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Abstract

We previously described a clinical human immunodeficiency virus type-1 (HIV-1) isolate, CL-4, which showed nelfinavir (NFV)-dependent
enhancement of replication (Matsuoka-Aizawa, S., Sato, H., Hachiya, A., Tsuchiya, K., Takebe, Y., Gatanaga, H., Kimura, S., Oka, S, 2003. Isolation
and molecular characterization of a nelfinavir (NFV)-resistant human immunodeficiency virus type 1 that exhibits NFV-dependent enhancement
of replication. J. Virol. 77, 318-327.). To identify the responsible region(s) of HIV-1 proteins for such replication enhancement, we constructed
a panel of recombinant HIV-1 clones harboring portions of the Gag and protease of CL-4 and analyzed their replication capabilities and Gag
processing patterns. Our data suggested that the substitutions in the matrix and N-terminal half of capsid of CL-4 were indispensable for the
NFV-dependent enhancement of replication and that NFV facilitated the cleavage between the matrix and capsid of the Gag precursor harboring
these substitutions. The substitutions in C-terminal half of capsid rather decreased the cleavability of Gag precursor and NFV counteracted such
negative impact. Efficient replication enhancement with NFV can be observed only in the presence of the substitutions in entire Gag and protease

of CL-4.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Under the selective pressure of antiretroviral agents, the
human immunodeficiency virus type-1 (HIV-1) evolves and
acquires drug-resistance-associated mutations. The major pro-
tease inhibitor (PI)-resistance-associated mutations are located
in the active sites of HIV-1 protease and impair its enzymatic
functions (Bleiber et al., 2001; Croteau et al., 1997; Martinez-
Picado et al., 1999). In order to compensate such impaired
enzymatic function, Pl-resistant HIV-1 further acquires muta-
tions not only in protease but also in one of its substrate, Gag,
resulting in full recovery of replication ability (Doyon et al.,
1996; Gatanaga et al., 2002; Tamiya et al., 2004; Zhang et al.,
1997). We previously described a unique clinical HIV-1 isolate,
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CL-4, which replicated more efficiently in the presence of sub-
inhibitory concentrations of nelfinavir (NFV) (0.001-0.1 uM)
(Matsuoka-Aizawa et al., 2003). CL-4 had a total of 56 amino
acid substitutions in gag-pro genes compared with NL4-3; 22
substitutions had emerged in the matrix, SP1, and protease dur-
ing administration of NFV-containing therapy, and 34 other
substitutions had already existed before the introduction of
the therapy (Matsuoka-Aizawa et al., 2003). In that study, we
constructed three HIV-1 clones including, pl7PRmt, PRmt,
and p24PRmt, and found that only p17PRmt, which possessed
the entire Gag and protease segment of CL-4, showed NFV-
dependent enhancement of replication. Therefore, we concluded
that the substitutions in matrix are indispensable for replication
enhancement (Matsuoka-Aizawa et al., 2003). However, it is still
unknown whether the substitutions in matrix alone are sufficient
or whether other Gag substitutions are necessary for the replica-
tion enhancement with NFV. In this study we constructed four
more recombinant HIV-1 clones and characterized their replica-
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tion kinetics and Gag processing in the absence and presence of
NFV.

2. Materials and methods
2.1. Cells and antiretroviral agents
HelLa cells were maintained in Dulbecco’s minimal essen-

tial medium (DMEM) supplemented with 10% fetal calf serum
(FCS). Transformed T cell lines, MT-2, PM-1, and HO cells were

maintained in RPMI-1640 with 10% FCS. NFV was kindly pro-
vided by the Japan Tobacco Co. (Tokyo, Japan).

2.2. Plasmid construction and preparation of gag-pro
recombinant HIV-1 clones

Clinical HIV-1 isolates CL-1, CL-2, CL-3, and CL-4 were
sequentially obtained from the same patient before and dur-
ing NFV-containing treatment (Matsuoka-Aizawa et al., 2003).
Direct sequences of these four clinical isolates and sub-cloning

