Voo ?® and K, are defined as

Vmaxapp =km’app {E] (2)
and
a+
Kmﬂpp =K “—‘&“ » (3)
Ul
1+ )

respectively, where K, is the Michaelis-Menten constant; [£] is the
enzyme concentration; [/] is the inhibitor concentration; &; and K/
are the inhibition constants for the enzyme and the complex of the
enzyme with substrate; and £,,* is the apparent turnover number:

kral

(H%];)‘

kmlapp =

Q)

where £,,, is the turnover number.
The ko and K, that can be derived from the model
(Figure 2C) are

k(‘al

kea™ = TN 5
a+ '1(717)
i
and
[IATP] [IAZT] [IAZTMIATP]
K1+ KATP + KAZT K'ATP g AZT
K, PP — i i i i (6)
mo UATP] ’
(l + KfATP)
4

where X717% is the dissociation constant of ATP; K,-AZ P is the
dissociation constant of AZTTP; [F*77] is the ATP concentration;
and [F'<77F] is the AZTTP concentration.

Structural Analysis

We constructed the 3-D models of HIV-1 RTs by homology
modeling [19] using the Molecular Operating Environment, MOE
(Chemical Computing Group, Canada) as previously described
{34]. We generated models of the 93JPNH-1 RT and ERT-mt6 RT
structures at the pre- and post-translocation stages, which
theoretically are competent for the binding of the incoming-ATP.
We used two crystal structures of the HIV-1 RTs (PDB code: IN6Q
[14] and IRTD [1]) as modeling templates. The sequence identities
of the IN6Q and 1RTD with the 93]JPNH-1 RT and ERT-mt6 RT
are ~90%. We optimized the 3-D structure thermodynamicaily by
energy minimization using MOE and an AMBER94 force field. We
further refined the physically unacceptable local structure of the
models on the basis of evaluation by the Ramachandran plot using
MOE. The optimized models were docked with ATP with the
automated ligand docking program ASEDock2005 [22] (Ryoka
Systems, Japan) operated in the Molecular Operating Environment.
The RT-template-primer-ATP complex structures were thermody-
namically and sterically optimized as described above.

Site-Directed Mutagenesis

Site-directed mutagenesis was performed with a QuikChange
Multi Site-Directed Mutagenesis Kit (Stratagene, USA), using

@ PLoS ONE | www.plosone.org

Regulation of HIV RT by ATP

pQE70 (Qiagen, Germany) containing the coding sequence of the
p66 subunit of ERT-mt6 as the template. The positions of the
amino acid substitutions corresponded to the positions 72, 110, 113,
116, and 219 of 93JP-NH1. The mutations and oligonucleotides
used in the mutagenesis reaction were R72A (5'-CGGCCAGCA
TTAAATGGgcGAAATTAGTAGATTTCAGAGAG-3'), R72Q
(5'-CGGCCAGCATTAAATGGcaGAAATTAGTAGATTTCA-
GAGAG-3"), D110A (5'-GAAAAAATCAGTAACAGTACTAG-
cTGTGGGAGATGCATATTTTTC-3'), DIION (5'-GAAAAA-
ATCAGTAACAGTACTAaATGTGGGAGATGCATATTTT-
TC-3), D113A (5'-CAGTACTAGATGTGGGAGCcTGCATAT-
TTTTCAGTTCCTT-3"), D113N (5'-CAGTACTAGATGTGG-
GAaaTGCATATTTTTCAGTTCCTT-3), F116A (5'-GGAA-
CTGAAgcATATGCATCTCCCACATCTAGTACTG-3'), Fil6L
(5'-GGAACTGACAAATATGCATCTCCCACATCTAGTACT-
G-3'), K219A (5'-GGGATTTTATACACCAGACgcAAAGCAT-
CAGAAGGAACCTC-3"), and K230(219)Q (5'-GGGATTTTA-
TACACCAGACCAAAAGCATCAGAAGGAACCTC-3'), where
the introduced mutations appear in lowercase letters. In all cases,
the nucleotide sequences of the complete p66 coding region and of
cloning sites were verified with an automated sequencer. The
mutant p66 subunits were expressed in XLI-blue and used to form
the p51/p66 heterodimer using the p5!1 subunit of 93JP-NH]1 in
binding buffer, as described above. The p51/p66 heterodimers
were purified by Ni?* affinity chromatography. About 104 to
221 pg of the p51/p66 heterodimers, with about 90% purity as
judged by SDS-polyacrylamide gel electrophoresis (Figure S4A),
were obtained from a 20 ml culture. The purified RTs were
dissolved in the RT stock buffer and kept at —30°C until use.

Supporting Information

Figure 81 Data on RTs of 93JP-NHI and ERT-mt6. A.
Electrophoresis of the purified p51/p66 heterodimers of HIV-1
RTs. The purified p51/p66 heterodimers of 93JP-NHI RT (NH1)
and ERT-mt6 RT (mt6) were electrophoresed on an SDS-4/20%
polyacrylamide gradient gel. The gel was stained with GelCode
Blue Stain Reagent (Pierce, USA). (Lanes 1 and 4) Molecular size
markers. B. The substrate-velocity curves of purified HIV-1 RTs.
RNA-dependent DNA polymerase activity at the indicated
concentrations of [0-*?P)dTTP was measured using purified
RTs of 93JP-NH1 (1 nM) and ERT-mt6 (10 nM).

Found at: doi:10.1371/journal.pone.0008867.5001 (0.29 MB TIF)

Figure 82 Lineweaver-Burk double-reciprocal plots of AZTTP-
dependent inhibition of dTTP incorporation. A. 93JP-NH1 RT.
B. ERT-mt6. The initial velocities of dTMP incorporation into
poly (rA)p(dT)is.1s were measured using [0-*?P]dTTP and
purified RTs in the presence of AZTTP. Reciprocal values of
the initial velocities and substrate concentrations are plotted.

Found at: doi:10.1371/journal.pone.0008867.5002 (0.15 MB TIF)

Figure 83 Docking simulations of ATP with RT-template-primer
ternary complex models. A and C: 93JP-NH1 RT. B and D: ERT-
mt6 RT. The 3-D models of the p66-template-primer complexes at
the pre-translation stage (A and B) and the post-translation stage (C
and D) were constructed by a homology modeling technique and
docked with ATP using the ASEDock2005 (see Materials and
Methods). Catalytic clefts composed of fingers, palm, and thumb
subdomains are shown. ATP, red sticks; p66 main chain, grey
ribbon; template-primer, grey sticks; motif A, blue ribbon.

Found at: doi:10.1371/journal.pone.0008867.5003 (1.93 MB TIF)

Figure 84 Data on RT mutants from the ERT-mt6 RT. A.
Electrophoresis of the purified RT mutants from the ERT-mt6
RT. B. dTMP incorporations into poly (rA)-p(dT);z.15 by the
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mutant RTs. RNA-dependent DNA polymerase activity of the
purified RTs (20 nM) was measured using a {¢**P}dTTP and
poly (rA)'p(dT)i15 system. C. Fold increases in the ICsq of
AZTTP by ATP addition. ICsy values of AZTTP with RT
mutants were calculated from the amounts of [¢-*2P]dTTP
incorporation in the presence of various concentrations (0—
1 uM) of AZTTP and 5 mM ATP. Fold increases in ICs
compared to the values without ATP are shown. D. The substrate-
velocity curves of purified HIV-1 RTs in the presence of ATP.
RNA-dependent DNA polymerase activity of the purified mutant
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The third variable region (V3) of the human immunodefici iciency virus type 1°(HIV-1) envelope gp120 subumt participates in
determination of viral infection coreceptor-tropism.and host humoral immune responses, Positive charge of the:-V3 plays a
key role in determining viral coreceptor tropism. Here, we examined by bicinformatics, experimental, and protein modelling
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countries during-1984 and 2005 (n = 1361) revealed that reduction i in'the V3's net positive charge makes V3 less variable due.
to limited positive selection. Consistently, neutralization assay using CRFO1- AE V3 recombinant viruses {n = 30} showed that
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and the CXC chemokine receptor 4 (CXCR4) [6]. Notably, a
single group of the HIV-1 variants using the CCR5 (R5 virus [6])
predominates during the first several to 10 years or more of
persistent infection in vive [7,8]. Other tropism variants including
CXCR4-tropic variants (X4 virus [6]) can grow at early stage of
infection by needle stick injuries, but are replaced with the R5

Introduction

The third variable region (V3) of human immunodeficiency
virus type 1 (HIV-1) envelope gpl20 subunit participates in
determination of viral infection coreceptor tropism [1,2]. It is
usually composed of 35 amino acids, which form a loop-like

structure on the gp120 monomer {3,4]. The V3 and the conserved
outer domain of gpl20 create the binding surface for viral
infection coreceptors after the binding of gp120 to the primary
infection receptor CD4 [4,5]. These interactions and successive
conformational changes of gpl120 are essential in rendering the
initially occluded hydrophobic domain of the envelope gp4l
subunit available to fusion with cellular plasma membrane.

The HIV-1 V3 is highly variable. In parallel with the V3
sequence variation, many types of infection coreceptors are
reported. These are the members of the G protein-coupled
receptor superfamily. The two most common types of infection
coreceptors in humans are the CC chemokine receptor 5 (CCR5)

@ PLoS ONE | www.plosone.org

viruses after seroconversion [9,10]. They generally grow better
only during progression to AIDS. The R5 and X4 viruses are
distinguishable by sequence feature of V3: the R5 V3 amino acid
sequences generally have a lower net positive charge than those of
X4 [3,11]. Only a few basic substitutions in V3 can switch the viral
coreceptor tropism from CCR5 to CXCR4 [12,13]. Considering
the extremely high levels of mutation rate of HIV-1, these findings
suggest that strong selective forces are continually purifying the R5
viruses during long-lasting persistent infection.

The HIV-1 V3 is highly immunogenic, tolerant to change, and
variable presumably to evade immune recognition [14-16]. HIV-
infected individuals make high levels of anti-V3 antibodies that are
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reactive with soluble, monomeric gp120 protein [17,18]. Howev-
er, they often react poorly or only with low affinity to the native,
oligomeric form of the gpl20 protein [17,18]. The inaccessibility
of the oligomeric envelope protein is particularly prominent in the
primary HIV-1 isolates [19~21], which are usually the R5 viruses.
Indeed, studies with limited set of viruses have shown that
antibodies reactive with the R5-virus V3s tend to bind to the
monomeric but not the oligomeric gpl20s [22,23], and they
poorly neutralize the R3 viruses {23-25]. In contrast, antibodies
against X4-virus V3s usually bind to both forms of gp120s {22,23],
and they potently neutralize the X4 viruses [23-25]. Consistent
with the lower sensitivity of RS viruses to anti-V3 antibody
neutralization, positive selection for amino acid variation is less
prominent in the R5 virus V3 sequences, and V3 amino acid
sequences of the R5 virus are relatively homogeneous among virus
isolates {26,27] or in infected individuals [28-30] compared with
those of the X4 viruses.

