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The majority of HIV-1 infections around the world result from non-B clade I1IV-1 strains. The CRF0I_AE
(AE) strain is seen principally in Southeast Asia. AE protease differs by ~10% in amino acid sequence from
clade B protease and carries several naturally occurring polymorphisms that are associated with drug resis-
tance in clade B. AE protease has been observed to develop resistance through a nonactive-site N88S mutation
in response to nelfinavir (NIV) therapy, whereas clade B protease develops both the active-site mutation D30N
and the nonactive-site mutation N88D. Structural and biochemical studies were carried out with wild-type and
NEV-resistant clade B and AE protease variants. The relationship between clade-specific sequence variations
and pathways to inhibitor resistance was also assessed. AR protease has a lower catalytic turnover rate than
clade B protease, and it also has weaker affinity for both NFV and darunavir (DRV). This weaker affinity may
lead to the nonactive-site N88S variant in AE, which exhibits significantly decreased affinity for both NFV and
DRV. The D30N/N88D mutations in clade B resulted in a significant loss of affinity for NFV and, to a lesser
extent, for DRV. A comparison of crystal structures of AE protease shows significant structural rearrangement
in the flap hinge region compared with those of clade B protease and suggests insights into the alternative
pathways to NFV resistance. In combination, our studies show that sequence polymorphisms within clades can
alter protease activity and inhibitor binding and are capable of altering the pathway to inhibitor resistance.

Human immunodeficiency virus type 1 (HIV-1) is classified
into three groups (M, N, and O), of which group M is further
classified into nine major clades (A, B, C, D, I, G, H,J, and K)
and 43 circulating recombinant forms (CRFs) based on viral
genomic diversity (32, 37). The majority of HIV-1 infections
across the globe result from non-B clade HIV-1 variants; clade
B accounts [or only ~12% ol infections (15). However, the
development of currently available anti-HIV therapies has
been based on the virology of clade B variants. In recent years,
several studies have shown that there are clear differences
between clades when it comes to viral transmission and the
progression to AIDS, an observation which raises questions
about the effectiveness of the currently available anti-HIV
therapies against the other clades and CRFs (16-18, 39).

HIV-1 protease has been an important drug target in the
global elfort to curb the progression from HIV infection to
AIDS. However, the accumulation of drug-resistant mutations
in the protease gene has been a major drawback in using
HIV-1 protease inhibitors. The effects of mutalions associated
with drug resistance in HIV-1 clade B protease have been
studied extensively over the years. For the most part, resistance
mutation palterns are very similar in HIV-1 clade B and non-B
clade proteases (19). However, several alternative resistance
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pathways have been observed [or non-B clade proteases com-
pared with those of clade B protease (1, 12, 13, 26). Limited
data are available on how sequence polymorphisms, some of
which are associated with drug resistance in clade B protease,
might influence the pathway (o drug resistance in non-B clade
proteases. Furthermore, very little is understood about how
sequence polymorphisms in non-B clade proteases affect pro-
tease function and inhibitor binding.

HIV-1 CRF01_AE (AE) was the first CRF 10 be observed in
patient populations and is seen principally in Southeast Asia
(2, 10, 25). AE protease differs by ~10% in amino acid se-
quence from that of clade B protease (Fig. 1A). Interestingly,
AE protease develops a different resistance pathway from that
of clade B protease to conler resistance to the protease inhib-
itor nelfinavir (NFV) (1). In patients infected with AE, the
protease acquires predominantly the N88S mutation in re-
sponse to NFV therapy, whereas in patients with clade B in-
[ection, the protease acquires the D30N/N88D mutations. The
fitness of AE viral strains is thought 1o be similar to that of
HIV-1 group M viral strains (11, 41). However, the effect of
AE-specific sequence variations as well as drug resistance sub-
stitutions on viral fitness has not been studied extensively.

In the present study, biochemical and biophysical methods
were used to determine the effect of sequence polymorphisms
in AE protease on enzyme activity and inhibitor binding.
Through determination of crystal structures and analysis of
changes in hydrogen bonding patterns, a structural rationaliza-
tion is described [or the two different pathways observed for
clade B and AE proteases (o altain resistance to NFV.
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FIG. 1. (A) Amino acid sequence alignments of B-WT and AE-WT and NFV-resistant mutants. Residue positions that differ between clade
B and AT are indicated in red. NFV resistance mutations are indicated in blue. (B) Ribbon diagram superposition of DRV zg.wr (blue) and
DRV \pnsss (2ray). (C) Double-difference plot comparing DRV sgwr and DRV s (D) Ribbon diagram superposition of clade DRV pg.wr
(magenta) and clade DRVp.wr (gray). (E) Double-difference plot comparing DRV ygavr and DRVg.y . The color contours in the double-
difference plots indicate distance differences of << 1.0 A (black). 1.0 to 0.5 A (green), 05 to 1.0 A (blue), and >1.0 A (red).
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MATERIALS AND METHODS

Protease gene construction. The clade B wild-type (B-WT) protease gene was
generated as previously described (34). The AE wild-type (AE-WT) protease
gene was synthesized in fragments (Integrated DNA Technologies, Coralville,
1A), with codons optimized for expression in Escherichia coli. The fragments
were ligated 1o form the complete gene, which was then inserted into the pET1a
expression vector (Novagen/EMD Chemicals, Gibbstown, NJ). The protease
sequence was confirmed by DNA sequencing. The NFV resistance mutations,
N8SS in AE (AE-N88S) und DION/NSSD in clade B (B-D30N/NSSD), were
generated by site-directed mutagenesis using a Stratagene QuikChunge site-
directed mutagenesis kit (Agilent Technologies, La Jolla, CA). Mutagenesis was
confirmed by sequencing. The Q7K substitution was introduced to all protease
variants to prevent autoproteolysis (38).

Protein expression and purification. The clade B and AE variants were sub-
cloned into the heat-inducible pXC35 expression vector (American Type Culture
Collection [ATCC), Manassas, VA) and transformed into E. coli TAP-1006 cells.
Protein overexpression, purification, and refolding were carried out as previously
described (20). Protein used for crystallographic studies was further purified with
a Pharmacia Superdex 75 fast-performance liguid chromatography column (GE
Healtheare, Chalfont St. Giles, United Kingdom) equilibrated with refolding
boffer (50 mM sodiwm acetate [pH 5.5], 10% glycerol, 3% ethylene glycol, and 5
mM dithiothreitol).

Crystallization and structure determination. Protease solutions between 1.0
and 2.0 mg ml ™" were equilibrated with a 5-fold molar excess of NFV, darunavir
(DRV), and amprenavir (APV) for 1 I on ice. Crystals were grown over a
reservoir solution consisting of 126 mM phosphate buffer (pH 6.2), 63 mM
sodinm citrate, and 18% to 23% ammonium sulfate by the hunging-drop vapor
diffusion method. X-ray diffraction data for AE-WT were collected at @ Bio-
CARS beamline 14-BM-C at the Advanced Photon Source (Argonne National
Laboratory, Argonne, L) at u wavelength tuned 1o 0.9 A with a Quantum 315
CCD X-ray defector (Area Detector Systems Corporation, Poway, CA). Diffrac-
tion data for AE-N88S were collected by using beamline X29A at the National
Synchrotron Light Source (Brookhaven National Laboratory. Upton, NY) at a
wavelength tuned 10 1.08 A with a Quantum 315 charge-coupled-device (CCD)
X-ray detector (Area Detector Systems Corporation). Data for the B-D30N/
NS&D variant was collected in-house with an R-Axis 1V imaging plate system
{Rigakn Corporation, Tokyo, Japan) mounted on a rotiting-unode X-ray source
{Rigaku Corporation). All data were collected under eryocooled conditions.

The data were indexed, integrated, and scaled using HKLHKL-2000 software
(HKI, Research, Charlottesville, VA) (29). Structure determination and refine-
ment were carried out using the CCP4 program suite (4) as previously described
(35). The tensor (T), libration (L.). and screw (S) parameter files used in TLS
refinement were generated using the TLS motion determination server (30).
Maodel building and real-space refinement were carried out with Coot molecular
graphics software (8). Structure comparisons were made by superposing the
structures using the Ce atoms of the terminal regions (residues 110 9 and 86 1o
99) from the two monomers. In the case of the AE complexes, which have
multiple orfentations for the inhibitor. only the orientation common with the
clade B structures was used for analysis. Shructures were visnalized using PyMol
molecular graphics software (6).

Double-difference plots were generated for AE and clade B protease strue-
tures 1o graphically visualize structural differences between the clades, as previ-
ously described (35). Briefly, distances between all Ca atoms within the dimer
were caleulated for esch complex. A distance difference matrix was then com-
puted for each atom for a given pair of complexes. The distance difference matrix
was then plotted as a contour plot using the gnuplot plotting software (44).

Nomenclature. The following nomenclature format will be used to refer to
each crystal strocture: inhibior yoease varian- 108, DRV in complex with AE-
WT, clade B-WT, AE-N8SS. and AE-D30N/N8SD protein are designated
DRVag wr: DRV wr DRV 4z wgss: and DRVg pannassw, respectively. Prime
notation is used to distinguish the two monomers in the protense dimer. For
example. residue 30 from the first monomer would be referred to as Asp30, and
the same residue from the second monomer would be referred to as Asp30’.

ITC. Binding aflinities and thermodynamic parameters of inhibitor binding to
clade B and AE variants were determined by isothermal titration calorimetry
(ITC) with a VP isothermal titration calorimeter (MicroCal, LLC, Northampton,
MA). The buffer used for all protease and inhibitor solutions consisted of 10 mM
sodium acetate (pH 3.0), 2% dimethyl sulfoxide, and 2 mM tris[2-carboxyethyl]
phosphine. Binding affinities for all protease variants were obtained by compet-
itive displacement tittation using acetyl-pepstatin as the weaker binder. A solu-
tion of 30 10 45 pM protease was titrated with 10-pl injections of 200 pM
acelyl-pepstatin to saturation. The pepstatin was then displaced by titrating 36
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8-l injections of 200 pM APV or NFV or 41 7-pl injections of 40 pM DRV,
Heats of dilution were subtracted from the corresponding heats of reaction to
obtain the heat resulting solely from the binding of the ligand to the enzyme.
Data were processed and analyzed with the 1TC data analysis module (Microcal)
for Origin 7 data analysis and graphing software (OriginLab, Northampton,
MA). Final results represent the average of at least two measurements.