MA
NL4-3 MGARASVLSGGELDKWEK | RLRPGGKKQYKLKH | VWASRELERFAVNPGLLETSEGCRQ | LGALGPSLQTGSEELRSLYNT | AVLYCVHQR | DVKDTKEALDK | EEEGNKSKKKAQQAAA————-1 DTGNNSQVSQNY
CL-1 | R S-R-R K—K F K———LV-——- Y: E S QQAAA K-——-F
Pre-NFV GClonel | R S-R-R: K—K F K——-LV-——- Y E S QQAAA K-——-F
Pre-NFV Clone2 | R S-R-R: K-—M-H-——F-—————K———LV-——- Y E S QQAAA—————-K-——-F
Pre-NFV Clone3 | R S-R-R K—-K-—-M-————F——————-K———-LV. A E N S QQAAA——————K-———F
CL-2 | R S-R-R: H E S QQAAA K-——-F
CL-3 | R S-R-R D H E S QQAAA——————K-—-F
CL-4 | R S-R-R D Q——K-—IRH E E-——QQAAA-—-DD-K-——-F
Post-NFV Clone4 | R S-R-R D Q——K-—IRH E E-——QQAAA-—-DD-K-——-F
Post-NFV Cloneb | S-R-R D Q——K——IRH E E-——QQAAA-—-DD-K-——-F
Post-NFV Clone6 | R S-R-R: D K——K——IRH E E-——QQAAA-—-D-—K-——-F

EcoT221

CA v
NL4-3 P1VGNLQGOMVHQA | SPRTLNAWVKVVEEKAFSPEV | PMFSALSEGATPQDLNTMLNTVGGHQAAMGMLKET I NEEAAEWDRLHPVHAGP | APGGMREPRGSD | AGTTSTLQEQ | GWMTHNPP | PVGE | YKRW I | LGL
CL-1 -L | T N
Pre-NFV-Clonel -L | T N
Pre-NFV-Clone2 -L | TT N
Pre-NFV-Clone3 -L | T Q N
CL-2 -L | T N
CL-3 -L | T N
CL-4 -L | T N
Post-NFV Clone4 -L | T N
Post-NFV Cloneb -L | M-———T N
Post-NFV Clone6 -L | T N

Accl
v SP1 NC

NL4-3 NK|VRMYSPTSILD | RQGGPKEPFRDYVDRFYKTLRAEQASQEVKNWMTETLLVQNANPDCKT | LKALGPGATLEEMMTACQGVGGPGHKARVL ~ AEAMSQVTNPATIM | GKGNFRNQRKTVKCFNCGKEGH | AKN
CL-1 N S A-——GA M-R
Pre-NFV-Clonel N S A-——GA M-R
Pre-NFV-Clone2 N S A-——GA M-R
Pre-NFV-Clone3 N S -————A-—GA— M-R
CL-2 N S A-——GA: M-R
CL-3 N S A-—GA M-R
CL-4 N S - A-—GA M-R
Post-NFV Clone4 N S - A———GA M-R
Post-NFV Cloneb N S - GA M-R
Post-NFV Clone6 N S - A-—GA M-R——-D

Apal

v SP2 po Pol frame Protease
NL4-3 CRAPRKKGCWKCGKEGHQMKDCTERQAN ~ FLGK | GWPSHKGRPGNF  LQSRPEPTAPPEESFRFGEETTTPSQKQEP | DKELYPLASLRSLFGSDPSSQ PQITLWQRPLVTIK|GGQLKEALLDTGADDTVL
CL-1 N T K N I--VR
Pre-NFV-Glonel N Fok: T K N I--VR
Pre-NFV-Clone2 T K N I==VR: F
Pre-NFV-Clone3 N Hok T K N 1--VR
CL-2 N Fok: T K N I--VR
CL-3 N Fk T K N I—-VR
CL-4 N ok T K N I—-VR
Post-NFV Clone4 N Hok T K N 1—-VR
Post-NFV Cloned N T Fok T K N 1--VR
Post-NFV Clone6 N ok T A K N IA-VR
NL4-3 EEMNLPGRWKPKM | GG | GGF IKVGQYDQIL 1 EICGHKAIGTVLVGPTPVN| | GRNLLTQIGCTLNF
CL-1 K R TV
Pre-NFV-Clonel K R TV
Pre-NFV-Clone2 K R TV
Pre-NFV-Clone3 — 1K R TV
CL-2 K V- V--R TV V-$ A
CL-3 — K V- V-—R VTV V-$ A
CL-4 -DIS—K-T V- V-—R VTV V-$ A
Post-NFV Clone4 -DIS—K-T V- V——R VTV V-$ A
Post-NFV Cloned -DIS—K-T Vi V--R VTV V-$ A
Post-NFV Clone6 -DIS—K-T V- V--R VTV V-$ A