While the immunological escape, variation, and coreceptor
tropism evolution of HIV-1 is an important issue from both
clinical and scientific viewpoints, current studies are largely
confined to those of HIV-1 subtype B from North America and
Europe. In this study, we attempted to obtain and integrate
information on HIV-1 CRFOI_AE strain [31] circulating in
Southeast Asia. Specifically, we examined whether net positive
charge of HIV-1 CRFOI_AE V3 sequence regulates viral
sensitivity to humoral immunity. Here, we demonstrate by
combining biocinformatics, experimental, and protein modelling
approaches that the reduction in net positive charge of HIV-1
CRFOI_AE V3 sequence reduces viral sensitivity to humoral
immunity and simultaneously confers viral CCR5 tropism. The
findings suggest a key role of the V3 net positive charge in the
immunological escape, variation, and the coreceptor-tropism
evolution of HIV-1 CRF01_AE i vive.

Results

Correlation of HIV-1 CRFO1_AE V3 net positive charge, V3

prevalence, and V3 diversity.

A previous case study has suggested that a group of CRFO1_AE
V3 sequences for the viral CCR5 tropism is resistant to the selective
force for amino acid variation [29,30]. To extend this finding with
three infected individuals, we conducted large-scale analysis of V3
diversity using public database information. V3 sequences of the
CRFO!I_AE strain were extracted from the HIV Sequence
Database  (http://www.hiv.lanl.gov/content/hiv-db/mainpage.
html). A single V3 amino acid sequence per infected individual
was randomly extracted. Sequences with ambiguous bases are
excluded from the analysis. V3 sequences (n= 1361, 35 amino acid
length) from 37 countries during 1984 and 2005 (see supporting
information Figs. Sla and S1b) were used for the diversity analysis.
The 1361 V3 sequences were divided into two subsets, “a” and “b”,
which lack and have the glycosylation motif, respectively. Each
group was divided into subgroups on the basis of the net charge;
arginine, lysine, and histidine were counted as +1, aspartic acid and
glutamic acid as — 1, and other amino acids as 0.

Although there are exceptions, the V3 amino acid sequences
capable of directing the viral CCR5 tropism of the CRFOI_AE
strain generally have net positive charges of +2 to +4 and the
conserved N-linked glycosylation motif (asparagine-X-threonine/
serine) at positions 6 to 8 [29,30]. Consistent with the dominance of
the R5 viruses in humans, less positively charged, glycosylated V3
sequences for the CCRS5 tropism {2b, 3b, and 4b) were dominant in
the database for over 15 years, independent of the sampling period
{Fig. 1A and Fig. S1c). Shannon entropy scores representing amino

@ PLoS ONE | www.plosone.org

Adaptive Evolution of HIV-1

acid variation were relatively low for the most abundant 3b V3
compared to those for the 7a V3 for the CXCR4 tropism (Fig. 1B),
consistent with previous report [3]. Nucleotide substitutions for
amino acid change were more suppressed in the V3s for the CCR5
tropismn compared with those for the CXCR4 tropism (Fig. 1C).
The 3b V3 had the lowest ratio of nonsynonymous to synonymous
substitutions (4,,/d;) with about 0.6, and acquisition of a glycosyl-
ation site decreased the d,,/4d; ratios (P=0.001, Table S1). The d,/4d,
ratios correlated positively with the Shannon entropies, with lower
d,,/ d; ratios for lower entropies (Fig. 1D). Similar effects of the net
positive charge of V3 on V3 diversity were detected in other major
genetic lineages of HIV-1 circulating in the world, such as subtypes
A, B, and C (Fig. 52).

If the low levels of amino acid changes in the V3 structures for
CCRS5 tropism involved the elimination of new mutants in natural
selection, negative values for Tajima’s D statistic would be
expected [32]. Indeed, Tajima’s D statistic was significantly
negative for 2b and 3b V3s (P=0.01, Fig. 1E and Table S2).
Together, these findings on V3 diversity provide further evidence
that the V3 sequences for the CCR5-tropism are less variable in
nature due to the limited positive selection for amino acid diversity
compared with those for CXCR#4 tropism.

Correlation of HIV-1 CRFO1_AE V3 net positive charge,
HIV-1 neutralization sensitivity, and HIV-1 coreceptor
tropism,

A positive selection pressure for the V3 diversity can be the
humoral immunity. To examine whether the V3 net positive
charge regulates HIV-1 neutralization sensitivities to the anti-V3
antibodies, we used V3 recombinant viruses (n=30). The
recombinant viruses have the CRFOI_AE V3s in the backbone
of the X4 virus gp120 of HIV-1 subtype B, LAI strain [13,30,33].
The V3s were from HIV-1 proviral DNA clones in the peripheral
blood mononuclear cells of three infected individuals at the
asymptomatic stage or AIDS [13,30,33]. These V3s could be
grouped into the 2b (n=2), 3b (n=4), 4b (n=5), 5b (n=3), 6b
(n=5), 3a (n=1), 4a (n=2), 5a (n=3), 6a (1=3), and 7a (x1=2)
sequences (Fig. §3). The 2b, 3b, and 4b V3 clones were the most
prevalent in the three infected individuals examined, and their
sequences were mostly identical [29], consistent with the V3
prevalence and diversity data in this study. The neutralization
sensitivity of each recombinant virus was assessed with a single-
round viral infectivity assay [34]. In parallel, titers of plasma
antibody reactive with the V3 elements of the recombinant viruses
were measured with V3-peptide-based, enzyme-linked immuno-
sorbent assay (ELISA) [35].

When the V3 synthetic peptide of the parental virus of the
recombinant viruses was used for the immunoassay, the CRFO1_AE
plasma samples had only traces of binding antibodies (Fig. 2B,
Absorbance of LAI). The blood samples failed to neutralize this
virus (Fig. 2B, NDs¢ of LAI). Thus, the blood samples tested are
lacking in anti-V3 binding antibodies, as well as neutralization
antibodies against the parental subtype B virus. The results agree
with low levels of V3 amino acid identities between subtype B and
CRFOI_AE  strains  (http://www.hiv.lanl.gov/content/hiv-db/
mainpage.html). They also agree with the assumption that V3
sequence diversity causes neutralization escape of HIV-1.

All blood samples from CRFOI_AE infected individuals
contained antibodies that bound to the synthetic peptides from
the CRFO1_AE strain V3 sequences of the recombinant viruses
(Fig. 2B, Absorbance of 2b to 7a). Coincidentally, they neutralized
a group of the viruses having particular V3 sequences (Fig. 2B),
‘The neutralization-sensitive viruses had V3s lacking a glycosyla-
tion site (3a, 4a, 5a, 6a, 7a, n=11), or V3s having a glycosylation
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Figure 1. V3 net positive charge influences V3 diversity, HIV-1 CRFO1_AE V3 sequences (n=1361) were grouped on the basis of net positive
charge and glycosylation capability (4) Distribution of the V3 structural variants of HIV-1 CRFO1_AE in the public database. (8) Shannon entropy
scores {3] on primary and three-dimensional structures of 3b and 7a V3s. AE-c, 3b-c, and 7a-c indicate consensus sequences for all CRFO1_AE
sequences, 3b V3 group (n=576), and 7a V3 group (n=21), respectively. (C) Median (diamond) and interquartile range (vertical bar) of ratios of d,/d.,,

(D) Relation of median d,/d; ratios and average Shannon entropy scores, and (£) Tajima’s D statistic values [32] for each V3 structural group.
doi:10.1371/journal.pone.0003206.9001

site and increased net positive charge (5b and 6b, n=8) (Fig. S3). Notably, the blood samples poorly neutralized a group of V3
The neutralization activities were abrogated by protein G pre- recombinant viruses (Fig. 2B, NDsg of 2b, 3b, and 4b, n= 1 1), These
treatment of the plasma samples (Fig. S4), showing that viruses had weakly charged V3s and had an N-glycosylation site,
neutralization is indeed mediated by antibodies in the plasma which are the characteristics of V3s for GCRS5 tropism (Fig. 3, V3

samples. IDs of 2b, 3b, and 4b). The lack of neutralization activities was not
@ PLoS ONE | www.plosone.org 3 September 2008 | Volume 3 | Issue 9 | 3206
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Figure 2. Reduction in V3 net positive charge causes loss of HIV-1 neutralization sensitivity to blood antibodies against V3 PND. (4)
Genome structure of the V3 recombinant viruses (n=30) [13,30,33]. (8) Blood anti-V3 antibody titers and viral neutralization sensitivity to the blood
antibodies. Plasma samples (n =20) were obtained from CRF01_AE positive individuals. Plasma antibody binding activities to the synthetic peptides
corresponding to each V3 PND of the recombinant viruses were measured by V3-peptide-based ELISA [35] (Absorbance at 450 nm), The same plasma
samples were used to measure NDs, against recombinant viruses in a single-round infectivity assay using CD4"CXCR4TCCRS* Hela cells (34)
(Neutralization). Medians (diamond) and interquartile ranges for individual V3 structural groups are shown. (CJ Neutralization sensitivity and
coreceptor tropism. The recombinant viruses were grouped into CCRS-tropic (left) and CXCR4-tropic (right) variants using data reported previously

[13,30,33].
doi:10.1371/journal.pone.0003206.g002

due to the lack of anti-V3 binding antibodies against these
recombinant viruses. The blood samples contained high levels of
antibodies that bound to the 2b, 3b, and 4b V3 peptides, more so
than of other V3 groups (Fig. S5 and Fig. 2B, Absorbance of 2b, 3b,
and 4b). The results are consistent with the high levels of prevalence
and limited diversity of these V3 sequences (Fig. 1). The study shows
that the group of V3 elements for CCR5 tropism is highly
immunogenic, whereas binding antibodies raised in humans
generally show only weak neutralization activities. This neutraliza-
tion-resistant phenotype associated with particular V3 group was

@ PLoS ONE | www.plosone.org

observed reproducibly in a multiple-round infectivity assay,
suggesting that the phenotype is intrinsic to the viruses (Fig. S6).
The relation of this neutralization-resistant phenotype and
HIV-1 coreceptor tropism was examined using information on
coreceptor usages of the V3 recombinant viruses [13,30,33].
Importantly, the V3s having the viral-resistant phenotype
unexceptionally rendered HIV-1 CCR5-tropic (Fig. 2C, left panel,
V3 groups of 2b, 3b, and 4b, n=10). On the other hand, V3s
conferring CCR5 tropism did not always render HIV-1 resistant
(Fig. 2C, V3 groups of 3a, 4a, 5a, and 5b, #=7). Thus, the V3s
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associated with the neutralization resistance are a subset of the V3
elements associated with viral CCR5 tropism. In contrast, all V3s
associated with viral CXCR4 tropism and CCR53/CXCR4 dual
tropism rendered HIV-1 susceptible to neutralization (Fig. 2C, V3
groups of 4b, 5a, 5b, 6a, 6b, and 7a, n=13).

The group of viruses having 4b V3s were neutralization-
resistant only when they had the CCR5-restricted tropism (Fig. 2C,
4b in left and right panels). The 4b V3s associated with viral
neutralization resistance had no basic substitutions compared with
the CRFO1_AE consensus (Fig. S3, recombinant IDs of Al, A2,
A4, and A5). By contrast, the neutralization-sensitive version had
two basic substitutions (Fig. 83, recombinant ID of B10). The
results may imply that V3 basic substitutions at particular positions
in addition to the overall net positive charge play a critical role in
the determination of viral neutralization sensitivity and coreceptor
tropism.