Measurement of protease activity. Protease activity was assayed by following
each variant’s ability to hydrolyze the fluorogenic substrate HiLyte Fluor
488-Lys-Alu-Arg-Vul-Leu-Alu-Glu-Ala-Mct-Ser-Lys  (QXL-520) (AnaSpec,
Inc., Fremont, CA) that corresponds 10 the HIV-1 CA-p2 substrate. The CA-p2
cleavage site was used since it is conserved between HIV-1 clades (7). The assay
was carried out in a 96-well plate, and the enzymatic reaction was initiated by
adding 20 pl of a solution of 100 1o 250 nM protease to 80 pl of substrate
solution. The buffer used in all reactions consisted of 10 mM sodivm acetate (pJd
5.0), 2% dimethyl sulfoxide, and 2 mM tris|2-carbosyethyl]phosphine. Final
concenltrations in each experiment were (0 10 40 uM substrate and 20 10 50 nM
protease. Accurate concentrations of properly folded active protease were de-
termined by carrying out ITC experiments for each variant with acetyl-pepstatin
as described in the previous section. Fluorogenic response to protease cleavige
was monitored at 23°C using a Victor® microplate reader (PerkinElmer, Wal-
tham, MA) by exciting the donor molecule at 485 nM and recording emitted light
at 335 nM. Duta points were acquired every 30 s. The data points in relative
fluorescence units (RFU) were converted into concentrations using standard
calibration curves generated for Hilyle Fluor 488 at each substrate concentri-
lion. In addition to the conversion of RFUs to concentrations, the generation of
calibration curves at each substrate concentration allowed us to correct for the
inner filter effect (5). Rates of each enzymatic reaction were determined from the
linear portion of the data and were [itted against substrate concentrations to
determine K, and catalytic turnover rate (k,,,) values using VisualEnyzmics
enzyme-kinetics software (SoftZymics, Princeton, NJ). Final results for cach
variant represent the average from at least two experiments,

In order to determine the biochemicol fitness of a particular variant in the
presence of a given inhibitor, vitality values were calenlated using the following
equation, based on the vitality function described previously, where K, is the
dissociation constant and k./K,, is the catalytic efficiency (14, 43).

[Ky o Kl Ko Tz
[Ky 0 Ot K Totaae wowr

Vitality =

The caleulated vitality value for B-WT {or a particular inhibitor would be 1.0, and
vitality values greater than 1O would indicate that a given variant had a selective
advantage over the same inhibitor, while values lower than 1.0 would indicate
that the variant did not have a selective advantage.

RESULTS

Crystal structures. The AE-WT and NFV-resistant clade B
and AE variants were cocrystallized with NFV, DRV, and
APV (o reveal the structural basis for the altered NFV resis-
tance pathways. In addition, the effects of background poly-
morphisms in AE-WT on inhibitor binding compared with that
of clade B-WT were discerned. Crystals of AE protease in
complex with NFV and APV did not diffract to a high
resolution; therefore, structural comparisons were carried
out for AE and clade B protease in complex with DRV. The
structure of DRV 3, was solved previously in the laboratory
and was used for structural comparisons (Protein Data Bank
[PDB] code 1T3R). Both DRV 4wy and DRV 4 nyss CTYS-
lallized with DRV bound in two orientations in the active
site. Crystallographic data and refinement statistics for
DRV zg.wr DRVwr DRV g pnsss, and DRV s paonnssi
are given in Table .

Structural comparisons were carried out for AE and clade B
DRV complexes by pairwise structural superposition and
double-difference plots (Fig. 1B to E). The DRV g\ and
DRV 4 .nsss complexes were structurally similar (Fig. 1B and C).
Although the DRV \;. \, and DRV, could be superim-
posed on each other very well (root mean square devialion
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TABLE 1. Crystallographic statistics

Result for indicated variant

Parameter” ;
DRVy.wr” DRVppanmesn DRVapwr DRVagness

Inhibitor DRV DRV DRV DRV
Resolution (A) 1.2 215 1.96 1.76
Spice group 2022 2702 PG, Po,
Z 4 4 [ 6
Cell dimensions (A)

Q 54.9 509 62.2 619

b 57.8 577

¢ 62.0 61.60 82.7 82.1
Total no. of 302.022 108,838 89,284 79.445

reflections
No. of unique 35,056 10,326 12,493 17,277
reflections

o LH) 3.8 6.7 5.5 4.0
Completeness (%) 953 99.6 939 974
ija' 25.0 9.6 112 19.6
R %) 14.1 181 20.0 19.0
Rpne (%) 17.9 23.6 25.9 23.9
RMSD .

Bond length {A)  (L004 0.009 0.009 0.007

Bond angle 1.5 1.9 1.5 1.7
PDB code I'T3IR 3LZV 3LZS 3LZuU

¢ Z, number of molecules in the unit cell; RMSD, root mean square deviation:
R = it = iV nadus /07, signal-to-noise ratios Rt = EF s
Frj\I’/E‘Lr;bs} R = E(g‘sl( Tabsl T Fvnll)_/zmsllﬁnl}s"-

" See King et al.(21) and Surleraux et al. (40).

[RMSD]of0.21 A), there were clear and significant differences
between the variants in the main chain at the flap hinge region
(residues 33 to 39) and the protease core region (residues 16 to
22) (Fig. 1D and Fig. 2A to D). These diflerences were further
evident by the presence of significant peaks in the double-
diference plot (Fig. 1E). The Ile36 side chain in DRV 4z wr

J. VIROL.

packs well against the core region through favorable van der
Waals interactions and is shorter than the Met36 in DRV 5y
(Fig. 2C). In addition, the shorter Asp35 in DRV g wr further
enhances the packing by being flipped inward against the core,
while in DRV, \, the longer Glu35 is flipped outward into
the solvent and forms a salt bridge with ArgS7 (Fig. 2D). The
packing of the flap hinge and core regions in DRV gy is
further stabilized by a hydrogen bond between the carbonyl
oxygen of Asp35 and Lys20 NZ atom and is not present in
DRV wr-

The Asp30' side chain of DRV 5w does not directly form a
hydrogen bond with DRV but indirectly interacts with the N1
atom of DRV through a water molecule-mediated hydrogen
bond network (Fig. 3A). In contrast, the Asp30’ side chain of
DRV sg wr [orms a direct hydrogen bond with the N1 atom of
DRV (Fig. 3B). Residue 30 ol both NFV-resistant variants also
interacts with the N1 atom of DRV through water molecule-
mediated hydrogen bonding (Fig. 3C and ID). However, in
addition to this interaction, Asn30 of DRV s p30n/nssp and
Asp30 of DRV 4 nssg are oriented away from the active site,
enabling them to form hydrogen bonds with Asp88 and
Ser88, respectively. In both cases, the NFV resistance mu-
tations stabilize residue 30 away from the active site via
hydrogen bonding,.

Binding thermodynamics. To determine the effects of back-
ground sequence polymorphisms and NFV resistance muta-
tions on inhibitor binding, the binding thermodynamic param-
eters of NFV, DRV, and APV binding to WT and resistant AE
and clade B variants were determined by isothermal titration
calorimetry (Table 2). The AE-WT protease had a 6.9-fold-
weaker affinity for NFV and a 2.7-fold-weaker affinity for DRV

FI1G. 2. (A) Ribbon diagram superpusition of DRV yg.wr (blue) and DRVg.wr (gray). The red box indicates the region of the protease
molecule highlighted in panels B to I. (1B) Structural rearrangement of the flap hinge and core regions between DRV gy (blue) and DRV vy
(gray). (C) Flap hinge and core regions of DRV gy (D) Flap hinge and core regions of DRVy.wp protease. Hydrogen bond interactions are

indicated by red dashed lines.
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FIG. 3. Protease inhibitor hydrogen bonding interactions. DRV is shown in orange, and hydrogen bond interactions are indicated by red
dashed lines. Since the charged states of the Asp25 carboxyl groups and the position of the O18 hydroxyl hydrogen of DRV are not known,
all possible hydrogen bond interactions between the Asp25 carboxyl groups and O18 of the DRV molecules are shown. (A) DR Vi (gray).
(B) DRV ygwr (blue). (C) DRV pagrnsgsn (salmon). (D) DRV \gusss (green).

than the affinities of B-WT protease for NFV and DRV, re- were observed among any of the variants. Although the bind-
spectively (Table 2). This result indicates that the AE-WT ing of DRV to all protease variants was enthalpically [avorable,
protease has an inherently weaker affinity for NFV and DRV. the enthalpic contributions were reduced with the AE variants

No significant differences in the enthalpy of NFV binding (—10.1 keal mol ™" for AE-WT and —5.1 kcal mol™' for AE-

TABLE 2. Binding thermodynamic parameters for NFV, DRV, and APV binding to AE and clade B variants”