Fig. 1. Direct and sub-clonal sequences of clinical HIV-1 isolates. Direct and sub-clonal amino acid sequences of whole Gag and protease of HIV-1 isolates are
shown. Pre-NFV Clone 1-3 and Post-NFV Clone 4-6 were derived from CL-1 and CL-4, respectively. The amino acid sequence of HIV-1np 4.3 is shown at the top
as reference. The identical amino acids with those of HIV-1ny.4-3 are indicated with dashes and the star shows deletion compared with HIV-1ny 4.3 sequence. The
restriction sites used in the construction of recombinant HIV-1 plasmids are also shown. MA, matrix; CA, Capsid; NC, nucleocapsid; and PR, protease.
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sequences of CL-1 and CL-4 indicated that 11 and 10 amino
acid substitutions accumulated in Gag and protease during PI-
containing treatment, respectively (Fig. 1). Post-NFV Clone 4
(Fig. 1) was used in the construction of CL-4-derived recom-
binant HIV-1 plasmid. The pNL4-3-based plasmids of PRmt
(HIV-1 carrying only the substitutions in protease of CL-4),
p24PRmt (carrying the substitutions in capsid and protease of
CL-4), and pl7PRmt (carrying the substitutions in whole Gag
and protease of CL-4) were constructed as previously described
(Matsuoka-Aizawa et al., 2003) (Fig. 2), and the plasmids of
MAmt (carrying only the substitutions in the matrix of CL-4)
and MA + PRmt (carrying the substitutions in the matrix and pro-
tease of CL-4) were constructed by using the same restriction
enzyme sites (Figs. 1 and 2). The plasmids of NCAmt (carry-
ing the substitutions in matrix, N-terminal half of capsid, and
protease of CL-4) and CCAmt (carrying the substitutions in
matrix, C-terminal half of capsid, and protease of CL-4) were
constructed by using Accl site. Originally, pNL4-3 has two Accl
site between gag and protease region, one in the matrix, and the
other in the capsid. However, since the one in the matrix was
extinct due to natural substitution in CL-4, the other in the cap-
sid was unique in gag and protease region.

HeLa cells (5 x 10° cells) were grown in DMEM with 10%
FCS for 24h and transfected with 3 pg of pNL4-3 and gag-
protease recombinant HIV-1 plasmid DNAs by using FuGINE
6 transfection reagent (Roche Diagnosis, Basel, Switzerland).
The cells were incubated for 24 h, washed once with PBS, and

EcoT221 Accl

cultured in 5 ml of culture medium. The culture supernatant con-
taining virus was collected at 48 h after transfection, filtered,
analyzed for RT activity (10432-17162 cpm/uM), and kept at
—80 °C until use. The virus titer used for infection and Western
blot analysis was adjusted with RT activity.

2.3. HIV-1 replication kinetics

The methods used to infect cells were described previously
(Matsuoka-Aizawa et al., 2003). Briefly, MT-2, PM-1, and H9
cells (2 x 10%) were infected with 200 .l of cell-free supernatant
containing HIV-1 (2 x 10° 3%P cpm of RT activity) in the absence
or presence of NFV (0.1 and 1 pM) for 16 h, washed once, and
cultured in 200 wl of culture medium with the same concentra-
tion of NFV. A half volume of culture medium was changed
every 2 or 3 days, and the supernatant was kept at —80 °C for
measurement of RT activity. Each experiment was carried out in
duplicate and repeated three times.

2.4. Competitive HIV-1 replication assay

H9 cells (2 x 107 cells) were incubated with two HIV-1
clones (each of 100 TCID5() simultaneously for 16 h, washed
with PBS twice, and cultured in the absence or presence of
0.1 uM NFV for 7 days. These infection periods were defined
as a single passage. At the end of each passage, H9 cells were
harvested and the culture supernatants were used to infect fresh