We further examined whether a CCR5-tropic but not a
CXCR4-tropic envelope of CRFO1_AE strain is linked to viral
resistant to neutralization by anti-V3 antibodies. For this purpose,
we used a pair of nearly isogenic R5 and X4 virus clones that have
3b and 5a V3, respectively [36,37]. The results obtained with these
clones and 35 blood specimens were consistent with present study
and indicated that the CCR5-tropic but not the CXCR4-tropic
envelope protein of the HIV-1 CRFO1_AE strain was linked to
viral resistance to neutralization with anti-V3 antibodies in the
blood (data not shown).

HIV-1 V3 net positive charge and V3 conformation

To obtain molecular insights into the roles of the V3 net positive
charge in regulating HIV-1 neutralization sensitivity, we conduct-
ed computer-aided structural analysis. Currently, X-ray structure
information on the HIV-1 R5 virus gp!20 monomer bound with
soluble CD4 [3] is available in the Protein Data Bank. With the
data, we attempted to obtain a gp120 monomer structure for the
pre-CD4 binding stage to address initial V3 conformation before
receptor interaction. We first constructed gp120 outer domain
models of the V3 recombinant viruses used in this study by a
homology modelling method. Molecular dynamics (MD) simula-
tion was then performed with the homology models.

Figure 3A shows examples of the MD simulation of two
recombinant virus gpl20s with 3b and 7a V3 elements. The TH09
V3 (3b V3) is from an HIV-1 CRFOI_AE infected asymptomatic
patient, identical to the CRFO1_AF. V3 consensus sequence (Fig.
S3, recombinant ID of THO09), rendered HIV-1 neutralization-
resistant and CCR5-tropic (Fig. 2C, left panel). The B1 V3 (7a V3)
is from an AIDS patient, more. positively charged (Fig. S3,
recombinant ID of Bl) and rendered HIV-1 neutralization-
sensitive and CXCR4-tropic (Fig. 2C, right panel).

The MD simulations show that V3 configuration is nearly
equilibrated up to 5 nanoseconds of simulation times (Fig. 3A).
Notably, the TH09 V3 was equilibrated at a much more distant
position from the B20B21 loop in the outer domain than the Bl
V3 (Figs. 3A and B). Hydrogen bonds were formed around the
THO9 V3 base between D330 and R332, and D330 and R424,
which contributed to stabilizing the V3 configuration (Fig. 3C).
However, the hydrogen bonds were not formed with the gpl20
having the B1 V3 (Fig. 87). Coulombic repulsion between Bl V3
and R424 increased about 44-fold as compared with that of TH09
V3, with electrostatic energies of +2.0 and +0.045 kcal/mole for
Bl and THO9, respectively. The repulsion was greatest on the
R424 residue in the gp120 outer domain. The results suggest that
an increase in the V3 net positive charge influences electrostatic
balance at the V3 base.
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Importantly, the amino acids around the V3 base are relatively
conserved in nature. The D330 and R332 are located at the V3
base and highly conserved within each subtype of the HIV-1 M
group in the public database (Fig. 3D). The conservation was seen
even in the V3s for the CXCR4 tropism (Fig. 1B). The R424 is in
the fourth constant region (C4) of the gpl20 core, and
neighbouring amino acids are also conserved. The CRF01_AE
strain alone has lysine at position 424, whereas K424 is conserved
within the CRFOI_AE. These data suggest that most HIV-1
gp120 monomers have the potential to stabilize V3 configuration
at the base and that basic amino acid substitutions in V3 have
strong influences on the V3 configuration.

The MD simulation data were incorporated into those of a
gp120 trimer structure obtained by cryoelectron microscopy [38]
to illustrate schematically the V3 position in the native gp120
trimer (Fig. 4). Some glycans are also schematically illustrated at
the appropriate regions. The models predict that less positively
charged V3 protrudes into the outer domain of the neighboring
gp120 monomer, whereas V3 with increased net positive charge
protrudes away from the neighboring monomer in the trimer
context.

Discussion

HIV-1 is the causative agent of AIDS and is responsible for
more than 2 million deaths every year. Understanding the
immunological escape, variation, and coreceptor tropism evolu-
tion of HIV-1 is critical for developing strategies for anti-HIV
interventions. In this regard, current studies are largely confined to
those of HIV-1 subtype B from North America and Europe. In this
study, we focused on the study of HIV-1 CRFOI_AE strain
circulating in Southeast Asia. The HIV-1 CRF01_AE is one of the
five major HIV-1 subtypes circulating in the world [31] and thus
an important strain for public health of Asia, as well as of world.
However, much less basic information are available as compared
with the HIV-1 subtype B.

We first demonstrate with bioinformatics approach using 1361
sequences in public database that CRFO1_AE V3's net positive
charge influences V3 diversity and prevalence. We found that the
net positive charge of V3 influences V3 diversity (Fig. 1).
Acquisition of the N-glycosylation motif in V3 augmented the
sequence conservation. Our data of 4,/4, ratios and Tajima’s D
statistic provide strong evidence that the reduction in V3 diversity
is due to limited positive selection for amino acid changes. These
findings are compatible with previous findings with subtype B that
sequence diversity is smaller among R5 virus V3s [26-28].
Moreover, the findings demonstrate the generality of findings
obtained with an intra-familial infection case of CRFOI_AE
infection [29,30]. The evidence that the V3 net positive charge
influences V3 diversity is not solely based on sequence analysis.
Structural and neutralization data suggest that V3 net positive
charge regulates V3 diversity by controlling V3 structure and
neutralization sensitivities, as discussed below.

We next examined potential causes of the differential diversity
of CRFOI_AE V3 sequences. We demonstrated with neutraliza-
tion assay of V3 recombinant viruses that the V3 net positive
charge influences HIV-1 neutralization sensitivity. We found that
reduction in the net positive charge of V3 caused reduction in viral
neutralization sensitivity to the blood anti-V3 antibodies in
infected humans (Fig. 2). Again, acquisition of the N-glycosylation
motif in V3 augmented the effect. We further confirmed that the
especially neutralization resistant V3 sequences all render HIV-1
CCRS5 tropic (Fig. 2C). These results are compatible with previous
findings with subtype B that R5 viruses are more refractory to anti-
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Figure 3. MD simulation of the HIV-1 gp120 outer domain. The V3 subset conferring the neutralization-resistant phenotype is referred to in
this study as rV3: it has net positive charges of +2 to +4, an N-glycosylation site, and a capability to direct viral CCR5 tropism. The non-rV3 renders HiV-
1 more susceptible to blood antibody neutralization. it has net positive charges of greater than +4 and a capability to direct viral CXCR4 tropism. (4)
Examples of the MD simulation of two recombinant virus p120 outer domains with V3 (TH09) and non-1V3 (B1). Distance between the Co atom of
P318 at the V3 tip and the Ca atom of Q433 at the B20B21 loop were monitored for 5 nanoseconds. (8) Superimposition of the gp120 monomers
with the THO9 V3 (blue) or B1 V3 (red) at the simulation time of 5 nanoseconds. (C) Close-up view of the base-stem region of the TH09 V3, Orange
dotted lines around the tip of the orange arrow indicate three hydrogen bonds at the V3 base. (D) Shannon entropy scores of the amino acids at the
positions of 330, 332, and 424 in the public database. The positions in the gp120 of the HIV-1,4, [48] are used for the amino acid numbering.

doi:10.1371/journal.pone.0003206.g003

V3 antibodies [23-25]. Together with sequence analysis data,
these findings suggest that anti-V3 antibodies can act as a positive
selection pressure to increase V3 sequence diversity and that V3

3 Non-rvV3

T glycan
# .
7

CD4 binding loop b

Figure 4. Models for the self-directed masking of V3 by
mutations for the CCR5 tropism. The MD data in Fig. 3 and the
HIV-1 gp120 trimer structure from cryoelectron microscopy [38] were
used to construct the gp120 trimer models with CCRS-tropic {left) or
CXCR4-tropic (right) V3. The models were made so that the MD data
and experimental data (3,4,38] are compatible.
doi:10.1371/journal.pone.0003206.g004
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positive net charge can influence V3 diversity by regulating
neutralization sensitivity to the V3 antibodies.

Importantly, present data revealed that not all the CCR5-tropic
V3 sequences render HIV-1 resistant to the neutralization. Some
V3 sequences lacking N-glycosylation site or those have the
glycosylation site but have net positive charge of +5 conferred
CCRS) tropism on HIV-1, whereas they were relatively sensitive to
the antibody neutralization (Fig. 2C). These data are consistent
with findings on CRFOI_AE V3 sequence diversity and preva-
lence in this study. Together, the data suggest that a particular
subset of CRFO1_AE V3 for CCRS5 tropism confers a selective
advantage on HIV-1 in the face of humoral immunity and that the
anti-V3 antibodies may be an important selective force to
maintain CCR5-tropic V3 sequences with limited amino acid
changes during persistent infection. :

We further examined molecular mechanisms of neutralization
escape. We found with MD simulation that reductions in the net
positive charge of V3 caused a shift of V3 position in the gp120
monomer (Fig. 3). This is the first indication that the net positive
charge of V3 regulates V3 configuration in the gp120 monomer. By
incorporating our MD data into experimental data of HIV-1 gp120
structures [3,4,38], we proposed a model of V3 masking that
explains how the net positive charge of V3 regulates HIV-1 V3
neutralization sensitivity (Fig. 4). The model explains present
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diversity and neutralization data: it predicts that less positively
charged V3 for CCRS5 tropism positions in the gp120 trimer context
such that it protrudes into the outer domain of the neighboring
gp120 monomer, which will inevitably result in better protection of
V3 from antibodies by the glycans. This model also explains why
anti-V3 antibodies bind effectively to monomeric but not native,
oligomeric form of the gp120 protein of the HIV-1 R5 viruses [22—
25]. Further structural studies are under way to assess the model.

Our study provides molecular insights into the mechanisms of
coreceptor-tropism evolution of HIV-1. Due to high levels of viral
mutation rate, vigorous and continual viral replication i vive, and
viral tolerance to V3 mutations, many viable HIV-1 V3 mutants
would be continuously generated during a persistent infection,
Therefore, why only the R5 virus dominates during persistent
infection is a long-lasting question in HIV-1 research. Our study
suggests a selective advantage of a subset of CCRS5-topic V3
sequences in the face of humoral immunity: sell-masking of
neutralization epitope by reduction in net positive charge. Higher
levels of the d,/d; ratios for more positively charged V3 sequences
for CXCR4 tropism (Figs. 1C and D) may imply that the X4
viruses might persist as a minority, continually receive positive
selection pressures for amino acid changes, and outgrow only
when the host immunity is severely damaged.

It will be important to examine why neutralization resistant V3
sequences exclusively direct viral CCR5 usage (Fig. 2C). The
distinct V3 configuration in gpl20 may contribute to the
restriction of coreceptor type to be interacted, because amino
acid residues at the V3 base directly participate in the binding to
the N-terminal region of CCR5 [4]. In addition, structural
differences among chemokine receptors may contribute. For
example, the N-terminal region of CXCR4 is glycosylated,
whereas that of CCR5 is not. The .glycosylated V3 for
neutralization resistance will sterically interrupt the access to the
glycosylated coreceptor. Indeed, the removal of the N-linked
glycosylation sites from CXCR4 allows the protein to serve as a
universal coreceptor for both X4 and R5 viruses [39]. Further
structural studies are under way to address this issue.