Inhibitor and

protesse vinfm K, (M Ky (nM) K ratio  AM (keal mol ™'y AAH - TAS (keul mol™')  A(-TAS) AG (kcal mol™") AAG
NFV
B-WT (2.0 £0.5) % 10° 0.39 = 0.07 1.0 44 + 0.1 -17.0 12.6 = 0.1
B-D30N/NSSD (1.2 + 0.4) X 10 8.1 +28 20.7 6.7 =03 2.3 -17.5 0.5 10.8 + 0.2 1.8
AE-WT (3.7 £1.0) X 10° 2.7 £ 0.7 6.9 5003 0.6 - 16.6 0.9 -11.5 £ 0.2 1.1
AE-NSSS (58 +12) X 107 172 + 35 44.1 6.2 £ 0.7 1.8 - 16.6 0.9 ~-10.4 = 0.1 22
DRV
B-WT (22 = LIy x 10" 0.004 *+ 0.002 10 121 09 3.1 -152 03
B-D30N/NSSD (3.7 + 0.7) X 10" 0.026 + 0.005 6.5 =125 £ 04 ~0.4 ~1.6 1.5 -14.2 2 0.1 1.0
AE-WT (9.1 £03) X 10" 0.0109 + 0.0003 2.7 -10.1 £ 05 2.0 4.6 -1.5 -14.7 + 0.02 0.5
AE-NS8S (L1 £08) X 10" 0.087 + 0.062 21.8 -5.1 *36 7.0 -84 -5.3 ~13.5 +04 1.7
APV
B-WT (26 13) X 10° 039 £020 1.0 -73 09 -53 ~12.6 = 0.3
B-D30N/NSSD (1.2 £ 0.2) X 10'0 0.08 + (.01 0.2 =102 £ 15 -29 -33 2.0 -13.5 + 0.09 0.9
AE-WT (3.1 +02) X 10° 0.32 + 0.02 0.8 ~55%03 1.8 =73 2.0 ~12.70 £0.03 -0.1
AE-NSSS (13 109 % 10" 0.08 = 0.06 0.2 5036 2.3 8.6 -3 -13.6 = 0.4 1.0

“ K., association constant: K, dissociation constant; H, enthalpy; T, temperatwre; S, entropy; G, Gibbs free energy.
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TABLE 3. Enzyme kinetics parameters for clade B and AE-WT
and NTV-resistant variants

J. VIROL.

TABLE 4. Vitality values for clade B and AE WT and
NFV-resistant variants

Result for indicated variant

Parameter

Result for indicated variant

Inhibitor

B-WT B-D30N/N8SD AE-WT ALE-N88S B-D30N/N8SD AE-WT AE-N8SS
K, (1M) 16,7260 359x0.1 175 40 190 0.8 NFV 0.76 2.52 4.01
ke (s") 1.79 # 0.28 0.13 2 0.09 0.70 = 0.08 0.20 = 0.02 DRV 0.24 0.99 1.98
ke Kon 0.11 % 0.04 0.004 = 0.002 0.04 +0.01 0.010 = 0.001 APV 0.01 0.30 0.02
(" uMY)

N88S) compared with those for the clade B variants (—12.1
keal mol™" for B-WT and —12.5 kecal mol ' for B-D30N/
N88D). As expected, the NFV-resistant variants showed a sig-
nificant reduction in binding affinity for NIV compared to that
of the wild-type variants. With the AE-N88S variant, the af-
finity for NFV was reduced 44.1-fold (K, = 17.2 nM) and was
far more significant than the D30N/NSSD) mutations in clade B
protease, which reduced the affinity for NFV 20.7-fold (K, =
8.1 nM). Similarly, the AE-N88S variant had a 21.8-fold-
weaker aflinity (K, = 0.087 nM) for DRV compared to a
6.5-fold-weaker affinity (K, = 0.026 nM) with the B-D30N/
N88D variant. Thus, the single N88S substitution in the AE
protease has a profound effect on the binding of NFV and
DRV.

In contrast to NFV and DRV, clade-specific sequence dif-
ferences and NFV resistance mutations had only a minimal
effect on the affinities for APV of both AE and clade B pro-
tease. Despite this, there were some differences in energy pa-
rameters. The binding of APV to the clade B variants appeared
to be more enthalpically favorable than that o the AE variants.
This was compensated for by an increase in the entropic com-
ponent to the binding energy for the AE proteases.

Protease activity and vitality. The enzyme-kinetic parame-
ters determined for each clade B and AE variant with the
CA-p2 uorogenic substrate analog are summarized in Table
3. The K,,, value for B-D30N/N88D protease (35.9 M) was
2.1-fold greater than that for B-WT protease (16.7 uM). How-
ever, the K,,, values for the AE protease variants (17.5 1M for
AE-WT and 19.0 pM for AE-N88S) were similar to that of
B-WT protease. The turnover rate for B-D30N/N88D protease
(k.o = 0.13 s7') was significantly lower than that of B-WT
protease (k. = 1.79 s '). Turnover rates for AE-WT (k,,, =
0.7 5"y and AE-N88S (k.,, = 0.2s ') were 2.5 and 8.5-fold
lower, respectively, than that of clade B-WT. The k., /K,, val-
ues, or catalytic efficiency values, for B-D30N/NSSD and AE
variants were lower than that of B-WT prolease. Therefore,
the reduction in catalytic efficiency of the B-D30N/N88D pro-
tease compared with that of B-WT protease resulted from the
combined effects of the K, and k,,,, values. However, for the
AE variants, the lower turnover rates alone were responsible
for the reduced catalytic efficiencies. Overall, these results in-
dicate that the polymorphic sequence differences in AE pro-
lease can alter the activity profile of the enzyme compared (o
results with the clade B protease.

Vitality values were calculated (o determine if the protease
variants had a selective advantage over NFV, DRV, and APV.
AE-WT and AE-N8SS protease had calculated vitality values
0f 2.52 and 4.01 for NFV, respectively, compared with (.76 for
B-WT (Table 4). However, vitality values for DRV were not

significantly different from that of B-WT protease. Vitality
values for APV were significantly lower for all variants than for
B-WT protease. These results indicate that AE-WT may have
a selective advantage over NFV compared to B-WT but that
the AE variants may not have a significant selective advantage
against DRV or APV relative to B-WT.

DISCUSSION

Although the majority of HIV-1 patients are infected with
non-B forms of the virus, molecular studies have been carried
oul predominantly with clade B variants. The AE protease has
several polymorphisms that are associated with inhibitor resis-
tance in clade B. AE also shows altered patterns of drug re-
sistance to NFV. We have performed detailed studies to de-
termine the effects of sequence polymorphisms on enzyme
structure, activity, and inhibitor binding. These analyses led to
a structural rationalization for the altered pathways for drug
resistance.

AE-WT protease has an inherently weaker affinity for NFV
and DRV than that of B-WT, as is evident {rom the thermo-
dynamic data (Table 2). The weaker affinity observed for NFV
is consistent with previously published data for another AE
protease variant (3), as well as for clade A protease (42), which
is closely related. The inherent weaker affinity for NV likely
allows the AE protease to gain resistance to NFV through a
single nonactive-site substitution, N88S. The clade B protease,
in contrast, which has a relatively stronger affinity for NFV,
requires a combination of an active-site mutation (D30N) and
a nonactive-site mutation (N88D) to gain NFV resistance. The
ability of the AE-NSSS protease to maintain affinity for sub-
strates is evident from our enzyme kinetics data (Table 4), in
which the K, value for AE-N88S was comparable (o that of
AE-WT and B-WT protease. The K,,, value for clade B-D30N/
N88D, on the other hand, was significantly worse than that of
the B-WT, Iikely reflecting the effect of the altered active site.

As an active-site residue, Asp30 plays a key role in substrate
recognition by interacting with substrates through side chain-
mediated hydrogen bonds with the MA-CA, CA-p2, p1-p6, and
p2-NC cleavage sites (36). Therefore, as is evident from our
enzyme kinetics data, the D30N/N88D mutations in clade B
will likely affect substrate binding and processing. Several stud-
ies have observed substrate coevolution in instances in which
the protease mutales active-site residues in order (o confer
inhibitor resistance (22, 23). However, since the AE-N88S pro-
tease variant has no active-site mutations, the enzyme retains
the ability to clfectively recognize substrates while conferring
NFV resistance. Therefore, the presence of the N83S sub-
stitution in AE protease is unlikely to induce coevolution of
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of the outer beta strands. The red box indicates the region of the protease molecule highlighted in panels B to D. (B) Asn88 in NFVy wr (PDB
code 3EKX). (C) Asp88 in DRV pigmnssn- (D) Sers8 in DRV yys-wer- Hydrogen bond interactions are indicated by red dashed lines.

the viral substrates in order to maintain effective enzymatic
activity.

Despite having K,, values that were comparable to that of
B-WT protease, both AE-WT and AE-N88S had significantly
lower catalytic turnover rates (k) than that of the B-WT
protease (Table 3). As a result, the catalytic efficiency of the
AE variants is lower than that of the B-WT protease. The
lower turnover rates of the AE variants could be a direct result
of the reduced flexibility of the flap hinge (residues 33 Lo 39)
and core regions (residues 16 to 22) of the protein. Molecular
dynamics studies have revealed that hydrophobic sliding of the
core region [acilitates substrate binding through the opening of
the active site (9). The unique hydrogen bonds observed be-
tween the flap hinge and the core in the AE variants alter
movement of the core, thus impacling the ability of the active
site to open up for substrate binding and product release.
Based on our enzyme kinetics data, this altered flexibility of the
flap hinges in the AE variants has little effect on substrate
binding but rather affects the catalytic step of the reaction by
slowing down product release.

The higher vitality value observed for AE-WT with NFV
provides supporting evidence for the reduction in the efficacy
of NFV against the AE protease compared with that of clade
B (Table 4). This result is consistent with previous vitality
calculations for the clade A protease (42). In addition, these
results further highlight the idea that background polymorphic
sequence variations in the AE protease can affect the potency
of NFV. The suboptimal efficacy of NFV against the AE-WT
protease likely permits a nonactive-site variant, AE-N88S, to
emerge over variants with active-site mutations to elfectively
confer resistance o NFV.

272

The impact on other inhibitors, however, is complex. APV
and DRV are chemically very closely related compounds, and
similar susceptibility and resistance patterns have been ob-
served for these two inhibitors (31). However, this pattern is
not evident for this series of resistant variants. Both the N88S
mutation in the AE and the D30N/N88D mutations in the
clade B proteases result in hypersusceptibility to APV. Similar
results have been observed also for a B-N88S protease variant
(24, 45). In contrast, the same substitutions in the protease give
rise to even greater resistance to DRV. However, since DRV
presents a greater genetic barrier to resistance than APV (33),
the in vivo implications of weaker affinity for DRV in the AE
variants are likely negligible. Indeed, our calculated vitality
values indicate that DRV maintains its potency against the AE
variants despite having a weaker aflinity for AE-WT and AE-
N8BS relalive to clade B protease.