Ajal

MA N-CA

C-CA PR

NFV-dependent enhancement
of replication

NL4-3 |

PRmt |

parrme [

prrer e [ *
vMamt [N |

Ma+PR mt | ||

veam [N TN

ceam: [N T

Fig. 2. Previously and newly constructed recombinant HIV-1s. The recombinant molecular clones were constructed based on pNL4-3 as a genetic backbone. The
Gag-PR region of HIV-1 was segmented into four areas, MA (BssHII-EcoT22I fragment), N-terminal half of CA (NCA) (EcoT22I-Accl fragment), C-terminal half
of CA (CCA) (AcclI-Apal fragment), and PR (Apal-Ball fragment). Originally, pNL4-3 has two Accl sites between the gag and PR region, in MA and CA. However,
because the one in MA was extinct in CL-4 due to natural substitution, the other Accl site in CA was unique for gag-PR gene of CL-4. Open boxes indicate the
NLA4-3-originated fragments, and closed boxes indicate fragments that were derived from CL-4 variants. The NFV-dependent replication enhancement of previously
analyzed clones was also shown and indicated as (+). MA, matrix; CA, capsid; and PR, protease.
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uninfected H9 cells. The cells harvested at each passage were
subjected to PCR for amplification of HIV-1 gag region and
direct DNA sequencing was performed. The viral populational
changes were determined by relative peak height on sequence
electrophoregram (Kosalaraksa et al., 1999).

2.5. HIV-1 susceptibility to NFV

MT-2 cells were infected with 500 TCID5q of each virus in
the absence and the presence of 0.001, 0.00316, 0.01, 0.0316,
0.1,0.316, 1, and 3.16 uM of NFV, and cultured in triplicate for
7 days. At the end of culture, the amounts of p24 in the super-
natants were measured and 50% inhibitory concentrations (ICsq)
of NFV were determined by referring to the dose-response
curve.

2.6. Western blot analysis of HIV-1 virions

HeLa cells were transfected with pNL4-3 and gag-protease
recombinant HIV-1 plasmid DNA in the absence and presence
of 0.1 uM NFV. The culture supernatant was harvested at 48 h
after transfection, centrifuged at 37,000 x g for 90 min to pellet
virus particles. The virion pellet (6 x 10° cpm of RT activity)
was applied to an SDS gradient gel electrophoresis and trans-
ferred to a nitrocellulose membrane. The membrane was incu-
bated with anti-HIV-1 p24 antisera (Advanced Biotechnology,
Columbia, USA) and HIV-1-infected patients’ serum, respec-
tively, and hybridized with anti-protein A antibody conjugated
with horseradish peroxidase (Amersham Pharmacia Biotech,
Uppsala, Sweden). The immune complex was visualized with
an ECL Plus system (Amersham Pharmacia Biotech) according
to the manufactures’ description.

The percent signal density of Gag products was ana-
lyzed on a Windows computer by using the Image] Pro-
gram (developed at the U.S. National Institutes of Health
(http://www.rsb.info.nih.gov/ij/)) and the percent density of p24
was determined by the following formula: percent density of
P24 =100 x (the density of p24 signal)/(the cumulated density
of all Gag signals) (Tamiya et al., 2004).

3. Results

3.1. Whole capsid substitutions necessary for
NFV-enhanced replication

MAmt, carrying only the substitutions in the matrix (Fig. 2),
grew well in the absence of NFV (Fig. 3). In the presence of NFV,
however, it did not grow at all, indicating that matrix substitu-
tions were not sufficient to confer NFV resistance. MA + PRmt,
carrying substitutions in the matrix and protease (Fig. 2), repli-
cated as efficiently as PRmt (carrying only the substitutions in
protease), both in the absence and presence of 0.1 uM NFV,
though its replication was not enhanced with NFV, indicating
that the substitutions in matrix and protease were not sufficient
for NFV-dependent enhancement of replication. As reported in
our previous study (Matsuoka-Aizawa et al., 2003), p17PRmt
replicated more efficiently in the presence of 0.1 wuM NFV than