Our study has implications for HIV-1 vaccine design. The data
suggests that a key impediment to the clinical use of Gp120 as an
immunogen may be the cryptic nature of the R5 virus V3
neutralization epitope. A simple strategy to use R5 virus Gp120 will
be insufficient even if the Gp120 of circulating HIV-1 subtype is
carefully selected as immunogen. To develop strategies that could
circumvent or overcome the impediment may be critical for practical
application of Gp120 vaccine. In this regard, the amino acids that
contribute to forming V3 conformation for the epitope masking
through hydrogen bonds are relatively conserved among HIV-1
major subtypes in the world (Fig. 3D). Therefore, intervention in
these interactions might be a target for a new strategy to improve
effectiveness of immunological control of HIV-1.

In conclusion, we have identified here structural and functional
features of HIV-1 CRF01_AE V3 elements those allow HIV-1 less
sensitive to antibody neutralization. To our knowledge, this is the
first report to show that the net positive charge of a neutralization
epitope regulates viral sensitivity to humoral immunity. Thus,
amino acid substitutions altering charged status of antigen site
appear to deserve more attention, particularly in the adaptive
evolution of HIV-1, as well as the other rapidly evolving pathogen.

Materials and Methods

Analysis of sequence diversity
Grouping of the sequences was done computationally using a
software system, InforSense BioSense V3 (InforSense Ltd. http://
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www.inforsense.com). Nonsynonymous and synonymous nucleotide
substitutions were calculated for all pair-wise sequence comparisons
within each V3 subgroup using the Perl version of SNAP (Los
Alamos HIV sequence database) according to the Nei and Gojobori
method [40] incorporating the statistical method developed by Ota
and Nei [41]. Amino acid variation at individual V3 positions was
calculated according to the method described in the report by
Huang et al [3] on the basis of Shannon’s equation [42]:

where H(i), p(x), and 7 indicate the amino acid entropy score of a
given position, the probability of occurrence of a given amino acid
at the position, and the number of the position, respectively, An H(i)
score of zero indicates absolute conservation, whereas 4.4 indicates
complete randomness. The H(i) scores were expressed in the V3
sequence or in the three-dimensional structures constructed by the
MD simulation method described below. The p(x;) scores were used
to construct a consensus for each V3 structural group. Tajima’s D
statistic [32] for each type of V3 sequence population was calculated
using DnaSP 4.10 [43].

Blood specimens

Plasma samples were obtained from HIV-1 GRFO1_AE positive
individuals with written informed consent at Yokohama City
University Hospital in Japan according to the rule of the ethics
committee of the hospital. The clinical stages of the patients at the
time of blood collection were Al (n=4), A2 (n=4), B3 (»=3), C2
(n=1), C8 (n=7), and unknown (n=1) according to the 1993
Revised Classification System (CDC, USA). The CD4* T-cell
counts and HIV-1 RNA levels ranged from 2x10% to 3719x10° /
ml blood (mean = 243x10® /ml) and from <50 to 7.5x10° copies/
ml blood (mean=2.4x10* copies/ml), respectively. All plasma
samples were heat-inactivated at 56°C for 30 minutes prior to use.

Anti-V3 antibody titration

V3-peptide-based ELISA [35] was carried out using synthetic
peptides matching to the central 19 amino acids of the V3 regions
of the recombinant viruses (Fig. S3). Synthetic peptides were
coated on 96-well plates (Immulon II; Dynatech Laboratories,
Virginia, USA) and reacted with diluted plasma samples (1/10%).
Antibodies bound to the peptides were detected with anti-human
IgG peroxidase conjugate and 3,3',5,5'-tetramethylbenzidine
substrate (TMB peroxidase EIA substrate Kit, Bio-Rad Labora-
tories, USA). Each plasma sample was tested in duplicate.

Neutralization assays

Plasmid DNAs containing HIV-1 V3 recombinant proviruses
{n=30) were constructed by the overlap extension method
[13,30,33]. Cell-free viruses were prepared by transfection of the
plasmid DNAs into HeLa cells as described previously {13,30,33].
Neutralization activities were measured in a single-round viral
infectivity assay using CD4"CXCR4"CCR5" HeLa cells [34].
Equal infectious titers of viruses (300 blue-cell-forming units) were
incubated with serially diluted plasma samples (1/10 to 1/10°%) for
60 min at 37°C. The infected cells were cultured for 48 hours at
37°C, fixed, and stained with 5-bromgo-4-chloro-3-indolyl-B-D-
galactopyranoside. Each plasma dilution was tested in duplicate,
and the means of the positive blue cell numbers were used to
calculate the 50% inhibition dose of viral infectivity (NDjg). For
plasma samples that did not neutralize a virus at the lowest
dilution tested (1:10), an arbitrary titer of 1:5 (50 NDs, /ml) was
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used. In some cases, neutralization activities were measured using
a multiple-round viral infectivity assay using NP-2 cell lines [44].
Equal infectious titers of the viruses (100 tissue culture infectious
dose) were incubated with serially diluted plasma samples (1710 to
1/10% for 60 min at 37°C and used to infect the CD4"CXCR4*
NP-2 cells and CD4"CCR5* NP-2 cells. After 60 min, the cells
were washed once with phosphate-buffered saline. Culture
supernatants were collected at 5 days after infection, and amounts
of HIV-1 Gag p24 proteins were measured with a commercially
available kit (RETROtek HIV-1 p24 Antigen ELISA, ZeptoMe-
trix Corporation, USA). Each plasma dilution was tested in
duplicate, and the means of the p24 amounts were used to
calculate the NDjg.

HIV-1 coreceptor usages
Previous data of the coreceptor tropisms of the recombinant
viruses [13,30,33] were used.

MD simulation

Gp120 outer domain structures bearing various V3 elements
were constructed with the homology modelling technique, using the
Molecular Operating Environment, MOE 2006.08 (Chemical
Computing Group Inc., Montreal, Quebec, Canada) as described
[45,46]. As the modelling template, we used the crystal structure of
HIV-1 gpl120 containing an entire V3 element at a resolution of
3.30A (PDB code: 2B4C), which represents the structure after the
CD4 binding [3]. The 25lamino-terminal and 24 carboxyl-
terminal residues were deleted to construct the gp120 outer domain
structure. MD simulations were performed using the SANDER
module in the AMBER 8 program package [47] with MDGRAPE-
3 (http://mdgrape.gsc.riken jp/) and the AMBER parm99 force
field with the TIP3P water model. After heating calculations for 20
picoseconds until 310 K using the NVT ensemble, the simulations
were executed using the NPT ensemble at | atm and at 310 K for 5
nanoseconds. Superimpositions of the structures were done by
coordinating atoms of amino acids along the B-sheet at the V3 base.

Supporting Information

Figure S1 Information on the V3 sequences for the diversity
analyses. Shown are the % distributions of CRFOI_AE V3
sequences used in the present study (»=1361) as a function of
sampling years (a), countries (b), and V3 structural group (c). The
sequences during 1991 to 2005 (n=1148) represent a majority.
They are mostly from Asia (15 countries, 1219 sequences). Others
are from Africa (7 countries, 52 sequences), Europe (10 countries, 47
sequences), other regions (5 countries, 36 sequences), and unknown
(1 sequence). V3 groups having CCR5 tropism (2b, 3b and 4b)
represent the majority independent of the sampling period.

Found at: doi:10.1371/journal.pone.0003206.5001 (0.34 MB TIF)

Figure 82 V3 diversity of HIV-1 subtypes A, B, and C. Global
distribution (left) and 4,/ 4, ratios (right) of V3 structural variants of
HIV-1 subtypes A, B, and C were examined, using the HIV-1
public database information from June 2007, and plotted as
described in Fig. 1C.

Found at: doi:10.1371/journal. pone.0003206.5002 (0.31 MB TIF)

Figure 83 V3 amino acid sequences of the recombinant viruses.
V3 sequences of the recombinant viruses are from CRF0I_AE
clones in uncultured peripheral blood mononuclear cells from a
Japanese family [30] (V3 IDs of Al{similar, tilde operator }A9 and
Bl{similar, tilde operator }B13), Al varants having naturally
occurring basic amino acid substitutions {mt1{similar, tilde operator
}mt8) [13], and THO9 isolate having the CRF01_AE consensus V3
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sequence [33] (TH09). Deduced amino acids of the V3 sequences
were aligned with the CRFOI_AE consensus sequence, ENSI-c.
The small blue open box indicates a potential N-linked glycosylation
site conserved in the V3 structural group b. Red letters indicates
basic amino acid substitutions with respect to ENSI-c. The large
black box indicates 19 amino acid sequences used for V3-peptide
ELISA in Fig. 2. The net charge is the number of positively charged
amino acids (R, K, and H) minus the number of negatively charged
amino acids (D and E). Coreceptor tropism of the recombinant
viruses was determined using CD4"CXCR4" HOS cells and
CD4*CCRS5" HOS cells {13,30,33].

Found at: doi:10.1371/journal.pone.0003206.s003 (0.39 MB TIF)

Figure S4 Effects of protein G on plasma neutralizing activities.
The plasma samples (YM17 and YMS61) were incubated with
serially diluted protein G agarose solution (GammaBind Plus
Sepharose, Amersham) for 60 min at 37°C. The agarose was
removed by brief centrifugation, and the supernatants were used
to measure NDj3g against LAl recombinant viruses having non-
rV3 (Bl and BI10) using CD4"CXCR4*CCR5" HeLa cells
(MAGIC-5 cells [34]) as described in Materials and Methods.

Found at: doi:10.1371/journal.pone.0003206.5004 (0.21 MB TIF)

Figure S5 Antibody epitope mapping of the rV3. Peptide-based,
enzyme-linked immunosorbent assay [35] was carried out using
indicated synthetic peptides matching the rV3 amino acids of the
recombinant viruses (SI Fig. 3, recombinant ID of Al). Antibodies
bound to the peptides were detected with anti-human IgG
peroxidase conjugate and 3,3',5,5'-tetramethylbenzidine sub-
strate. Absorbance at 450 nm is shown.

Found at: doi:10.1371/journal.pone.0003206.s005 (0.27 MB TIF)

Figure 86 NDs, in the single- and multiple-round viral infectivity
assays. Plasma samples (n = 8) were used to measure NDsq against
LAI recombinant viruses having rV3 (clone IDs of ENSI-c and Al)
and non-rV3 (B6). The ND3, were measured in a single-round viral
infectivity assay using CD4"CXCR4"CCR5" HeLa cells (MAGIC-
5 cells) [34] or .a multiple-round viral infectivity assay using
CD4"CXCR4" NP2 cells and CD4"CCR5* NP2 cells (NP-2 cells)
[44] as described in Materials and Methods. Red diamonds indicate
the medians of the neutralization titers of the 8 plasma samples.

Found at: doi:10.1371/journal.pone.0003206.5006 (0.20 MB TIF)

Figure 87 Close-up view of the V3 base-stem region of Gp120
with non-rV3. LAI Gpl20 outer domain structures with Bl V3
were constructed computationally by methods of homology
modelling and molecular dynamic simulation at a simulation time
of 5 nanoseconds.