A close look at the NFV 5 protease complex reveals an
important interaction between the Asp30 residue side chain
and the inhibitor bound in the active site. (PDB code 3EKX)
(Fig. 4A and B). One of the side chain oxygen atoms of Asp30
forms a direct hydrogen bond with the O38 atom of NFV. OQur
crystal structures of the NFV-resistant variants show that N88S
in AE and N88D in clade B have the ability to interact with
residue 30 and orient it away [rom the active site (Fig. 3B and
D) and thereby disrupt the interaction between residue 30 and
the inhibitor. These structural observations are similar to in-
terpretations made in previous molecular dynamics studies
involving NFV-protease complexes (27, 28). Thus, NFV resis-
tance is likely caused in large part due to the loss of this
interaction in the NFV-resistant variants.

Overall, mutations that emerge in response to inhibitor ther-
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apy need to have a minimal impact on protease structure and
activity to maintain the enzyme’s function. The D30N substi-
tution, which is associated with NFV resistance, is one of the
few drug-resistant mutations that involve a change in charge.
The additional substitution of N88D likely helps preserve the
net charge on the protein. In AE, resistance to NFV occurs
indirectly with the N88S mutation. Likewise, the sole NFV-
resistant alteration, N88S, in the AE protease does not change
the overall electrostatics. Thus, in both clade B and AE, NFV
resistance is attained with no change to the net charge of the
enzyme. In the wild-type variants, Asn88 is one of the few
internal hydrogen bonding side chains in the core of the pro-
tease monomer. The side chain of Asn88 has a key role in the
protease structure bridging the terminal helix, with residues 30
and 31 coming from the active site to the backbone of Thr74 in
the center of one of the outer beta strands (Fig. 4A and B).
With the substitutions of Asp in clade B and Ser in AE for Asn
at position 88 in the NFV-resistant protease variants, the hy-
drogen bonding network is preserved through the coordination
of some key water molecules in the core of the protease mono-
mer (Fig. 4B to D). Thus, mutations confer resistance to NFV
through a series of inlerdependent changes that preserve the
structural and electrostatic properties of HIV-1 protease.

In conclusion, protease activity and the response to protease
inhibitors can be affected by clade-specific sequence differ-
ences. Our findings likely extend beyond HIV-1 protease to
other drug targets within HIV and underscore the need to
consider clade-specific polymorphisms when developing new
drugs and formulating treatment plans. Furthermore, drug re-
sistance pathways observed in the context ol clade B viruses
cannot be assumed to hold true for other HIV-1 clades.
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Peptide HIV-1 Integrase Inhibitors from HIV-1 Gene Products
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Anti-HIV pcplldmwnh inhibitory activity against HI'V-1 integrase (IN) have been found in overlapping
peptide libraries derived from HIV-1 gene pr oducts. In a strand transfer assay using IN, inhibitory active
peptides with certain sequential motifs related to Vpr- and Env-derived peptides were found. The addition
of an octa-arginyl group to the inhibitory peptides caused a remarkable inhibition of the strand transfer and
Y-end-processing reactions catalyzed by IN and significant inhibition against HIV replication.

Introduction

Many antiretroviral drugs are currently availuble to treat
human immunodeficiency virus type 1 (HIV-1) infection. Viral
enzymes such as reverse {ranscriptase (RTY), protease and
integrase (IN), gp41, and coreceptors are the main targets for
antiretroviral drugs that are under development. Because of the
emergence of viral strains with multidrug resistance (MDR),
however, new anti-HIV-1 drugs operating with different in-
hibitory mechanisms are required. Following the success of
raltegravir, IN has emerged as a prime target. IN is an essential
enzyme [or the stable infection of host cells because it catalyzes
the insertion of viral DNA inside the preintegration complex
(PIC) into the genome of host cells in two successive reactions,
designated as strand transfer and 3'-end-processing. It is
assumed that the enzymatic activities of IN have to be negatively
regulated in the PIC" during its transfer [rom the cyloplasm to
the nucleus. Otherwise, premature activation of IN can lead to
the autointegration into the viral DNA itself, resulting in an
aborted infection. We speculate that the virus, rather than the
host cells, must encode a mechanism to prevent autointegra-
tion. The PIC contains in association with lhc viral nuclgic
acid, viral plotems suchas RT,IN, capsids (p24<* and p7™©),
matrix (pI7M™), p6 and Vpr, cellular proteins HMG 1 (Y),
and the barrier Lo autointegration factor (BAF)." ™ Itis likely
that, due 1o their spatial proximity in the PIC, these proteins
physically and functionally interact with each other. For
instance, it is already known that RT activity mhlbll(_d by
Vpr,” and that RT and IN inhibit each olhu Vpl also
inhibits IN through its C-terminal domain.™'  Because these
studies suggest that PIC components regulate each other’s

*To whom correspondence should be addressed. Phone: | 81-3-5280-
8036, Fax: +81-3-5280-8039. E-mail: tamamura.mr@ tmd.ac.jp.

“Abbreviations: HIV, human immunodeficiency virus; IN, integrase;
RT, reverse transeriptase; MDR, multidrug resistance: PIC, preintegra-
lion complex: BAF. barrier to autointegration factor; Ry, octa-arginyl.
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function, we have attempted to obtain potent inhibitory lead
compounds from a peptide fragment library derived from
HIV-1 gene products, an approach which has been successful
in finding a peptide IN inhibitor [rom LEDGF, « cellular IN
binding protein. !

In this paper, we describe the sereening of an overlapping
peptide library derived [rom HIV-] proteins, the identifica-
tion of certain peptide motifs with inhibitory activily against
HIV-11IN, and the evaluation of effective inhibition of HIV-1
replication in cells using the identified peptide inhibitors
possessing cell membrane permeability.

Results and Discussion

An overlapping peptide library spanning HIV-1 SF2 Gug,
Pol, ¥pr, Tut, Rev, Fpu, Env, and Nef, provided by Dr.
Iwamoto of the Institute of Medical Science at the University
of Tokyo (Supporting Infor l]'.lclh()IL SI Figure 2A), was
screcned with a strand transfer assay'® in search of peptide
pools with inhibitory activily against HIV-1 IN. The library
consists 0f 658 peptide fragments derived [rom the HIV-1 gene
products. Each peptide is composed of 10—17 amino acid
residues with overlapping regions of 1 =7 amino acid residues.
Sixteen peptide pools containing between 16 and 65 peptides
were used [or the first sereening at the [inal concentration of
5.0 uM for each peptide (SI Figure 2B ). This initial screening
gave the results shown in Figure 1. Both Vpr and Env4 pools
showed remarkable inhibition of IN strand transfer activity,
and consequently a second screening was performed using the
individual peptides contained in the Vpr and Envd pools. A
group of consecutive overlapping peptides in the Vpr pool
(groups 13—15) and groups 4—6 and 20—21 in the Env4 pool
were found to possess IN inhibitory activity (Figure 2). We
focused on VprlS and Envd-4 peptides because they showed
inhibitory activity against IN strand transfer reaction in a
dose-dependent manner (Figure 3), The 1Csg values of Vprl5
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Figure 1. Inhibition of the IN strand transfer activity by peptide
pools. Tnhibition of the IN strand transfer activity was strongly
inhibited by Env4 and Vpr pools (arrows). The p-axis represents the
IN strand transfer activity relative to the solvent control (DMSO).
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Figure 2. Identification of IN inhibitory peptides in the Vpr (A)
and Env4 (B) pools based on the strand transfer activity of IN. The
consecutive overlapping peptides display the inhibition of the strand
transfer activity of IN (arrows). The y-axis represents the IN strand
transfer activity relative to the solvent control (DMSQ). The con-
centration of cach peptide was 5 M. The common sequences of
individual peptides derived from Vpr and Env4 pools with anti-IN
activity are underlined.

and Envd-4 were estimated at 5.5 and 1.9 M, respectively.
These peptides did not show any significant inhibitory activity
against HIV-1 RT, suggesting that they might inhibit IN
strand transfer reaction selectively.

The overlapping peptides of Vpr] 3-15 and Env4-4-6 have the
vommon hexapeplide sequences LQQLLF and IFIMI1V, res-
pectively, The LQQLLF sequence covers positions 64—69 of
Vpr, which is a part of the second helix of Vpr. The IFIMIV
sequence corresponds Lo positions 684689 of gpl60, whichisa
part of the transmembrane domain of TM/gpdl. These hexa-
peptides are thought to be critical to inhibition of 1IN activity. It
was recently reported” that similar peptides derived from Vpr
inhibit IN with 1Cs values of 1—16 M, which is consistent with
our data. In this report,” the peptide motif was found to be 15
amino acid residues spanning LQQLLF from the overlapping
Vpr peptide library. In our study, more precise mapping of
inhibitory motifin Vpr peptides was uchieved by identifying the
shorter effective peptide motif. We focused on the Vpr-derived
peplide, LQQLLE (Vpr-1) to develop potent inhibitory pep-
tides. However. the expression of inhibitory activity against IN
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Figure 3. Concentration-dependent inhibition of IN strand trans-
fer activities by VprlS (O) and Envd—4 (@) peptides. The p-axis
represents the IN strand transfer activity relative to the solvent
control (DMSQ).

in vivo by only hexapeptides might be difficult because these
hexapeptides penetrate the plasma membrane very poorly and
to achieve antiviral activity. it is essential that they penetrate the
cell membrane. To that effect, an octla-arginyl (Rg) grou p]3 was
fused to the Vpr-derived peptides (Tuble 1). Ry is a cell mem-
brane permeable motif and its fusion with parent peptides
successfully generates bioactive peptides without significant
adverse effects or cytotoxicity.™ ' In addition, the Ry-fusion
could increase the solubility of Vpr-derived peptides which have
a relatively hydrophobic churacter.