in the absence of NFV. Therefore, some of the substitutions in the
capsid should be responsible for such unique phenotype of CL-
4 strain. The HIV-1 capsid contains two domains, a C-terminal
oligomerization domain and N-terminal core domain, which
function differently in viral assembly (Turner and Summers,
1999). Therefore, we divided the EcoT22]—Apal segment of
CL-4 into two segments at ACC I site, named them the N-
terminal half of the capsid (NCA) and the C-terminal half of the
capsid (CCA), and constructed two recombinant HIV-1 clones,
NCAmt and CCAmt, which possessed all the substitutions in the
matrix and protease of CL-4, and the substitutions in NCA and
CCA, respectively (Fig. 2). NCAmt and CCAmt grew efficiently
both in the absence and presence of 0.1 uM NFV, and only
NCAmt showed weak replication enhancement with 0.1 uM
NFV in PM-1 and MT-2 cells though it was not so efficient
as that of p17PRmt, suggesting that the substitutions in CCA,
contributed to the efficient replication enhancement of p17PRmt
(Fig. 3). CCAmt did not show the p17PRmt’s phenotype, indi-
cating that the substitutions in NCA were indispensable for
replication enhancement. As we reported previously (Matsuoka-
Aizawa et al., 2003), p24PRmt lacking the substitutions in
matrix did not show replication enhancement by NFV. Taken
together, the substitutions in the whole matrix, capsid, SP1, and
the N-terminal end of nucleocapsid of CL-4 were indispensable
for efficient replication enhancement of p17PRmt.

To define further the role of substitutions in the matrix, NCA,
and CCA, viral replication efficiency was compared among the
HIV-1 clones described above in the absence and presence of
NFV using competitive HIV-1 replication assay (Kosalaraksa
et al., 1999). MA + PRmt outgrew PRmt both in the absence
and presence of 0.1 uM NFV (Fig. 4a), and MAmt was out-
grown by NL4-3 in the absence of NFV (Fig. 4b), suggesting
that the substitutions in the matrix of CL-4 reduced the repli-
cation of HIV-1 harboring wild-type protease, but compensated
the replication of HIV-1 harboring NFV-resistant protease of
CL-4. NCAmt outgrew MA +PRmt both in the absence and
presence of 0.1 uM NFV (Fig. 4c), suggesting that the substi-
tutions in NCA were compensatory for the replication of HI'V-1
harboring protease and matrix of CL-4. However, CCAmt was
outgrown by MA + PRmt in the absence of NFV, but its repli-
cation in the presence of 0.1 uM NFV was comparable with
that of MA + PRmt under similar condition (Fig. 4d), suggesting
that the substitutions in CCA reduced the replication capability
of MA +PRmt, while NFV compensated the mutation effect.
Sub-cloning analyses of proviral sequences at both of the pas-
sages 3 and 4 in competitive HIV-1 replication assay in the
presence of 0.1 uM NFV showed that five of 10 clones were
derived from CCAmt and the other five clones were derived from
MA +PRmt, which confirmed that CCAmt and MA + PRmt
had comparable replication ability in the presence of 0.1 uM
NFV (Fig. 4d). MA + PRmt readily outgrew p17PRmt in the
absence of NFV, but was outgrown by p17PR in the presence of
0.1 uM NFV (Fig. 4e), suggesting that the substitutions in NCA
and CCA reduced the replication capability of MA +PRmt,
while NFV counteracted the mutation effect and rather
enhanced replication ability at sub-inhibitory concentration
(Fig. 3, p17PRmt).
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Fig. 3. Effects of NFV on replication capability of recombinant HIV-1s. PM-1, MT-2, and H9 cells (2 x 10* cells) were exposed to 0.2 ml of cell-free supernatant
containing each HIV-1 clone (2 x 10° 32P cpm of RT activity), washed once, and cultured in 0.2 ml of medium in the absence (closed diamonds) and presence of
NFV (0.1 uM; open circles, 1 uM; open triangles). Half volume of the culture medium was changed every 2 or 3 days, and the supernatant was kept at —80 °C until
the measurement of RT activity. Each experiment was carried out in duplicate and repeated three times, and representative data are shown.
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Fig. 4. One-to-one competitive HIV-1 replication assay. H9 cells (2 x 10° cells) were incubated with two recombinant HIV-1s (each of 100 TCIDs) simultaneously
at 37 °C for 16 h, washed with PBS twice, and cultured in the absence and presence of 0.1 wM of NFV. At 7 days post-infection, the culture supernatant was used to
infect fresh uninfected H9 cells. The cells harvested at each passage were subjected to direct DNA sequencing, and the viral population changes were determined by
the relative peak height in the sequencing electrophoregram. The persistence of the original amino acid substitutions was confirmed for all infectious clones used in
this assay. (a) PRmt vs. MA + PRmt; (b) NL4-3 vs. MAmt; (c) NCAmt vs. MA + PRmt; (d) CCAmt vs. MA + PRmt; (e) pl7PRmt vs. MA + PRmt.