Found at: doi:10.1371/journal.pone.0003206.5007 (0.64 MB TIF)

Table S1
Found at: doi:10.1371/journal.pone.0003206.5008 (0.04 MB
PDF)

Table 82
Found at: doi:10.1371/journal.pone.0003206.5009 (0.04 MB
PDF)
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We identified clinical isolates with phenotypic resistance to nevirapine (NVP) in the absence of known
nonnucleoside reverse transcriptase inhibitor (NNRTI) mutations. This resistance is caused by N348I, a
mutation at the connection subdomain of human immunodeficiency virus type 1 (HIV-1) reverse transcriptase
(RT). Virologic analysis showed that N348I conferred multiclass resistance to NNRTIs (NVP and delavirdine)
and to nucleoside reverse transcriptase inhibitors (zidovudine [AZT] and didanosine {ddI]). N348I impaired
HIV-1 replication in a cell-type-dependent manner. Acquisition of N348I was frequently observed in AZT-
and/or ddI-containing therapy (12.5%; n = 48; P < 0.0001) and was accompanied with thymidine analogue-
associated mutations, e.g., T215Y (n = 5/6) and the lamivudine resistance mutation M184V (n = 1/6) in a
Japanese cohort. Molecular modeling analysis shows that residue 348 is proximal to the NNRTI-binding
pocket and to a flexible hinge region at the base of the p66 thumb that may be affected by the N348I mutation.
Our results further highlight the role of connection subdomain residues in drug resistance.

Combinations of multiple drugs used for clinical treatment
of human immunodeficiency virus type 1 (HIV-1) infections in
highly active antiretroviral therapies (HAART) can dramati-
cally reduce viral load, increase levels of CDdpositive cells,
improve survival rates, and delay the onset of AIDS. HAART
typically includes two nucleoside reverse transcriptase inhibi-
tors (NRTIs) and a nonnucleoside reverse transcriptase inhib-
itor (NNRTI) or a protease inhibitor (17). After prolonged
therapy, however, an increasing number of treatment failures
are caused by the emergence of multidrug-resistant (MDR)
variants. For example, treatment with zidovudine (AZT) and
dideoxynuleoside RT inhibitors such as didanosine (ddl) may
result in the “Q151 complex” of clinical mutations in RT
(A62V/VT51/FT7L/F116Y/Q151M) which causes high-level re-
sistance to multiple NRTIs, AZT, ddI, zalcitabine (ddC), and
stavudine (d4T) (21, 38). Another MDR complex of RT mu-
tations is the “fingers insertion” complex that includes an in-
sertion of two residues at the fingers subdomain of the p66
subunit of RT in the presence of AZT resistance mutations,
e.g., M41L and T215Y (M41L/T69SSG/T215Y). This complex
can emerge during combination treatment that includes NR-
TIs (10, 41) and confers resistance to multiple drugs by en-
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hancing the excision reaction that causes resistance by un-
blocking NRTI-terminated primers (40). G333E or G333D
polymorphisms with thymidine analogue-associated mutations
(TAMs) and M 184V have also been reported to facilitate mod-
erate resistance to at least two NRTIs, AZT and lamivudine
(3TC) (7, 22). RT mutations K103N, V106M, and Y188L are
associated with resistance to multiple NNRTIs (1, 5). Since all
NNRTIs bind at the same hydrophobic binding pocket, muta-
tions in the binding pocket may result in broad cross-resistance
between members of this family of drugs.

The presence of variants that are resistant to multiple drugs
limits significantly the available therapeutic strategies and,
even more profoundly, therapeutic options. However, so far all
reports of viruses that acquire resistance to members of both
families of RT inhibitors describe variants with multiple mu-
tations at several residues that confer either NRTI or NNRTI
resistance. Recently, Paolucci et al. reported that Q145M/L
mutations confer cross-resistance to some NRTIs and NNRTIs
(31, 32). Similarly, an NNRTI resistance mutation, Y1811, also
confers resistance to d4T at the enzyme level (2). The fre-
quency of these mutations in clinical isolates does not appear
to be significant, according to the Stanford HIV resistance
database (http://hivdb.stanford.edu/index.html); there is no
deposition for Q145SM/L, and Y1811 has a prevalence of 0.02%
in drug-naive or NRTI-treated patients and 0.9% in NNRTI-
treated patients.

We report here that N348I is a multiclass resistance muta-
tion involved in resistance to both NRTIs and NNRTIs and
present in a significant number of clinical isolates. Residue 348
is at the RT connection subdomain outside the region usually
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sequenced as the drug resistance assay in clinical settings. The
role of connection subdomain mutations in AZT resistance has
been highlighted recently by Pathak and colleagues (28). The
present work shows that N348I confers resistance not only
to the NRTI AZT but also to another NRTI, ddl, and two
NNRTIs, nevirapine (NVP) and delavirdine (DLV). Impor-
tantly, we show that the N348I variant emerges frequently
during chemotherapy containing AZT and/or ddIl. To our
knowledge, this is the first example of a clinically significant
and high-prevalence multiclass RTI resistance mutation that
highlights the need for extensive phenotypic and genotypic
assays to detect novel mutations with important implications
on future therapeutic strategies.

MATERIALS AND METHODS

Reagents and cells. AZT, ddl, ddC, and d4T were purchased from Sigma (St.
Louis, MO). 3TC, DLV, and tenofovir (TDF) were purchased from Moravek
Biochemicals, Inc. (Brea, CA). NVP, abacavir (ABC), and efavirenz (EFV) were
generously provided by Boehringer Ingelheim Pharmaceutics Inc. (Ridgefield,
CT), GlaxoSmithKline (Philadelphia, PA), and Merck Co. Inc. (Rahway, NJ),
respectively. Loviride was kindly provided by S. Shigeta, Fukushima Medical
University (Fukushima, Japan). MT-2, SupT1, PM1, HY, Cos-7, and MAGIC-5
cells (CCR5-transduced HeLa-CD4/LTR-B-Gal celis) were cultured and used as
described previously (14). Peripheral blood mononuclear cells (PBMCs) ob-
tained from healthy donors were stimulated with phytohemagglutinin (PHA) for
3 days and grown in RPMI 1640 medium with 10% fetal calf serum and 10 U of
interleukin-2 as described previously (15, 23).

Clinical isolates. Clinical isolates were obtained from fresh plasma of an
HIV-l-infected patient attending the outpatient clinic of the AIDS Clinical
Center, International Medical Center of Japan, using MAGIC-5 celis. The iso-
lates were stored at —80°C until use, and infectivity was measured as blue
cell-forming units (BFU) of MAGIC-5 cells. The Institutional Review Board
approved this study (IMCJ-H13-80), and written informed consent was obtained
from the patient.

Viruses and construction of recombinant HIV-1 clones. An HIV-1 infectious
clone, pNL101, was kindly provided by K.-T. Jeang (NIH, Bethesda, MD) and
used for generating recombinant HIV-I clones (15). A wild-type (WT) HIV-1,
designated HIV-1yy, was constructed by replacing the pol-coding region (nu-
cleotides [nt] 2006 of Apal site to 5785 of Sall site of pNLi01) with the HIV-1
BHIO0 strain. The pol-coding region contains a silent mutation at nt 4232
(TTTAGA to TCTAGA; mutation is italicized) for generation of an Xbal unique
site. The DNA fragments amplified by reverse transcription-PCR from the pri-
mary isolates were digested with appropriate restriction enzymes and cloned into
pNL-RT . The nucleoside sequences of the PCR-amplified fragments were
verified with a model 3730 automated DNA Sequencer (Applied Biosystems,
Foster, CA). Viral stocks were obtained by transfection of each molecular clone
into Cos-7 cells, harvested, and stored at —~80°C until use,

Sequencing analysis of HIV-1 RT region. Viral RNA was extracted from
plasma andfor culture supernatant of clinical isolates and subjected to reverse
transcription-PCR using a OneStep RNA PCR Kit (Takara Bio, Otsu, Japan).
Nested PCR was subsequently conducted for direct sequencing. Primer pairs
used for amplification of the DNA fragment from nt 2574 to 3333 of pNL101
were T1 (5'-AGGGGGAATTGGAGGTTT; nt 2393 to 2410) and T4 (5-TTCT
GTTAGTGCTTTGGTT; nt 3422 to 3404) for the first PCR and T12 (5'-CCAG
TAAAATTAAAGCCAG; nt 2574 to 2592) and T15 (5'-TCCCACTAACTTCT
GTATGTC; nt 3335 to 3315) for the second PCR (15). Primer pairs used for
amplification of DNA fragment from nt 3288 to 4316 were 3244F (5'-AT
GAACTCCATCCTGACAAATG; nt 3244 to 3265) and 4428R (5'-TGTA
CAATCTAATTGCCATAT, nt 4428 to 4407) for the first PCR and 3288F
(5'-CCAGAAAAAGACAGCTGGACT; nt 3288 to 3308) and 4316R (5'-TG
GCAGATTAAAATCACTAGCC; at 4316 to 4295) for the second PCR (13).
The nested PCR products were then subjected to the direct sequencing of the
entire RT coding region, and some PCR products were further analyzed with
clonal sequence determination as described previously (13, 15).

Drug susceptibility assay, HIV-1 sensitivity to various RTIs was determined in
triplicate using MAGIC-5 cells as described previously (14). MAGIC-5 cells were
infected with diluted virus stock (100 BFU) in the presence of increasing con-
centrations of RTIs, cultured for 48 h, fixed, and stained with X-Gal (5-bromo-
4-chloro-3-indolyl-Bo-galactopyranoside). The stained cells were counted under

J. VIROL.

a light microscope. Drug concentrations reducing the cell number to 50% of that
of the drug-free control (ECs;) were determined by referring to the dose-
FESPONSe curve.

Competition assay of HIV-1 replication. MT-2, SupTI, PM1, and H9 cells
(2.5 x 10° cells/S ml) and PHA-stimulated PBMCs (2.5 X 10° cells/5 ml) were
infected with each virus preparation {500 BFU) for 4 h. The infected cells were
then washed and cultured in a final volume of 5 ml. Culture supernatants (100 pl)
were harvested from days 1 to 7 after infection, and the p24 antigen amounts
were quantified (27).

Freshly prepared H9 cells (3 X 10° cells/well) were exposed to the mixture of
viral preparations (300 BFU) and cultured to compare their replicative capaci-
ties, as previously described (15). On day 1 in culture, one-third of the infected
H9 cells were harvested and washed twice with phosphate-buffered saline, fol-
lowed by DNA extraction. Purified DNA was subjected to nested PCR to se-
quence the HIV-1 RT genes. The supernatant of the viral culture was transferred
to uninfected HY cells at 7-day intervals, and the cells harvested at each passage
were subjected to direct DNA sequencing of the HIV-1 RT gene. Population
change of the viral mixture was determined by the relative peak height on the
sequencing electrogram. The persistence of the original amino acid substitution
was confirmed in all infectious clones used in this assay.

Molecular meodeling studies. The SYBYL and O programs were used to
prepare molecular models of the complexes of WT and N3481 HIV-1 RT with
DNA, NVP, and the triphosphates of AZT and ddl. Starting atomic coordinates
of HIV-1 RT in complex with DNA were obtained from the structures described
by Tuske et al. (40), Sarafianos et al. (36), and Huang et al. (20) (Protein Data
Bank [PDB] code numbers 1 T05, IN6Q, and 1RTD, respectively). Because there
is no available structure of RT in complex with both NNRTI and DNA, we used
structures of RT in complex with NNRTI to obtain initial coordinates of the
NNRTI-binding pocket (9, 12). Specifically, we used the coordinates of the two
B-sheets of the polymerase active site (86-B9-B10 that contains the three catalytic
aspartates and the YMDD motif as well as $12-B13 of the primer grip) to replace
the corresponding regions in the RT-DNA complex. The N3481 side chain
mutation was manually modeled in the p66 subunit, and all structures were
optimized using energy minimization protocols in SYBYL. The triphosphates of
AZT and ddl were built based on the structures of AZT monophosphate and
dTTP in PDB IN6Q (36) and 1RTD (20) or of TDF diphosphate in the ternary
complex of HIV-1 RT/DNA/TFV-DP, PDB 1T03 (40). The coordinate vector of
the resulting structures was varied using a minimization procedure to minimize
the potential energy by relieving short interatomic distances while maintaining
structural integrity.