The inhibitory activity of Vpr-1 and Vpr-1-4 Rg peptides
against IN was evaluated based on the strand transfer and 3'-
end-processing reactions in vitro (Table 1), Vpr-1 did not
show strong inhibition of either IN activity, but the 1Cs, of
Vpr-1 Rg toward the strand transfer reaction of IN was 10-fold
lower than that of Vpr-1 lacking the Rg group. This indicates
that the positive charges derived from the Rg group might
enhance the inhibitory activity of the Vpr-1 peptide. Because
we were concerned that the strong positive charges close to the
LQQLLF motif might interfere with the inhibitory activity, the
6 amino acid sequence (—IHFR1G—) was inserted s a spacer
between LQQLLIT and Rg (Vpr-3 Rg). The IHFRIG sequence
was used to reconstitute the natural Vpr, The 1Csy values of
Vpr-2 R [or the strand transler and 3'-end-processing activities
of IN were 0.70 and 0.83 uM, respectively, while Vpr-3 Rg
showed potent IN inhibitory activities of 4.0 and 8.0 nM against
the strand transfer and 3’-end- processing activities, respectively.
This result indicates the additional importance of the IHFRIG
sequence for inhibitory activities against IN. The increased IN
inhibitory activities might be achieved presumably by the
synergistic effect of the LQQLLF motif, the IHFRIG sequence,
and the Rg group. Vpr-4 Ry, in which the EAIIRI sequence was
attached to further reconstitule the Vpr helix 2, showed inhibi-
tory activities similar to those of Vpr-3 Rg, suggesting that
reconstitution of helix 2 of Vpr is not necessary for efficient IN
inhibition. Vpr-3 Rg and Vpr-4 Rg, with 1Cs > 0.5 ,uM_,z " were
Jess potent inhibitors of RT-associated RNase H activity,
indicaling that these peplides can selectively inhibit IN. These
results suggest that Vpr-derived peptides are novel and distinct
from any other IN inhibitors reported to date.

For rapid assessment of the antiviral effect of Vpr-derived
peptides, we established an MT-4 Luc system in which MT-4
cells were stably transduced with the firefly luciferase expres-
sion cassetle by @ murine leukemia viral vector (S1 Figure 3).
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Table 1. Sequences of Vpr-Derived Peplides and Their 1Csy Values toward the Strand Transfer and 3'-End Processing Reuctions of IN

1Cs0 (eM)
sequence strand transfer 3'-end processing
Vpr-1 LQQLLF 68 1.0 > 100
Vpr-1 Ry Ac-LQQLLF -RRRRRRRR-NH; 6.1 1.1 > 11
Vpr-2 Ry Ac-JHFRIG-RRRRRRRR-NH; 0.70 £ 0.06 0.83 £ 0.07
Vpr-3 Ry Ac-LQQLLF JHFRIG-RRRRRRRR-NH: 0.004 £ 0.0001 0.008 £ 0.001
Vpr-4 Ry Ac-EANRI LQQLLF IHFRIG-RRRRRRRR-NH; 0.005 £0.002 0.006 £ 0.006
- T 47,0007 Ll
2 Vpr-4 R,‘ ‘ 4007
g Vpr3R, 6,000
.E' 6 - - 5,000 3001
2 Vpr1 R E 4,001 £
2 Vpr2R, g 3,000 2 20
@ 5 < 5 1
& Vpr-1 S 2,000 S 4001
e 1,000
; 4 ﬂ H e 0
[ 0 e
5 AR o 4 8 12
§ 3+ s infecti
8 concentration (uM) days post-infection
‘c
3
2 R L e e R Figure 5. (A) The inhibition of HIV-1k.csr replication in NP2-
0.1 1 10 100 CD4-CCR3S eells in the presence of various concentrations of Vpr-3

Peptide concentration (nM)

Figure 4. Luciferase signals in MT-4 Luc cells infected with HIV-1
in the presence of various concentrations of Vpr-derived peptides:
Vpr-1 (@), Vpr-1 Ry (O), Vpr-2 Rg (A). Vpr-3 Ry (O). Vpr-4 Ry (M).

MT-4 Luc cells constitutively express high levels of luciferase
which are significantly reduced by H1V-1 infection due to their
high susceptibility to cell death upon HIV-1 infection. Protec-
tionof MT-4 Luc cells [rom HIV-I-induced ccll death maintains
the luciferase signals at high levels. In addition, the cytotoxicity
of Vpr-derived peplides can be evaluated by a decrease of
luciferase signals in these MT-4 Luc systems. Vpr-2 Rg, which
isa weak IN inhibitor, showed no significant anti-HIV-1 activity
below concentrations of 20 #M, suggesting that its moderate
1Csy level in vitro is not sufficient to suppress HIV-1 replication
in tissue culture and that the Rg group is not significantly
cylotoxic (Figure 4). Vpr-1 did not show any inhibitory effects
against HIV-1 replication; however, Vpr-1 Rg displayed a weak
antiviral effect at a concentration of 20 #M and both Vpr-3 Rg
and Vpr-4 Rg showed significant inhibitory effects against
HIV-1 replication. The Rg peptide did not show significant
anti-HIV activity (I1Csy > 50 M, data not shown). These
results suggest that the addition of the Ry group enables Vpr-
derived peptides to enter the cytoplasm and access IN, with the
result that HIV-1 replication could be effectively inhibited.
Because Vpr-3 Rg was less cylotoxic than Vpr-4 Rg, the inhi-
bitory activities of Vpr-3 Ry were further investigated. Two
replication assay systems, RS-tropic HIV-1jr.csp on NP2-CD4-
CCRS cells and Xd4-tropic HIV-I13xp2 on MT-4 cells, were
utilized. NP2-CID4-CCRS cells were infected with HIV-T)r.csr
in the presence of various concentrations of Vpr-3 Rg. On day 4
postinfection, the cultwre supernatant was collected and the
concentration of viral p24 antigen was measured by an ELISA
assay. The p24 levels decreased in a dose-dependent manner
with increasing the concentration of Vpr-3 Rg; 50% inhibition
of p24 expression was obtained with approximately 0.8 M of
Vpr-3 Rg (Figure SA). This concentration was approximately
10-Told lower than the concentration of Vpr-3 Rg known to be
eytotoxic (Figure 4). Second, MT-4 cells were infected with
HIV-1y1xp2 and the replication kinetics was monitored in the

Rg. (B) The replication kinetics of HIV-11x2 in MT-4 cells in the
presence of Vpr-3 Ry (@®). The concentration of Vpr-3 Ry was fixed
at 0.5 M. Absence of Vpr-3 Rg ().

presence of 0.5 uM Vpr-3 Rg. The degree of replication of HIV-
Ixsa was quite low in the presence of Vpr-3 Rg, while replica-
tion of HIV-ljxp2 was robust in the absence of Vpr-3 Rg
(Figure 5B), suggesting that Vpr-3 Rg strongly suppresses the
replication of HIV-1 in cells. To examine whether the HIV-1
replication was blocked through the inhibition of IN activity.
quantitative real-time PCR was performed. If IN is inhibited,
the efficiency of viral genome integration should be decreased
while the reverse transcription of viral genome should not be
alfected. Accordingly, NP2-CD4-CXCR4 cells were infected
with HIV-lyrypa in the presence or absence of 0.5 #M Vpr-3 Rg.
Genomic DNA was extracted on day 2 postinfection, and the
viral DNA was quantified ai the various steps of viral entry
phase. The level of “strong stop DNA”, representing the total
genome of infected virus in Vpr-3 Rg-treated cells, was similar
(139.7%) to that in DMSO-treated control cells and the level of
viral DNA generated at the late stage of reverse transcription in
Vpr-3 Rg-treated cells was slightly decreased (84.4%) compared
to control cells. This small decline can probably be atfributed to
the weak anti-R Nase H activity of Vpr-3 Rg. On the other hand,
a drastic decrease of Alu-LTR products was observed in Vpr-3
Rg-treated cells (15.8%), indicating an inhibilion of integrated
viral genome. Concomitantly, the double LTR products, repre-
senting the end-joined viral genome catalyzed by host cellular
enzymes, were increased by a factor of 8 (779.8%). These results
strongly suggest that Vpr-3 Rg blocks viral infection by inhibi-
ting IN activity in cells, consistent with our in vitro observations.
Judging by these results, Vpr-derived peptides with the Rg group
are polent IN inhibitors that suppress HIV-1 replication in vivo.

Finally, in silico molecular docking simulations of Vpr-
derived peptides and HIV-1 IN were performed. The Vpr-
derived peptides are located in the second helix of Vpr and
were (hus considered (o have an o-helical conformation.”
Docking simulations of three peptides (Vpril3, Vprl4, and
Vprl5), using the predicted structure of the HI V-1 IN dimer as
d lemplale,z‘ were performed by GOLD software to investi-
vate the binding mode of the peptides, the binding affinity of
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(@) (b)

Figure 6. Predicted binding mode of Vprls to HIV-1 IN by
GOLD. An overall view of (1) the complex obtained by docking
Vprls with the HIV-1 IN dimer and (b) the closer view of the
complex. The predicted structure of full-length HIV-1 IN was used
as atemplate. Each HIV-1 IN monomer was shown as green or cyan
surface. The docked Vprl$s is shown as a cartoon. The yellow-
colored region is the LQQLLF motif. The GOLD score represent-
ing the docking complementarity is 69.83. indicating the high
binding affinity between Vprl5 and IN. The hydrogen-bond inter-
actions between HIV-1IN and Vpri3 were presented by LIGPLOT
software shown as blue dotted line (c).

the peptides being evaluated by GOLD Fitness score. The
predicted binding mode of Vprl5 to IN is shown in Figure 6.
Our results predict that the three Vpr-derived peplidesinteract
with the cleft between the amino-terminal domain and the
core domain of HIV-1 IN. This region is distinct from the
nucleic acid interacting surfaces, indicating that the Vpr-
derived peptides inhibit IN [unction in an allosteric manner.
A previous report provided a model in which a Vpr peptide
was bound (o IN in a manner similar with our model® and.
interestingly, the peptides were bound to IN with an exterior
surface of Vpr This earlier report that the full-length Vpr
inhibits IN'" stron oly supports the predicted binding mode of
Vprls. Five hydrogen-bond interactions between HIV-1 IN
and Vprl5 were identified by LIGPLOT analysis,™ which
invoked the following IN-Vpr amino acids: IN Thrl12-Vpr
GIn6s, IN Ser56-Vpr GIn66, IN Asp207-Vpr Gln66, IN
Ser195-Vpr Arg73, and IN Gly189-Vpr His78. The number-
ing of Vpr amino acids is based on the Vpr full-length
coordinate, Figure 6. Additional hydrophobic contacts be-
tween IN and Vprl§ were found in which the following IN-
Vpr amino acid pairs are involved: IN Lys211-Vpr GIn66, IN
Prol09-Vpr Phe69, IN Arg262-Vpr His71, and IN Argl87-
Vpr GIn77. These data indicate that the GIn6S, GIn66, und
Phe69 residues in Vpr-derived peptides play a majorrolein the
interaction between IN and Vpr-derived peptides.