3.2. Gag substitutions conferring NFV resistance

To analyze the role of the substitutions in the matrix, NCA,
and CCA in NFV resistance, ICs9s of NFV for the HIV-1 clones
described above were determined by using MT-2 cells (Zhang
et al., 1997). MAmt (ICs9: 9.4 nM) showed 1.9-fold resistance
against NFV compared with NL4-3 (5.0nM), and pl17PRmt
(893 nM) showed 3.3-fold resistance compared with p24PRmt

(273 nM) (Table 1), indicating that the substitutions in the matrix
may make a small contribution to the viral resistance against
NFV. NCAmt (483 nM) had 2.1-fold resistance against NFV
compared with MA + PRmt (229 nM), and p17PRmt had 4.1-
fold resistance compared with CCAmt (217 nM), indicating that
the substitutions in NCA gave positive impact on viral resistance.
Interestingly, CCAmt showed 0.95-fold resistance against NFV
compared with MA + PRmt, indicating that substitutions in CCA
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Table 1
NFV resistance of recombinant HIV-1s

HIV-1 1C5p (nM) Fold-resistance
NL4-3 50+ 04 1.0

PRmt 241 £+ 34 48

p24PRmt 273 £ 13 55

pl7PRmt 893 + 28 179

MAmt 94 +33 1.9

MA +PRmt 229+ 21 46

NCAmt 483 £+ 26 97

CCAmt 217 £ 32 43

The concentrations of drug added to the growth medium for calculation of the
1Cs0s were 0, 1, 3.16, 10, 31.6, 100, and 316 nM and 1 and 3.16 pM NFV, and
the ICsps were derived from plots of percent of inhibition of p24 production in
culture supernatant versus NFV concentration.

may give small negative impact on viral resistance in the absence
of the substitutions in NCA. pl7PRmt, however, had 1.8-fold
resistance compared with NCAmt, indicating the substitutions
in CCA may give a small but positive contribution to viral resis-
tance in the presence of the substitutions in NCA. The role of
the substitutions in CCA in viral resistance was altered by the
presence of the substitutions in NCA.

3.3. Gag substitutions facilitating cleavage between matrix
and capsid

To further delineate the impact of each substitution, the Gag
processing pattern was assessed in the absence and presence
of NFV by Western blot analysis using anti-p24 monoclonal
antibody (Fig. SA1-2 and B1-2). As expected, 0.1 uM of NFV
effectively blocked cleavage of the Gag p55 precursor of NL4-
3 (percent density of p24; 4.7% versus 87.5% in Fig. 5A1;
4.2% versus 83.3% in Fig. 5A2). In contrast, NFV gave only
a small influence on the cleavage patterns of the p55 precursor
of MA + PRmt (percent density of p24; 65.5% versus 87.4% in
Fig. 5A1; 77.8% versus 92.6% in Fig. 5A2), which is consistent
with the indistinguishable replication kinetics of this mutant in
the absence and presence of NFV (Fig. 3). Interestingly, NFV
enhanced the cleavability of the p55 precursor of p17PRmt (per-
cent density of p24; 94.8% versus 74.3% in Fig. 5A1; 72.2%
versus 54.1% in Fig. 5A2), which was paralleled with NFV-
dependent replication enhancement of this mutant (Fig. 3). NFV
also gave a small positive effect on the cleavability of the pS5
precursor of NCAmt (percent density of p24; 97.1% versus
94.6% in Fig. 5B1; 97.5% versus 96.2% in Fig. 5B2), which
was paralleled with the partial enhancement of replication with
NFV (Fig. 3). Furthermore, percent density of p24 of NCAmt
was increased compared with that of MA + PRmt (percent den-
sity of p24; 94.6% and 96.2% versus 87.4% and 92.6% in the
absence of NFV; 97.1% and 97.5% versus 65.5% and 77.8%
in the presence of 0.1 uM NFV), suggesting that the substitu-
tions in NCA play a significant role in Gag cleavability. Finally,
NFV decreased percent density of p24 of CCAmt (percent den-
sity of p24; 68.9% versus 78.2% in Fig. 5B1; 45.3% versus
79.0% in Fig. 5B2), which was paralleled with NFV-induced
delay of replication kinetics (Fig. 3). For further confirmation,