RESULTS

Resistance to NNRTIs observed in HIV-1 isolates. The clin-
ical history of the patient is summarized in Fig. 1 and includes
the variation of genotypic and phenotypic drug resistance pro-
files of sequential isolates with time (see also Table S1 and Fig.
S1 in the supplemental material). In spite of the combination
therapy, little immunologic and virologic response was ob-
served; at time point 2, the CD4 count was 25/ul, and the
plasma HIV-1 RNA levels were 2.1 X 10° copies/ml. However,
no known drug resistance mutations associated to both NRTIs
and NNRTIs were detected in the RT region at this point (Fig.
1B). Due to poor adherence, upon changing the regimen we
observed only partial suppression of viral replication and lim-
ited increase in the CD4 count. TAMs with N3481 accumulated
during time points 3 to 6 (Fig. 1). In February 2000, the treat-
ment was interrupted due to severe adverse effects, resulting in
a rebound of viral load. In July 2000, the same therapy was
resumed for approximately 1 year. No drug resistance-associ-
ated mutations were detected upon initiation of this therapy
(time point 7). At time point 8, mixtures of two amino acid
insertions at codon 69 with TAMs and N348I were detected,
although these mutations disappeared after the treatment in-
terruption at time point 10.

Interestingly, HIV-1 isolates at time points 5 and 6 showed
resistance to NVP (44- and 25-fold, respectively) and to DLV
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FIG. 1. The course of patient and drug resistance profiles of clinical isolates obtained from the patient. (A) The drug treatment history is
indicated at the top of the graph. The virologic responses represented by plasma viral load and CD4 counts of peripheral blood are shown. Open
triangles indicate the time points of genotypic assays. Closed triangles indicate the time points of isolation of clinical isolates for genotypic assays
(also see Fig. S! in the supplemental material) and phenotypic assays (also see Table S1 in the supplemental material showing actual EC;, values
as mean values and standard deviations from three independent experiments). From February to June 2000 and after October 2001, the
chemotherapy was interrupted due to severe adverse effects, (B) The viruses acquired NRTI resistance mutations sequentially as shown.
Susceptibility to compounds tested in at least three independent experiments is shown as the relative increase in the ECy, compared to HIV-1,
obtained from a pNL4-3-based plasmid. An increase larger than 3.0-fold is indicated in bold. NRTI or NNRTI resistance mutations were reported
in the HIV drug resistance database maintained by International AIDS Society 2006, the Stanford University (Stanford, CA) and Los Alamos
National Laboratory (Los Alamos, NM), http:/hivdb.stanford.edu/and http://resdb.lanl.gov/Resist_DB/, respectively. RTV, ritonavir; NFV, nelfi-

navir; IDV, indinavir.

(8.5- and 12-fold, respectively) but lacked any known NNRTI
resistance-associated mutations except for 12831, which influ-
ences susceptibility of NNRTIs when combined with 1135L/
M/T (6) (Fig. 1B). However, L2831 was detected at all points
without I135L/M/T even in phenotypically sensitive viruses;
therefore, it is unlikely that this single mutation is involved in
the resistance. After the interruption at time points 9 and 10,
the majority of HIV-1 detected in the plasma reverted to WT
and was susceptible to all RTIs tested. The patient was previ-
ously treated with a regimen containing EFV, not NVP, for
several months prior to the appearance of the N348I mutation.
Importantly, this mutation was not detected in genotypic assays
during treatment with EFV, but it was first detected 6 months
after removal of EFV and use of ddI in the following regimen.
Phenotypic and genotypic information at time point 5 shows
that resistance to NVP and DLV was present while the patient

was on a regimen that did not include any NNRTIs and in the
absence of any known NNRTI resistance-related mutations.
Thus, it is unlikely that the phenotypically identified NNRTI
resistance in the patient was induced by the previous EFV-
containing therapy.

RT C-terminal region confers NVP resistance. To identify
the mutation(s) responsible for the resistance to NVP and
DLV, we constructed chimeric clones with cDNA fragments of
the RT region derived from the clinical isolates. Briefly, the
N-terminal (amino acids 15 to 267) and C-terminal (amino
acids 268 to 560) RT coding regions of clinical isolates were
PCR amplified separately and used for replacement of the
corresponding regions in the WT sequence of pNL-RTy .
These chimeric clones were then examined for their suscepti-
bility to RTIs (Table 1). Only the clones containing the C-
terminal region derived from CL-6 isolated at time point 6 and
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TABLE 1. Susceptibility of chimeric HIV-1 clones with N- and/or C-terminal RT region substitutions
RT-replaced region ECs, (fold increase)”

N terminus® C terminus AZT ddl NVP DLV EFV
WTY WwT 0.038 = 0.012 2.6 £ 1.04 0.05 = 0.01 0.03 £0.01 0.003 = 0.001
CL-6" CL-6° 337 =097 (89) 143 £ (.58 (5.5) 1.2 £0.21 24) 0.16 = 0.02 (5.3) 0.007 = 0.004 (2.3)
CL-Y CL-9 0.04 = 0.01 (1.1) 23 +1.21(0.9) 0.13 = 0.07 (2.6) 0.06 = 0.02 (2) 0.004 % 0.002 (1.3)
CL-6 WT 1.24 = 0.34 (33) 4.6 £ 150 (1.8) 0.12 = 0.06 (2) 0.04 £0.02(1.3) 0.002 £ 0.001 (0.7)
WT CL-6 0.19 £ 0.04 (5) 137 £2.31(5.3) 1.67 £ 0.23 (33) 0.39 #+ 0.06 (13) 0.006 = 0.002 (2)
CL-6 CL-9 1.50 £ 0.95 (39) 59+121(23) 0.10 £ 0.05(2) 0.04 = 0.02 (1.3) 0.002 = 0.001 (0.7)

“The data shown are mean values * standard deviations obtained from the results of at least three independent experiments, and the relative increase in the ECyg,
values for recombinant viruses compared with WT is shown in parentheses. Bold indicates an increase in ECy,, value greater than threefold relative to the WT.

5 RT N-terminal region contains mainly the domains of finger and palm and partially thumb (amino acid positions 15 to 267).

¢ RT C-terminal region contains domains of thumb, connection, and RNase H (amino acid positions 268 to 560).

4 DNA fragment is identical to pNL-RTyy

¢ N- and C-terminal regions of CL-6 contained T39A/M41L/K43E/D6TN/VISM/VIISIA132V/L210W/T215Y and N3481/1393L in their coding regions, respectively

(see also Fig. S1 in the supplemental material).

4 No resistance-associated mutations were abserved in either the N- or C-terminal region of CL-9 (also see Fig. S1 in the supplemental material).

showed resistance (Fig. 1; see also Fig. S1 in the supplemental
material) to NVP and DLV. Interestingly, the C-terminal re-
gion also conferred resistance to AZT and ddl even in the
absence of AZT resistance mutations that normally reside at
the N-terminal region within amino acids 41 to 219. Recently,
mutations in the connection subdomain, including G335D,
N348I, and A360T, have been shown to confer AZT resistance
(28). In these clinical isolates the C-terminal region contained
four unique mutations in the connection subdomain: G335D,
N348I, A360T, and I393L (see Fig. Sl in the supplemental
material). G335D and A360T were continuously observed at
every time point and are polymorphisms related to subtype D.
Since these isolates showed no phenotypic resistance (Table 1
and Fig. 1B), it is unlikely that G335D and A360T are involved
in the resistance, at least in subtype D. I393L was also contin-
uously detected from time point 1 but disappeared after the
treatment interruption at time point 9 (Fig. 1) while N348I
appeared only from time points 4 to 6 and at point 8 under
treatment.

To further clarify the effect of mutations at residues 348 and
393 on drug resistance, we generated the N348I and/or I1393L
mutations in the C-terminal region by site-directed mutagen-
esis on a pNL-RT, background. Consistent with the pheno-
typic experiments and the experiments with chimeric viruses,
we found that the N348I substitution conferred resistance to
AZT, ddl, NVP, and DLV. In contrast, we found that the
13931 mutation caused no significant resistance by itself (Table
2). Furthermore, the combination of 1393L with N348I did not
show any significant increase in NVP resistance compared to
N348I alone.

To address whether N3481 further increases the level of
AZT resistance in the presence of TAMs, we examined the
effect of N348I on AZT susceptibility in the presence or ab-
sence of the classical AZT resistance mutations M41L/T215Y.
M41L/T215Y or N348I showed only moderate resistance to
AZT whereas a combination of M41L/T215Y and N348I fur-
ther enhanced AZT resistance (Table 2). These data demon-
strate that the N3481 mutation is responsible for this cross-
resistance to multiple members of the NRTI and NNRTI
families and enhances AZT resistance induced by TAMs.

Viral replication kinetics. Since N3481 and I1393L immedi-
ately disappeared after cessation of HAART, we examined

whether these mutations have an effect on viral replication
kinetics using the p24 antigen production assay and a compet-
itive HIV-1 replication assay (CHRA). In the p24 antigen
production assay, acquisition of N348I drastically impaired
replication in MT-2 and SupT1 cells (Fig. 2A and B). However,
a moderately low reduction of replication kinetics was ob-
served in PM1, H9 cells, and PHA-stimulated PBMCs (Fig. 2C,
D, and E). HIV-1 carrying the mutation 1393L (HIV-1,305,)
showed comparable replication kinetics in all cells tested. A
combination of I1393L with N3481 showed no apparent change
of replication kinetics in MT-2, SupT! cells, and PHA-stimu-
lated PBMCs (Fig. 2A, B, and E) and reduction in PM1 cells
(Fig. 2C) compared to N348I alone. CHRA was performed for
further comparison of replication kinetics in H9 cells. During 6
weeks in culture, we observed little difference in viral replica-
tion in HY cells (Fig. 2F). A lack of an effect of 1393L on the
replication of N348I was confirmed by CHRA (Fig. 2G). These
results indicate that N3481 impairs viral replication in a cell-
type-dependent manner and that 13931 exerts little effect on
viral replication of either the WT or N3481 clones. Thus, 1393L
appears to be one of the specific polymorphisms for this iso-
late.