Conclusions

In summary, two peptide motifs, LQQLLFEF from Vpr and
IFIMLY from Lnv4, possessing inhibitory activity against
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HIV-I IN, were identified through the screening ol over-
lapping peptide library derived from HIV-1 gene products.
We initially speculate that HIV encodes a mechanisim to prevent
autointegration in the PIC because integration activity must be
regulated until the virus infects cells. This speculation is sup-
porled by the [inding that IN inhibitors exist in the viral PIC
components. Vpr-derived peptides with the Ry group showed
remarkable inhibitory activities against the strand transfer and
¥-end-processing reactions catalyzed by HIV-1 IN in vitro. In
addition, Vpr-3 Rg and Vpr-4 Ry were shown to inhibit HIV-1
replication with submicromolar 1Cse values in cells using the
MT-4 Luc cell system. In the quantitative analysis of p24
anfigen, 50% inhibition of HIV-1 g csi: replication was caused
by approximately 0.8 #M of Vpr-3 Rg, and the replication of
HIV- Iy was extensively suppressed in the long term by Vpr-3
Rg at 0.5 #M concentrations. Our finding suggest that these
peptides could serve as lead compounds for novel IN inhibitors.
Amino acid residues critical to the interaction of Vpr-derived
peptides with IN were identified by our in silico molccuhu
docking simulations. and suggests that more potent })L})llCle
or peptidomimetic IN inhibitors represent a novel avenue for
future small molecule inhibitors of IN and HIV integration.

Experimental Section

Peptide Synthesis. Vpr-derived peptides containing the Rg
group were synthesized by stepwise elongation techniques ol
Fmoc-protected amino acids on NovaSyn TGR resin. Coupling
reactions were performed using 5.0 equiv ol Fmoc-protected
amino acid, 5.0 equiv of diisopropylcarbodiimide, and 5.0 equiv
of 1-hydroxybenzotriazole monohydrate. Cleavage of peptides
from resin and side chain deprotection were carried out with 10
mL of TFA in the presence ol 0.25 mL of m-cresol, 0.75 mL of
thicanisole. 0.75 mL of 1.2-ethanedithiol, and 0.1 mL of water
as scavenger by stiring for 1.5 h. After filtration of the depro-
tected peptides, the filtrate was concentrated under reduced
pressure, and crude peptides were precipitated in cooled diethyl-
ether. All crude peptides were purified by RP-HPLC and
identified by MALDI-TOI'MS. Purities of all final compounds
were confirmed (>95% purity) by analytical HPLC. Detailed
data are provided in SI.

Enzyme Assays. The strand transfer assay [01 the first screen-
ing was puf'm med as described previously.' ? The IN strand
transfer and Y-end-processing assays {or peptide motil Llhll-
acterizations were performed as described previously.
RNase I activity was measured as described by Beutler et al.?

Replication Assays. For HIV-1 replication assays, 1 x 10°
cells were incubated at room temperature for 30 min with an
HTV-1 contaiming culture supernatant (ca. 0.2—50 ng p24) and
then washed and incubated. Culture supernatants were collected
at different time points. and then the cells were passaged if
necessary. Levels of p24 antigen were measured using a Retro
TEK p24 antigen ELISA kit. according to the manufacture’s
protocol. Signals were detected using an ELx808 microplate
photometer.

For MT-4 Luc assays, MT-4 Luccells (1 x 107 cells) grown in
96-well plates were infected with HHIV-1xyyp2 (ca. 0.2— 10 ng p24)
in the presence of varying concentrations of Vpr-3 Rg. At 6—7d
postinfection, cells were lysed and luciferase activity was mea-
sured using the Steady-Glo assay kits according to the manu-
facture’s protocol. Chemiluminescence was detected with a
Veritas luminometer.
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ARTICLE INFO ABSTRACT

HIV/AIDS patients are treated in Thailand’s national antiretroviral treatment (ART) program with a generic
combination tablet of stavudine, lamivudine, and nevirapine (GPOvir). To determine GPOvir-resistant
mutations, HIV-1 sequences of 59 GPOvir-failure cases from the Lampang cohort were compared with
sequences from 76 randomly selected ART-naive cases. The GPOvir-failure cases had not only known
stavudine-, lamivudine- and nevirapine-resistant mutations, but also V118], G196E, and H221Y. Among
the 59 GPOvir-failure cases, 29 were ART-naive prior to GPOvir (naive group), and 30 had previous ART
(exposed group). To clarify the effect of previous ART in drug-resistant acquisition pathways, naive and
exposed groups were compared. The exposed group had predominantly thymidine analogue-related
mutations, whereas the naive group had a higher prevalence of Q151M and K103N mutations. M184V
lamivudine resistance was most frequent in both naive and exposed groups. To identify which mutations
in CRFO1_AE pol were polymorphisms, the connection and RNase domains were also analyzed. CRFO1_AE-
specific polymorphisms were found in 19 residues, and GPOvir-failure cases had significantly higher
frequency of N348I, E399D, P537S, and 1542M. Our results expand identification of mutations in CRFO1.AE
pol that are polymorphisms by also analyzing the connection and RNase H domains.
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1. Introduction

The number of people living with HIV/AIDS in Thailand at
the end of 2008 was 532,500 (Ministry of Public Health, 2008).
In resource-poor countries such as Thailand, the recommended
first-line regimen for treating HIV/AIDS is a combination of two
nucleoside reverse transcriptase inhibitors (NRTIs) and one non-
nucleoside reverse transcriptase inhibitor (NNRTIs) (WHO, 2003).
HIV/AIDS patients in Thailand have been treated since 2002
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through the national antiretroviral treatment (ART) program with
a generic, fixed-dosed single tablet (GPOvir) with 3 antiretroviral
agents: stavudine (d4T), lamivudine (3TC) and nevirapine (NVP).
The major reason for plasma viral load rebound and treatment
failure remains the emergence of drug resistance. Therefore, HIV
drug-resistance genotypic testing (HIV genotyping) has become
an important tool in deciding about appropriate treatment regi-
mens. HIV genotyping, i.e., the determination of mutations that
confer drug resistance, is now widely established as the stan-
dard of care to guide treatment in the context of both primary
infection and virological failure (Hirsch et al., 2003). To date, the
design and development of antiretroviral drugs, research on drug
resistance, and interpretation systems have been largely based
on the HIV-1 subtype B virus, the major subtype in developed
countries. However, the findings on subtype B may not always be
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Table 1
Demographic and clinical characteristics of GPOvir virologic-failure cases at 6 or 24 months (n=>59).
Variable ART-naive cases (n=29) ART-experienced cases (n=30) 0Odds ratio
n(%) n (%)

Age (years)
<35 19(65.5) 22(73.3) 0.70
>35 10(34.5) 8(26.7)

Gender
Male 20(69.0) 18(60.0) 1.47
Female 9(31.0) 12(40.0)

CD4 at baseline (cells/w.l)
<50 16(55.2) 15(50.0) 1.27
=50 10(34.5) 12(40.0)
Unknown 3(10.3) 3(10.0)

AIDS symptoms
Asymptomatic 3(10.3) 2(6.7) 1.67
AIDS/symptomatic 25(86.2) 28(93.3)
Unknown 1(3.5) 0(0.0)

Route of transmission
Heterosexual 27(93.1) 29(96.7) 0.47
Homosexual 2(6.9) 1(3.3)

applicable to other subtypes, and some minor mutations, which
are recognized as drug-resistant mutations in subtype B, exist
as natural variants in non-B subtypes (Kantor and Katzenstein,
2003).

Furthermore, under antiretroviral treatment certain subtypes
select specific mutations that are different from those of sub-
type B (Brenner et al,, 2003; Grossman et al., 2004; Loemba et
al., 2002). For example, in data on GPOvir-failure cases collected
from 7 hospitals in Thailand, where the most prevalent subtype
is CRFO1_AE, the most commonly reported drug-resistant muta-
tions were G190S/A and Y181C/I; and K103N, Y181C/l, M184V/1
were significantly associated with efavirenz, NVP, 3TC, respectively
(Chetchotisakd et al., 2006). The reported pattern was identical
to that of subtype B. Interestingly 26% of cases in that study had
received dual-NRTI treatment before the GPOvir regimen, but ART-
naive and ART-experienced patients were not analyzed in detail for
differences in resistance-acquisition patterns. However, another
study of drug-resistance mutation patterns among GPOvir-failure
cases in Thailand found that the most frequent resistance mutation
was M184V, with higher frequencies of K65R (6%) and Q151M (8%)
than for subtype B (Sungkanuparph et al., 2007). Thus, there are
differences in the reported drug-resistance patterns after GPOvir
treatment, indicating the need for further data on drug resistance of
GPOvir-resistant cases to better understand drug-resistance acqui-
sition patterns in CRFO1_AE.

