRAs were performed.

http://frontend.bioinfo.rpi.edu/applications/mfold/
http://frontend.bioinfo.rpi.edu/applications/mfold/
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Fig. 2. Emergence of HIV-1N43N-AAT (HIV-1WT) during CHRA for HIV-1N43D and
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IV-1N43D/L44L-CTG are shown. Open square, closed circle, and closed triangle rep-
esent HIV-1N43D, HIV-1N43D/L44L-CTG, and HIV-1N43N-AAT, respectively. Absolute viral
opulations of each HIV-1s (A) and relative viral populations of HIV-1N43D and HIV-
N43D/L44L-CTG (B) were shown.

est that introduction of the primary mutations in the nucleotide
evel are affected by the RRE stability, indicating that amino acid
nd nucleotide substitutions in the gp41 and the RRE, respectively,
o-operatively play a role.

.4. Effect of synonymous mutations

As expected, the synonymous mutations (Q39Q-CAA, Q41Q-
AA, and L44L-CUG) solely affect viral replication but not T-20
usceptibility (0.7–2.6-fold in Table 1). They displayed an order of
eplication of HIV-1L44L-CUG = HIV-1Q41Q-CAA > HIV-1WT = HIV-
Q39Q-CAA, also demonstrating that only synonymous and
omplementary mutations, Q41Q-CAA and L44L-CTG, enhance
eplication kinetics. Finally, HIV-1L44L-UUA that is not detected in
ivo was constructed and its replication kinetics was examined. As
hown in Fig. 1, the third nucleotide for L44 raises the �G value, thus
ndicating that structure of the stem-loop III is unstable. The vari-
nts displayed impaired replication kinetics (Table 1). These results
ndicate that, in addition to the influence on gp41 function by amino
cid substitutions, the structural stability of stem-loop III is one
f the major determinants of the replication kinetics of mutated
lones.

. Discussion

This study demonstrated that synonymous mutations in the
tem-loop III of RRE play an important role in the improvement of
IV-1 replication without affecting T-20 susceptibility. The struc-

ural stability of stem-loop III defined by �G value was strongly
2
orrelated with the replication kinetics (R = 0.76, Fig. 1C), while the

usceptibility, based on the EC50 value, was less (R2 < 0.3 exclud-
ng clones that showed over 48-fold resistance, data not shown).
lthough it is likely that the nucleotide sequence of stem-loop III as
ell as the structural stability may also influence the RRE functions,
arch 82 (2009) 67–72 71

including Rev binding, the current results indicate that the struc-
tural stability of RRE as well as gp41 amino acid substitutions seem
to be a determinant for replication kinetics. At present, however, it is
impossible to conclude that the pre-existence of such synonymous
mutations in the RRE predicts on how T-20 resistance mutations
are acquired.

Armand-Ugón et al initially isolated and reported resistance
to C34 in vitro (Armand-Ugón et al., 2003), although we previ-
ously demonstrated that some of mutations for C34 resistance are
involved in the RRE function as described (Nameki et al., 2005).
The variants contained L33S or V38E mutations in the gp41 and
both showed strong (more than 500-fold resistance) C34 resistance
(Armand-Ugón et al., 2003). These mutations in the nucleotide level
are also located in RRE (Fig. 1A); the nucleotide substitutions for
L33S and V38E are located in the loop of stem IIB and the middle
of stem IIC, respectively. Interestingly, V38E emerged in the HxB2-
derived strain containing D36G polymorphism that stabilizes stem
IIB structure, while L33S, which might have little effect on stem
IIC stability due to its location, was observed in the NL4-3-derived
resistant strain. These results also suggest that introduction of some
mutations in the gp41 is restricted by RRE function. Armand-Ugón
et al. (2003) failed to identify the secondary mutations for L33S or
V38E. It is likely that the effect on RRE function may be tolerable
for viral replication. Alternatively, relative short induction periods
(maximum 17 passages) might also influence efficient introduction
of the secondary mutations.

Functional analysis for Rev, RRE, and/or both seems to be impor-
tant to reveal a detailed effect on viral replication. In this regard,
we have previously demonstrated that effect of mutations for C34
resistance located in stem-loop II on binding of Rev to RRE was
not apparent (less than 10% in the gel shift assay (Nameki et al.,
2005)). It is possible that other factors including nuclear export
and host factors, which may be influenced by the mutations, are
involved in viral replication through interaction of Rev/RRE in HIV
infected cells. Therefore, in the present study, we constructed an
artificial mutant L44-TTA, which destabilizes or disrupts the stem
III structure, and examined the effect on viral replication (Table 1).
Replication of L44-TTA containing mutant showed much reduced
replication kinetics even without gp41 amino acid substitutions,
again indicating that stem III also plays an important role in viral
replication.

So far, no information concerning Rev and Tat nucleotide sub-
stitutions is available in T-20 experienced patients. It is possible
that the altered function of RRE may induce Rev mutation(s). In
this regard, the entire sequence of Rev coding region of a C34 resis-
tant variant was determined, however, no mutations were observed
(Nameki et al., 2005). Most of the coding region of Rev also encodes
Tat and gp41, thus indicating that Rev mutation(s) would alter these
functions. This suggests that, even for single amino acid substitu-
tion, the genetic barrier for T-20 resistance seems to be relatively
high when synonymous mutations are required to be introduced
with the primary mutations and further fusion inhibitors that target
the N-helical region thus appear to be promising.

In conclusion, this study provides valuable insight into the func-
tional importance of RRE in HIV-1 with T-20 resistance for the
replication kinetics. To reveal the function of gp41, experiments
with artificial amino acid substitutions, e.g., alanine scanning,
which can be used to rapidly identify residues important for protein
function by alanine substitution, should be carefully conducted.
Further studies will reveal the functional significance of the RNA
and protein function in this region.
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