Insertion at 69 and N348I. At time point 8 we detected the
transient presence of the fingers insertion mutation, a 2-amino-
acid insertion at codon 69 in the presence of TAMs known to
confer resistance to NRTIs by enhancing the excision reaction
(3) (Fig. 1). Interestingly, at time point 8 WT N348 coexisted
with resistant 1348. To address whether these two MDR mu-
tations were introduced onto the same RNA genome, we car-
ried out clonal sequence analysis of PCR products. The results
show that the fingers insertion and the N348I mutations were
randomly introduced; seven, three, one, and six clones (n = 17)
contained both mutations, the fingers insertion only, N348I
only, and no mutation or insertion, respectively, in the back-
ground of TAMs (Table 3). In previous studies the fingers
insertion complex emerged with the K70E mutation that was
selected in vitro with adefovir (8) and B-2',3’-didehydro-2',3'-
dideoxy-5-fluorocytidine (18), and it conferred low level resis-
tance to TDF, ABC, and 3TC (39). The effect of K70E on
resistance or enzymatic activity influenced by the fingers
insertion remains to be elucidated. These results suggest
that there is no correlation between the N348I and the
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FIG. 2. Viral replication kinetics. Production of p24 antigen in cul-
ture supernatant was determined with a commercially available p24
antigen kit. Profiles of replication kinetics (p24 production) of HIV-
lyr (closed diamonds), HIV-1ys, (closed squares), HIV-1j393
(open diamonds) and HIV-1ysg1303 (Open squares) were deter-
mined with MT-2 (A), SupT! (B), PMI (C) and H9 cells (D) and
PHA-stimulated PBMCs (E). Representative results from at least two
(or three) independent single determinations of p24 production with
newly titrated viruses are shown. A competitive HIV-1 replication assay
was performed in H9 cells to compare the replication kinetics of HIV-1y,;
(closed diamond) and HIV-1y.,y (closed squares) (F) and of HIV-1
N348I (closed squares) and HIV-1y,4011303. (Open square) (G).

finger insertion mutations. Because our studies show that
N348I does not confer d4T resistance, we speculate that the
fingers insertion mutation was introduced to overcome the
drug pressure by d4T.

TABLE 3. Sequences of HIV-1 RT-coding region of
clinical samples

Resistance-associated and unique mutation at the indicated position

No. of
clones” a4l D67 T K70 VIS VIS L210 T215 N34S 1393
5 L N M 1 w Y L
3 L T 8G E M W Y 1 L
3 L T SSG E M 1 w Y I L
2 L T S8SSG E W Y L
1 L T SSG E W Y 1 L
1 L T SSG E M 1 w Y L
1 L M
1 L M 1 w Y I L
“The PCR product at time point 8 was subcloned and sequenced (n = 17).
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TABLE 4. Frequency of N348I acquisition in clinical isolates

No. of isolates (%)

Treatment g - P value!
rediment rowp Totlin  win N3481
group
AZT and/or ddI 48 6(12.5) <0.0001
AZT 22 2(9.1) 0.011
ddI 16 2(12.5) 0.006
AZT/dd] 10 2(20) 0.002
Control 183 0
Antiretrovirals with neither 55 0
AZT nor ddl
No antiretrovirals 128 0
Deposited in Los Alamos 328 3(0.9) 0.0002
database

“ The P value was determined by the Fisher's exact test. For the AZT and/or
ddI treatment groups, values were compared with the control group. The P value
for isolates deposited in the Los Alamos database was determined based on a
comparison with the AZT and/or ddl treatment group.

Prevalence of N3481. We obtained viral specimens from 231
infected patients who visited our clinical center from May 1997
to July 2003 and analyzed HIV-1 sequences by direct sequenc-
ing (Table 4). The viral specimens were classified in two
groups: (i) those from patients treated with AZT and/or ddl
(n = 48) and (ii) those from patients treated by regimens with

J. ViroL.

neither AZT nor ddI (control group, n = 183). The group
treated with AZT and/or ddI was further divided into three
subgroups based on the treatment received: with AZT, with
ddl, and with the AZT/ddI combination (Table 4). During
chemotherapy containing AZT (n = 22), ddI (n = 16), or the
combination of AZT and ddI (n = 10), two patients each
harbored HIV-1 with the N3481 mutation. Acquisitions of
N348I in all of the subgroups was statistically significant (P =
0.011, 0.006, and 0.002, respectively). In contrast, none of the
patients in the control group (n = 183) harbored N348I vari-
ants. Only three variants with N348I are deposited in the Los
Alamos HIV sequence database that includes subtypes B, D,
and CRF14 (http://www.hiv.lanl.gov/content/hiv-db/mainpage
Jhtml). Thus, prevalence of N3481 was statistically significant in
the group treated that received chemotherapy containing AZT
and/or ddI (P < 0.0001).

Because at present the numbers of NVP- or DLV-containing
regimens without AZT and/or ddl are limited in our cohort
(n = 6 or n = 0, respectively), we were not able to detect
acquisition of N348I in these groups. Acquisition of N348I was
observed in two patients treated with EFV (Table 5). Notably,
these two patients were simultaneously treated with AZT and
ddl, suggesting that the significance of EFV treatment for the
emergence of N3481 remains unknown.

Profiles of patients infected with HIV-1 centaining the
N3481 mutation. We further analyzed the profiles of HIV-1

TABLE 5. Profiles of patients infected with HIV-1 containing the N348I mutation

Subtype . : RT mutation(s) by region
Patient of BT Antiretroviral treatment D\(Jrr::; n (lgé\;lelz/z]?) N348I p ] N Connection
region® olymerase subdomain subdomain?
Case 1° D ddT, ddl, IDV 6 6.1 x 10° +/— M41L, D67N, V75M, L210W, G335D, A360T
T215Y
dd4T, ddl, IDV 7 ND* + M41L, D67N, V75M, L210W, G335D, A360T
T215Y
Case 2 . B AZT, ddC, NFV 1 7.9 X 10° - A360T
AZT, ddC, NFV 4 9 x 10° - A360T
AZT, ddC, NFV 6 1.2 % 10% +/— T215N/S/Y A360T
AZT, ddC, NFV 10 3.5 x 10 + D67N, K70R, T215Y¢ A360T
d4T, 3TC, RTV, SQV 8 <50 ND ND ND
Case 3 B AZT, 3TC, RTV, SQV 7 35 X 19 - A360T, A376T
AZT, 3TC, RTV, SQV 8 1.9 x 10° + M4I1L, D67N, T69D, M184V, A360T, A376T
L210L/W, T215Y
None (interruption) 7 12X 10° + M41L, D67N, T69D, M184M/V, A360T, A376T
L210L/W, T215Y
ABC, EFV, RTV 3 ND ND ND
Case 4 B AZT, 3TC, ddl, EFV 3 1.7 x10° + MI84V
Case 5 B dd4T, ddI, RTV, SQV 23 9.9 x 10° + M41L, L210W, T215Y
AZT, ddI, RTV, SQV 3 6.3 x 10* + M41L, T69D, L210W, T215Y,
K219R
None (interruption) 7 1.8 X 10° -
ABC, TDF, LPV, EFV 7 <50 ND ND ND
Case 6 B AZT, ddI, EFV 3 - ND
AZT, ddl, EFV 5 540 +/— T215T/Y ND
AZT, ddl, EFV 6 1.1 x 10* + T215Y
None (interruption) 2 2.4 X 100 -
d4T, 3TC, LPV 8 <50 ND ND ND

“The RT regions were sequenced and subjected to subtype analysis (http:/Avw.ncbi.nim.nih.gov/projects/genotyping/formpage.cgi).

© This patient is described in this study.
“ ND, not detectable.

¢ (335D is an observed polymorphism in subtype D. A3601/V and A376S were reported to be AZT-resistant mutations (24).
¢ Phenotype assays were performed at 10 months for a regimen combining ddC, AZT, and NFV; resistance to AZT, ddl, and NVP was induced 52-, 6.8-, and 8.3-fold,

respectively.
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FIG. 3. Location of N348I in the modeled HIV-1 RT with NVP. (A) The N348I mutation (blue Van Der Waals volume) is shown in the
connection subdomains of both p66 (purple) and pS1 (cyan) subunits. The 348 residue of the p51 subunit is distant from the nucleic acid, shown
as yellow Van Der Waals surfaces. In the p66 subunit (purple) the 348 residue is in a position to affect the flexibility of the p66 thumb, which in
turn might affect binding of the nucleic acid. NVP is shown bound at the NNRTT binding pocket (red Van Der Waals volume). Magnification of
the frame area of the enzyme is shown in panel B. (B) The main chain C=0 of N348 is shown to interact with the N-H of 317 (yellow broken line)
through a hydrogen bond interaction. Binding of NVP (white ball) repositions the p66 thumb subdomain with respect to (i) the polymerase active
site (B6-B9-B10) that contains the three catalytic aspartates and the YMDD motif and (ii) the primer grip (B12-813) of p66. The movement of the
thumb subdomain is in a hinge-like motion that is based at the position where residue 348 interacts with residue 317,

with N348I from the six infected patients described in Table 4.
The results of this analysis are shown in Table 5. The RT
regions were sequenced and subjected to analysis with the
software Genotyping, which uses the BLAST algorithm to de-
termine homologies with known subtypes (http://www.ncbi.nlm
.nih.gov/projects/genotyping/formpage.cgi). HIV-1 variants in
case 1 belonged to subtype D, and the others belonged to
subtype B. All six patients received therapy containing AZT
and/or ddI. Among them, two patients (cases 4 and 6) were
under therapy with EFV. However, none of them was treated
with NVP or DLV. The five N348I-containing variants were in
the presence of TAMs that emerged during the therapies.
TAMs in case 1 and some TAMs (M41L, L210W, and T215Y)
in case 5 seemed to be induced by d4T, not by AZT. In case 3,
the 3TC resistance mutation M184V that attenuates TAM-
induced AZT resistance (24) was present together with N3481.
Similarly, in case 4, M184V may confer AZT hypersusceptibil-
ity. In case 6, N348I was present together with a classical AZT
resistance mutation, T215Y. Thus, except for case 5, even
under AZT-containing therapy, the HIV-1 resistance level to
AZT and ddl seemed to be intermediate and weak, respec-
tively. Additionally, viral load in cases 2, 3, 5, and 6 dramati-
cally decreased after introduction of a new regimen without
AZT and/or ddl. These results indicated that N3481 may en-
hance AZT resistance and at least act as a primary mutation
for ddlL.

In these six patients, HIV-1 with the G335D mutation was
observed only in case 1. In the Los Alamos HIV sequence
database, G335D has been observed in 77% of subtype D
HIV-1 isolates (n = 35). A360T was detected in two isolates of
subtype B and one isolate of subtype D and was observed in 13
and 51% of drug-naive isolates of subtypes B and D, respec-
tively. This suggests that A360T is also one of the polymor-
phisms. The A360V or A3601 mutation has been reported to
have a modest effect on AZT resistance (28). Meanwhile, none
of N348I-containing subtype B variants (n = 5) had mutations
associated with AZT resistance in the connection subdomain
(28) (Table 5).