Therefore, the aim of this study was to clarify drug-resistance
mutation pattern in GPOvir treatment-failure cases from the Lam-
pang cohort (Tsuchiya et al., 2009). To understand the effect of
previous antiretroviral exposure in GPOvir-resistance acquisition,
we analyzed data not only from ART-naive cases but also from
those previously treated with mono- or dual therapies. Recently,
several studies demonstrated that resistance to NRTI and/or NNRTI
therapies is enhanced and the balance between nucleotide exci-
sion and template RNA degradation is affected by mutations in
the connection domain and RNase H region (Brehm et al., 2007;
Delviks-Frankenberry et al., 2007; Ehteshami et al., 2008; Julias et
al., 2003; Nikolenko et al., 2007; Ntemgwa et al., 2007; Santos et al,
2008; Waters et al., 2009; Yap et al., 2007; Zelina et al., 2008). How-
ever, these studies were mostly on subtype B, with less information
on non-B subtypes. Therefore, to clarify the effect of CRFO1.AE
mutations in the connection domain and RNase H region, we ana-
lyzed the sequences of these domains in GPOvir treatment-failure
cases.

2. Materials and methods
2.1. Samples

Plasma samples were collected from patients in Lampang Hospi-
tal, a government referral hospital in Lampang province of northern
Thailand. In total, 345 HIV-1-infected Thai patients agreed and
started GPOvir therapy at the hospital's Day Care Center clinic
between 1 April 2002 and 31 January 2004. Of these 345 cases,
244 cases were ART-naive, and 101 cases had been exposed to ART
before initiating GPOvir treatment (baseline). Their plasma samples
were collected and analyzed for HIV-1 sequences at baseline and
at different time points until the end-point of 24-month follow-
up or a switch in therapy. Treatment-failure cases were defined
as cases with a detectable viral load (>50 copies/ml) despite hav-
ing received GPOvir therapy for at least 3 months; this criterion
was met by 78 cases. However, 19 cases were excluded from the
study for the following reasons: 9 changed to other treatment, 1
had poor adherence, 6 changed to undetectable viral load, and 3
had unknown treatment histories. Samples from the remaining 59
cases were sequenced. Their demographics and clinical variables
are summarized in Table 1. These cases were separated into two
groups: ART-naive and ART-exposed. The ART-naive cases (n=29,
49.1%) had never been exposed to antiretrovirals prior to GPOvir
treatment and the ART-exposed cases (n=30, 50.9%) had been
exposed to antiretrovirals. These groups did not differ significantly
in terms of clinical variables. Most patients were infected with HIV-
1 through heterosexual contact (n =56, 94.9%), which did not differ
from the HIV-1 transmission pattern in the whole GPOvir study
population (Tsuchiya et al., 2009). In the ART-exposed group, the
most common treatment regimen was dual therapy with AZT and
ddC or ddI (Table 2); none were previously exposed to NNRTIs.

This study was conducted according to principles of the Dec-
laration of Helsinki, the Lampang HIV study was approved by the
Thai government ethics committee, and written informed consent
was obtained from patients who agreed to join this study.

2.2. Sequencing of the RT and RNase H genes

All samples were determined for viral load, and when it
exceeded 1000 copies/ml, the RT region (residues 1-240) was
tested for drug resistance using an in-house genotyping protocol
reported elsewhere (Myint et al., 2002; Saeng-Aroon et al,, 2007).
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Table 2
Previous antiretroviral treatment histories of drug-
experienced cases (n=30).

3

Treatment regimen

AZT|ddC

AZT/dd]

AZT
AZT/ddC/RTV
AZT/ddI/RTV
AZT/ddI{IDV
SQV/RTV
AZT/ddI-AZT[ddC
GPOvir

Unknown

Note: AZT: azidothymidine; ddC: dideoxycytidine; ddl:
dideoxyinosine; RTV: ritonavir; IDV: indinavir; SQV:
saquinavir; GPOvir: stavudine, lamivudine and nevirapine.

ey
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In brief, HIV RNA was extracted from 140wl plasma using the
NucleoSpin viral RNA extraction kit (NucleoSpin, Duren, Germany)
following the Manufacturer's instructions. cDNA and PCR product
were then obtained using the SuperScript IIl One Step RT-PCR kit
(Invitrogen, Carlsbad, CA) and primers listed in Table 3.

For amplifying the extended RT regions, connection and RNase
H domains, new primers were designed. Outer PCR was performed
with RT1 and GPR2M, while nested PCR was performed with
primers RT7L and GPR3L. The amplification profile for outer PCR
was 40 min at 55°C, 2 min at 95°C followed by 40 cycles of 15s at
95°C, 15s at 55°C and 1.30 min at 72°C, and 7 min at 72°C. The
reaction mixture for the nested PCR contained 3.5 .l of the prod-
uct from the first PCR. The amplification profile in the second PCR
was 2 min at 92 °C followed by 30 cycles of 10s at 94°C, 4 s at 60°C
and 15s at 74°C, and 7 min at 72 °C. The amplicon (1700 bps) rep-
resented the HIV-1 pol region, spanning the RT region, connection
domain, and RNase H domain. Both strands of the PCR product were
sequenced using six different primers and BigDye® Terminatorv3.1
chemistry on an ABI 3100 Genetic Analyzer. SeqScape software ver-
sion 2.5 was used for editing and assembling sequence fragments,
and the assembled sequences were compared with the reference
strain HBX2 from the Los Alamos HIV sequence database. To obtain
maximum prevalence of drug-resistance mutations, codons with
wild type and resistant mixtures were counted as resistance posi-
tive.

In addition to sequencing and analyzing the 5" 240-amino acid
RT region, we clarified the substitution patterns of the connec-
tion and RNase H domains under GPOvir treatment by sequencing
and analyzing 49 plasma samples of GPOvir-failure cases collected
at their last visit. As naive control sequences, the connection and
RNase H domains were sequenced from 76 randomly selected HIV-
1 CRFO1.AE ART-naive cases from the same hospital.

2.3. Data analysis, determination of subtypes, drug-resistant
mutations and polymorphisms

To confirm that patients were infected with HIV-1 CRFO1_AE,
all nucleotide sequences were aligned using Clustal W, ver-
sion 2.0.10 and BioEdit, version 7.0.9.0. Phylogenetic tree and
bioinformatics analyses were conducted using MEGA, version 4
(Tamura et al., 2007). The genetic distances were calculated using
Kimura's 2-parameter analysis (Kimura, 1981), and phylogenetic
trees were constructed by the neighbor-joining method. The
overall polymorphism of RT genes was analyzed by comparing 76
CRFO1_AE sequences from our cohort and reference sequences, all
treatment-naive cases, from Los Alamos HIV sequence database
(http://www.hiv.lanl.gov). The following sequences were obtained
from the Los Alamos HIV sequence database: 42 subtype B (acces-
sion no. EF637056, DQ837381, DQ676874, EF637057, DQ676870,
DQ676877, DQ676880, EF363122, DQ127537, BD455696, K03455,
EF363124, U69584, EF637053, DQ487190, AY314044, EF363122,

DQ007902, DQO07903, DQ990880, AY945710, EF363127,
DQ396398, EF637054, DQ207940, EF637048, EF175209, EF637051,
DQ853436, EF637050, EF637049, DQ676886, DQ127548,
DQ207942, AB428551, AB428557, AB428556, AB428553,
AB428554, AB428552, AB428555, AB428561), 26 CRFO1.AE
(DQ859178, DQ859179, DQB859180, EF036527, EF036528,

EF036529, EF036530, EF036531, EF036532, EF036533, EF036534,
AY945712, AY945713, DQ789392, AY945716, AY945717,
AY945719, AY945720, AY945721, AY945722, AY945724,
AY945727, AY945728, AY945730, AY945731, AY945732).
Resistance-related mutations were based on guidelines pub-
lished by the International AIDS Society United States (IAS-USA)
HIV Resistance Testing Guideline Panel 2008 (Johnson et al., 2008)
according to the subtype B consensus strain. To compare the dis-
tribution of qualitative variables according to groups, x2-test was
used or the Fisher exact test when the sample was too small. All
statistical tests were interpreted at the 5% significance level.

Table 3
Primers used for amplification and sequencing.

Name Region Usage Primer sequence 5'-3’ Position

RT1L RT Outer forward ATGATAGGGGGAATTGGAGGTIT 2388-2410
RT4L RT Outer reverse TACTTCTGTTAGTGCTTTGGTTCC 3402-3425
RT7L RT Inner forward GACCTACACCTGTCAACATAATTGG 2485-2509
RT6L RT Inner reverse TAATCCCTGCATAAATCTGACTTGC 3348-3372
RT7L RT Sequencing GACCTACACCTGTCAACATAATTGG 2485-2509
RT26 RT Sequencing CAAAAATTGGGCCTGAAAATCC 2692-2713
RT28 - RT Sequencing TGGAATATTGCTGGTGATCC 3012-3031
RT6L RT Sequencing TAATCCCTGCATAAATCTGACTTGC 3348-3372
RTIL RT Outer forward ATGATAGGGGGAATTGGAGGTTT 2388-2410
GPR2M Connection and Rnase H Outer reverse GGACTACAGTCYACTTGTCCATG 4380-4402
RT7L RT Inner forward GACCTACACCTGTCAACATAATTGG 2485-2509
GPR3L Connection and Rnase H Inner reverse TTAAAATCACTARCCATTGYTCTCC 4285-4309
RT7L RT Sequencing GACCTACACCTGTCAACATAATTGG 2485-2509
RT26 RT Sequencing CAAAAATTGGGCCTGAAAATCC 2692-2713
RT28 RT Sequencing TGGAATATTGCTGGTGATCC 3012-3031
RT31 RT Sequencing GAGCTCATCTATTGAGCTGG 3166-3185
RT32 RT Sequencing GAACCTCCATTCCTTTGGATGGG 3219-3241
RT6L RT Sequencing TAATCCCTGCATAAATCTGACTTGC 3348-3372
RT35 Connection and Rnase H Sequencing GCAGAAGTACAGAAACAAGG 3528-3547
GPR3L Connection and Rnase H Sequencing TTAAAATCACTARCCATTGYTCTCC 4285-4309

282



S. Saeng-aroon et al. / Antiviral Research 87 (2010) 22-29 25

Table 4
Known mutations associated with drug resistance (residues 1-240).
HXB2 Residue Mutation frequency p
Naive group (n=76) Failure group (n=49)