Molecular modeling. Residue 348 is located close to the
hinge site of the thumb subdomain. Mutations at the virus level

affect both subunits of RT. Figure 3 shows that residue 348 of
the p31 subunit is located remotely from the polymerase active
site (~60 A) and from the NNRTI binding pocket (~55 A).
Furthermore, it is not in close proximity to the interface of the
two subunits (~20 A) or the DNA in the nucleic acid binding
cleft (~15 A). On the other hand, residue 348 of the p66
subunit is proximal to the NNRTI-binding site and the nucleic
acid binding cleft. These relative distances suggest that it is
more likely that the interactions involve mainly residue 348
of the p66 subunit. Subunit-specific biochemical analysis
would determine the precise contribution of the N3481 mu-
tation in each subunit to the drug resistance phenotype. In
the p66 subunit, the main chain of the 348 residue interacts
through a hydrogen bond with the main chain of V317 of the
p66 thumb subdomain (Fig. 3). To determine the degree of
flexibility of this part of the structure of RT, we superposed
23 structures of RT complexes. The comparison revealed
measurable differences. The length of the amide bond be-
tween the main chain C=0 of residue 348 and N-H of V317
varies considerably (from 2.5 to 3.6 A), suggesting a flexi-
bility at the junction of the connection, thumb, and palm
subdomains. It is likely that the N348I mutation affects the
interactions of this residue with a number of neighboring
residues. In the RT/DNA/deoxynucleoside triphosphate or
RT/DNA/TDF structures of ternary catalytic complexes
(PDB code IRTD or 1T05, respectively), the change of
N348 to a more hydrophobic Ile would improve the hydro-
phobic interactions with T351 of the p66 connection subdo-
main and with G316 and 1270 of the p66 thumb subdomain.
In other structures of complexes of RT with various NNRTI
s (PDB codes 1S1X, 1S6P, 1S1U, 1S1T, 1S1W, 1TKZ,
1TKX, 1TL1, 1SUQ, 1SVS5, IHNI, 1HQU, and 1HNV), res-
idue W239 appears to be in the vicinity of these residues and
likely to be affected directly or indirectly by the N348I mu-
tation. Notably, residue W239 interacts through P-P inter-
actions with Y318, which has been involved in resistance to
NNRTIs (NVP and DLV) (19, 33). '
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DISCUSSION

Two previous reports have shown that two rare mutations,
Q145M/L and Y1811, can confer cross-resistance to some
NRTIs and NNRTIs (31, 32). N348I appears to be the first
reported high-prevalence amino acid mutation to confer resis-
tance to multiple members of the NRTI and NNRTI families.
N348 is highly conserved in HIV-1 strains, including subtype
O. Interestingly, the equivalent residue in HIV-2 and other
retroviruses is an isoleucine (Los Alamos Sequence Data Base,
hitp://hiv-web.lanl.gov/content/hiv-db/). Similarly, WT HIV-2
RT resembles NNRTI-resistant HIV-1 RTs at the NNRTI
binding pocket region, e.g., V/T at 181 and L at 188 (34). Any
of these differences from the HIV-1 enzyme, including N348l,
may contribute to the observed NNRTI resistance of the
HIV-2 RT. The significance and role of 1348 in the natural
resistance of HIV-2 to NNRTIs and susceptibility to NRTIs
remain to be elucidated by further experiments.

Recently, Shafer et al. proposed criteria for evaluating the
relevance of mutations to drug resistance based on extensive
resistance surveillance data (37). In this review the mutations
related to drug resistance were assessed by the following: (i)
correlations between a mutation and treatment (whether the
drug therapy selects for the mutation), (ii) correlations be-
tween a mutation and decreased in vitro drug susceptibility,
and (iii) correlations between a mutation and a diminished in
vivo virologic response to a new antiretroviral regimen.,

Regarding the first criterion, we showed that the N348I

- mutation was induced by AZT and/or ddI treatment (Table 4).
For the second criterion, we showed that N348I decreases
susceptibility to AZT, ddl, NVP, and DLV (Table 2). The
AZT and ddI resistance of the N348I clone was comparable to
that of M41L/T215Y and L74V, respectively. Additionally,
N348I showed 27-fold increased resistance to NVP. Regarding
the third criterion, our data on patient viral load levels shown
in Table 5 indicate that N348I affected the clinical outcome.
Specifically, in case 6, the viral load clearly increased upon
acquisition of N3481. Moreover, dramatic decreases in viral
load were observed after introduction of a new regimen with-
out AZT and/or ddl, especially in cases 2, 3, 5, and 6. Hence,
the N3481 mutation meets the accepted criteria for being a
drug resistance mutation.

At present, it is not possible to accurately compare the
incidence of N3481 with that of other resistance mutations.
Genotypic analysis of the largest and most recent drug resis-
tance surveillance examined 6,247 patients treated with well-
characterized RTIs, mainly performed within amino acids 1 to
240 of the RT region (35). In this surveillance, the incidences
of the QI51M complex and fingers insertion were 2.6 and
0.5%, respectively. Because the connection subdomain is lo-
cated outside the region sequenced in the majority of geno-
typic assays, only limited data are available for connection
subdomain mutations such as G333E/D and N348I. Nonethe-
less, the incidence of N348I in our cohort is higher than other
MDR mutations such as that of the Q151M complex and the
insertion mutations. Furthermore, prevalence of N348I in a
Canadian cohort (11.3%) (42) is comparable to that in our
Japanese cohort.

In the patient case presented in Fig. 1, there is strong evi-
dence that N348I was not present during and at least 6 months
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after cessation of NNRTI-based therapy. Still, because of the
limited number of such cases in our cohort, it remains unclear
if N348I can be induced by NNRTI-containing regimens. Ac-
cording to the Stanford HIV drug resistance database, the
incidence of N348I in patients treated with NNRTIs is 5.8%
(n = 13/224), significantly higher than in the untreated group
(0.1%; n = 2/1095, P < 0.0001). We report here that N348]
confers significant and moderate resistance to NVP and DLV,
respectively. Most recently, Yap et al. also reported that com-
bined treatment with AZT and NVP was associated with in-
creased risk in the emergence of N348I (42). They mention
that other mutations, e.g., K103N, may further enhance N3481-
induced resistance to EFV. Thus, it is possible that HIV-1 also
acquires N348I under NNRTI-containing therapy. Further ex-
periments and surveillance are needed in patients treated with
NNRTI(s) as well as NRTIs.

Mutations at multiple residues are present in the MDR
variants of the Q151M and the fingers insertion complexes.
QI51M complexes typically contain at least four mutations,
including V751, F77L, and F116Y in addition to Q151M (21).
Insertion complexes generally contain an insertion of six bases
that code for two amino acids in the background of the classical
AZT resistance backbone such as T215Y (41). These results
suggest that genetic barriers to developing these MDR muta-
tions appear to be high, consistent with their low incidence
(35). Genetic barriers to the G333D/E complex also seem to be
high, since G333D/E requires other TAMs to develop this
certain resistance phenotype (7). In contrast, a single nucleo-
tide substitution (AAT to ATT) is sufficient to develop the
N348I mutation, indicating that the genetic barrier to N348I is
low. This may contribute to an increased prevalence of N3481
during prolonged chemotherapy with AZT and/or ddl.

The disappearance of N3481 was relatively rapid following
interruption of treatment (Fig. 1 and Table 5). This was con-
sistent with the observed replication kinetics of N3481 HIV-1
where strong impairment was observed in MT-2 and SupT1
cells (Fig. 2). However, in PM1 cells and PHA-stimulated
PBMCs, this reduction was moderate, and in HY cells little
reduction was observed. Since both PM1 and H9 cells were
originally derived from the same T-cell line, Hut78 (25, 26),
some properties for HIV replication may be identical. Avail-
ability of deoxynucleoside triphosphates or some cellular fac-
tors may compensate the effect of N3481 on RT activity, sug-
gesting that some cell populations in patients might harbor
HIV-1 with N348I due to its comparable replication kinetics
with the WT.

How might the N348I mutation affect resistance to NRTI
and NNRTI inhibitors that act with entirely different mecha-
nisms and target different binding sites? Theoretically, it is
possible that the N3481 mutation at either p66 or p51 or both
subunits is responsible for the resistance phenotype. It is also
possible that NRTI and NNRTI resistance do not involve the
same subunit. However, the N348] mutation in p51 is 50 to 60
A away from the polymerase active site and the NNRTI bind-
ing pocket where the affected inhibitors are expected to bind.
Similarly, the mutation site in p51 is 15 to 20 A away from the
interface of the two subunits or the DNA binding cleft. Mean-
while, the mutation site in the p66 subunit is close to the
NNRTI-binding pocket and the nucleic acid binding cleft.
Hence, it is more likely that the effects of the N3481 mutation
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are mediated through the p66 subunit mutation, although an
involvement of the mutation at the p51 subunit currently can-
not be ruled out and should be addressed by biochemical
experiments.

In terms of NNRTI resistance, our molecular modeling anal-
ysis is consistent with a hypothesis that the mutation is likely to
affect the flexibility and mobility of the p66 thumb subdomain.
Extensive crystallographic work with HIV-1 RT in several
forms, including an unliganded form, in complex with DNA
substrates or NNRTIs has revealed that during the course of
DNA polymerization, the p66 thumb subdomain undergoes
major conformational motions that are critical for efficient
catalysis. Alignment of multiple structures of HIV RT suggests
that the p66 thumb moves as a rigid body with its base hinged
to the palm subdomain exactly near residue 348 (Fig. 3). Res-
idue 348 is proximal to, and likely to affect, the relative inter-
actions between residues of the p66 connection (T351) and p66
thumb subdomains (V317, 1270, P272, W239, and eventually
Y318). The proximity of residue 348 to this hinge region leads
us to believe that changes imparted by the N3481 mutation
alter the mobility and flexibility of the thumb subdomain.
Subtle changes in the interactions between V317 and N348
may also reposition W239 and its neighboring Y318 in the
NNRTI-binding pocket. Interestingly, the Y318F mutation af-
fects NNRTI resistance in a similar way as N348I: it decreases
susceptibility to NVP and DLV but not to EFV (19, 33).
Biochemical binding experiments of RTs with NNRTIs would
directly evaluate this hypothesis.

The effect of the N3481 mutation on NRTT resistance cannot
be rationalized by direct interactions of the mutated residue
with the NRTI binding site. It is tempting to speculate that
minor changes in the p66 thumb subdomain hinge motions also
have minor effects on the positioning of the nucleic acid, which
in turn affects the ability to discriminate between NRTI and
the normal substrate by an as yet undefined mechanism. How-
ever, direct biochemical experimental evidence will be needed
to determine the precise molecular details of the specific mech-
anisms of NRTT resistance.

It has been proposed previously that an imbalance between
reverse transcription and RNA degradation plays an important
role in NRTI resistance (25). Pathak and colleagues proposed
that connection subdomain mutations may result in a slower
RNase H reaction, and this in turn may provide an increased
time period available for AZT excision, especially with TAMs
(28-30). In the case of N348], Yap et al. recently reported that
N348I decreases RNase H enzymatic activity (42). At present,
available evidence is consistent with a model in which these
connection subdomain mutations alter the affinity of the RT
for template/primer, enhance nucleoside excision, and reduce
template switching.

Several studies, including recent work by Delviks-Franken-
berry et al. and Brehm et al. (4, 11), highlighted the necessity
to expand sequencing analysis to include the connection and
RNase H subdomains. This contention is further supported by
results in this work and by others (16, 28, 42, 43) showing that
mutations at the connection subdomain influence susceptibility
to some antiretroviral drugs. Hence, there is a growing interest
in obtaining genotypic information from expanded areas of RT
that would be useful for a more complete analysis of HIV drug
resistance. Interestingly, already two out of four commercially
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available genotypic and phenotypic assay kits are designed to
include in their analysis at least part of the connection subdo-
main (Antivirogram by Virco up to RT residue 400 and ViroSeq
by Abbott/Celera Diagnostics up to RT residue 335).

The present study identifies N3481 as a MDR mutation in
HIV-1 RT. This knowledge provides information that may be
useful in designing more efficient therapeutic strategies that
can improve clinical outcome and help prevent the emergence
of MDR variants, especially in salvage therapy. This work
further highlights the functional role of the HIV-1 RT connec-
tion subdomain in drug resistance. Future studies that focus on
the structural and biochemical properties of connection sub-
domain RT mutants should reveal the molecular details of
NRTI and NNRTI drug resistance caused by connection sub-
domain residues.
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