M 41 M(76) M(34),L(15) <0.001
A 62 A(76) A(47).V(2) -

K 65 K(76) K(47).R(2) -

D 67 D(76) N(26),D(22),G(1) <0.001
K 70 K(76) K(38),R(10),G(1) <0.001
L 74 L(76) 1(47)1(2) -

Vv 75 V(76) V(46),1(3) -

F 77 F(76) F(48).L(1) -

A 98 A(76) A(45),G(3),5(1) -

L 100 (76) 1(49) -

K 101 K(76) K(36),E(12),H(1) <0.001
K 103 K(76) K(36),N(11),5(2) <0.001
\% 106 V(74)1(2) V(45),1(4) -

v 108 V(76) V(44)X(5) <0.05
Y 115 Y(76) Y(49) -

F 116 F(76) F(44),Y(5) <0.05
\ 118 V(76) V(43),1(6) <0.05
Q 151 Q(76) Q(43),M(6) <0.05
Y 181 - Y(76) Y(22),6(23),V(4) <0.001
Vv 179 V(68),I(6),IV(2) V(35),1(10),D(1)IV(3) -

M 184 M(76) V(37),1(8).M(4) <0.001
Y 188 Y(76) Y(48),(1) -

G 190 G(76) G(29),A(18),5(2) <0.001
G 196 G(76) G(44),E(5) <0.05
L 210 L(76) L(37)W(12) <0.001
T 215 T(76) T(27),F(12),Y(10) <0.001
K 219 K(76) K(42),Q(6),E(1) <0.05
H 221 H(76) H(42),Y(7) <0.05
P 225 P(76) P(48),H(1) -

Subtype B consensus residues are displayed on the left side of each position.
Bold represents new substitutions not previously reported for CRFO1.AE,

3. Results

3.1. New patterns of drug-resistance mutations emerge in
CRF01.AE GPOvir-failure cases

Drug-resistance mutations related to GPOvir failures are sum-
marized in Table 4. Sequences were compared between 49 samples
of treatment-failure cases collected at their last visit and 76 ran-
domly selected treatment-naive samples at baseline. Almost all of
the known mutations associated with d4T/3TC/nevirapine treat-
ment were significantly higher in the GPOvir-failure cases, except
the 4 following mutations: K65R, L1001, V106 M/A, and Y188C/L/H.
Other than known mutations, V118l and H221Y were observed
in significantly higher prevalence in the GPOvir-failure group
(p<0.05). Interestingly, cases with the H221Y mutation all had
Y181C, and the linkage of the two mutations was statistically signif-
icant (p <0.05), as previously reported (Liu et al., 2007). A likely role
for these mutations in resistance to NRTIs has been suggested by a
report of pre- and post-treatment frequencies of H221Y (0-13.7%)
in subtype C isolates from India (Deshpande et al., 2007). In sub-
type B isolates, H221Y and D223E/Q were associated with therapy
only if individuals receiving both NRTI and NNRTI were included.
G196E was also reported to be significantly different in subtype B
(p<0.05) (Gonzales et al., 2003).

3.2. Drug-resistance mutations, especially d4T resistance-related
mutations, are more prevalent in the ART-exposed group than the
naive group

The frequencies of drug-resistance mutations in the ART-naive
and -exposed groups at baseline, 6, 12, 18, and 24 months are
shown in Fig. 1. The two groups differed significantly in their
resistance mutation-acquisition patterns. The most apparent dif-
ference was the frequency of d4T resistance-related mutations. The

exposed group had significantly higher frequencies of mutations
M41L, D67N, K70R, L210W, T215Y/F and K219Q/E, most of which
already existed at baseline. As for K70R, T215Y/F and K219Q/E, their
frequencies at difference time points did not change during the
observation period, whereas the frequencies of M41L and D67N
increased from 10% (4 of 40) to 20% (9 of 46) and from 10% (4 of 40)
to 26% (12 of 46), respectively.

In contrast to the exposed group, a few cases in the naive
group acquired d4T resistance-related mutations, similar to a pat-
tern previously reported (Arts et al, 1998; Lacey and Larder,
1994). Frequencies of d4T resistance-related mutations did not
increase during the observation period in the naive group, except
for the D67N mutation. The prevalence of D67N in the naive group
increased from 0% (baseline) to 15% (7 of 46) at 24 months. Thus,
GPOVvir appears to be selecting the D67N mutation. As described
above, the exposed group showed similar findings; D67N preva-
lence increased from 10% (4 of 40) at baseline to 26% (12 of 46) at
24 months. The 10% of cases at baseline in the exposed group can be
explained by previous AZT exposure, and the additional 16% might
result from induction and selection by d4T administration.

Another notable finding of our study is the detection of the
Q151M multi-drug-resistant mutation. In the ART-naive group, 5
cases acquired Q151M during the observation period. As Q151M
prevalence increased over the treatment period, from 0% at base-
line to 11% (5 of 46) at 24 months, it is clear that GPOvir
treatment selected the Q151M mutation. Interestingly, the preva-
lence of Q151M in our study is similar to that of two previous
reports on CRFO1_AE, i.e., 8% (Sungkanuparph et al., 2007) and 11%
(Chetchotisakd et al., 2006). As the CRFO1_AE prevalence of Q151M
is higher than that of subtype B, CRFO1_AE appears to be more prone
to acquire this mutation.

In both the ART-naive and -exposed groups, the most frequently
observed mutation was lamivudine-resistant M184V, suggesting
that this mutation has a low genetic barrier. Comparing the two
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Fig. 1. Summary of drug resistant mutations detected in (a) antiretroviral exposed group, and (b) naive group. Light blue, gray, green, yellow and red bars indicate prevalence
of mutation detected at baseline, 6, 12, 18 and 24 months after initiation of GPOvir treatment, respectively. d4T related resistance mutations (d4T RRM) include M41L, K65R,
D67N, K70R, Q151M, L210W, T215YF and K219QE. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

groups, M184V was detected earlier and at higher prevalence in
the exposed group (0% at baseline and 37% [18 of 49] at 6 months)
than in the ART-naive group (0% at baseline and 22% [11 of 49] at 6
months).

The ART-naive and -exposed groups also had an interesting
difference in their patterns of NNRTI-resistance acquisition. The
ART-naive group had a higher frequency of K103N mutation (13%
[6 of 46]) than the exposed group (2% [1 of 46]). Instead of acquir-
ing K103N, the exposed group tended to develop Y181C/I and
G190A mutations. Since neither group had a history of NNRTI treat-
ment prior to GPOvir, this difference in drug-resistance acquisition
patterns cannot be explained by previous NNRTI treatment or dif-
ferences in NNRTI-mutation patterns at baseline.

3.3. Polymorphisms and drug-resistant mutations in the
connection domain and RNase H mutations in CRFO1_AE

To determine subtype-specific polymorphisms in CRFO1_AE,
we compared sequences from 76 randomly selected CRFO1.AE
ART-naive cases at baseline from our cohort with 42 subtype B ref-
erence sequences from the Los Alamos database. CRFO1_AE-specific
polymorphisms were determined at 9 residues in the connec-
tion domain and at 10 residues in the RNase H domain (Table 5).
Interestingly, G335D and A371V, which have been recognized as
NRTI-related resistance mutations in subtype B (Brehm et al., 2007,
Nikolenko et al., 2007), were observed as natural polymorphisms
among CRFO1_AE. However, the contribution of these mutations to
GPOvir resistance is not yet clear. Further studies are needed to
clarify their role in NRTI resistance.

To determine treatment-specific mutations related to GPOvir
administration in the connection and RNase H domains, sequences
were compared between 49 samples from the last visit of GPOvir-
failure cases and 76 baseline samples. The results (Table 6) show
13 mutations in the connection and RNase H domains: 9 mutations
in the connection domain (Y318F, G335C/D, N348I, A360I/V, V365],
T369I, A371V, T376S, and E399D) and 4 in the RNase H domain
(N447S, Q509L, P537S, and [542M). Among these mutations, N348I
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(p<0.001) and E399D (p<0.001) in the connection domain, and
P537S (p<0.05)and [542M (p <0.001) in the RNase H domain were
observed at significantly higher prevalence in GPOvir-failure cases.
E312Q, G335C/D, N348I, A3601/V, V365I, and A376S were previ-
ously reported to confer AZT resistance in subtype B (Nikolenko
et al., 2007). In addition, A371V and Q509L were reported to be
selected in vitro by AZT and to confer greater AZT resistance and
cross-resistance to other nucleoside RT inhibitors in combination
with thymidine analogue-related mutations (TAM) (Brehm et al,,
2007). However, as the number of cases in our study is small, the
significance of E312Q, Y318F, G333D, A3601/V, V365I, T376S, and
Q509L in CRF01_AE drug resistance is not well understood.

4. Discussion

Here we compared two patient groups, ART-naive or -exposed
at baseline, and analyzed their differences in their responses to
nevirapine +3TC+d4T (GPOvir) and drug-resistance acquisition
patterns. This drug combination is widely used in the developing
world today, and drug-resistant mutation patterns induced by this
combination have been described in different countries and sub-
types (Chetchotisakd et al., 2006; Kumarasamy et al., 2003; Pujari
et al., 2004; Sungkanuparph etal., 2007; Zhou et al., 2007 ), but most
reports describe drug-resistance mutation patterns in naive cases,
and few in exposed cases.

By comparing ART-naive and -exposed groups, we observed
the following notable findings. First, our study demonstrated that
GPOvir is effective in exposed cases as well as naive cases. Of
the 101 exposed cases in our study, many had previously been
treated with several nucleoside analogue inhibitors. Nonetheless,
64.4% of cases were successfully treated with GPOvir at the 24-
month readout time point, despite our earlier finding that previous
exposure to antiretrovirals was associated with virological failure
(Tsuchiya et al.,, 2009). This finding suggests that though the pri-
ority of antiretroviral usage in resource-limited settings should be
considered, pre-exposure history may not be an excuse to limit use
of nevirapine +3TC+d4T.