the Gag processing pattern of NCAmt and CCAmt was also
assessed by Western blot analysis using HI'V-1-infected patient’s
serum (Fig. 5B3). As expected, NFV slightly increased cleav-
ability of the p55 precursor of NCAmt (percent density of p24;
96.9% versus 94.5% in Fig. 5B3), and gave a negative impact on
Gag cleavage of CCAmt (percent density of p24; 41.9% versus
74.3% in Fig. SB3), which were well compatible with the cleav-
age pattern analyzed by using anti-p24 monoclonal antibody
(Fig. 5B1, 2). In summary, NFV induced enhanced cleavability
of Gag precursors of p17PRmt and NCAmt, which was well par-
alleled with NFV-induced enhancement of replication capability
of these mutants.

4. Discussion

We previously reported that the substitutions in p6-protease
segment alone are sufficient to confer NFV resistance while
those in matrix are indispensable for the replication enhance-
ment of CL-4 by NFV (Matsuoka-Aizawa et al., 2003). In the
present study, we found that not only the matrix substitutions
but the mutations in N-terminal half of capsid also played crit-
ical role in the enhancement and that the full potential of the
enhancement phenotype was achieved only with the coopera-
tion of mutations in the entire Gag and protease region of CL-4.
The substitutions in matrix and those in N-terminal half of capsid
compensated the otherwise compromised viral replication in the
absence and presence of NFV (Fig. 4a and c). Probably, these
substitutions cooperatively altered the tertiary structure of the
Gag precursor and made the cleavage site between matrix and
capsid more accessible to mutant protease harboring multiple
resistance-associated mutations. The cleavage pattern analyzed
by Western blot analysis supported the idea that the substitu-
tions in N-terminal half of capsid improved the Gag cleavage.
Percent density of p24 of NCAmt was increased compared with
that of MA + PRmt in the absence of NFV (Fig. 5A1-2 and
B1-2; 94.6% and 96.2% versus 87.4% and 92.6%). It is worth
noting that CL-4 had a total of 56 amino acid substitutions
in gag-pro genes compared with NL4-3; 22 substitutions had
emerged during NFV-containing therapy, and 34 other substitu-
tions had already existed before the introduction of the therapy,
and that all the substitutions in N-terminal half of capsid of
CL-4 were pre-existing before NFV-therapy (Fig. 1), suggest-
ing that certain polymorphic amino acid residues seen in HI'V-1
clinical isolates were associated with drug resistance. Interest-
ingly, the amino acid insertion at the same site of the matrix of
CL-4 compared with NL4-3 (Fig. 1; amino acids 121-125 in
MA, QQAAA) was reported to increase viral replication har-
boring mutant protease by improving otherwise impaired Gag
processing (Tamiya et al., 2004). Gatanaga et al. also reported
that a polymorphic substitution in N-terminal half of capsid
was indispensable for the development of high multitude of
resistance against PIs (Gatanaga et al., 2002), though CL-4 did
not harbor the same substitution. It is also known that certain
drug-resistance-conferring amino acid substitutions found in
one subtype HIV-1 isolated from patients under therapy may be
detected in HIV-1 of other subtypes from untreated individuals
(Cornelissen et al., 1997; Quinones-Mateu et al., 1998). More-
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Fig. 5. Western blot analysis in the absence and presence of NFV. HeLa cells were transfected with each of full-length molecular clones and cultured in the absence
and presence of 0.1 wM NFV. At 48 h post-transfection, virions in the culture supernatant (6 x 10° cpm of RT activity) were harvested and subjected to Western blot
analysis. Gag proteins were visualized by using anti-p24 monoclonal antibody (A1-2, B1-2) and HIV-1-infected patient’s serum (B3). Percent density of p24 was
calculated as 100 x (p24 signal density/total Gag product signal densities) in a Western blot.

over, a recent study of Colson et al. revealed that HIV-2 strains
harbor specific patterns of natural polymorphism and resistance
(Colson et al., 2004). HIVs seem to acquire drug-resistance by
utilizing the pre-existing polymorphic mutations and by coordi-
nating the development of multiple substitutions.

Furthermore, the substitutions in N-terminal half of cap-
sid of CL-4 altered the effect of NFV on viral replication.
Sub-inhibitory concentration (0.1 wM) of NFV slightly accel-
erated the Gag precursor cleavage of NCAmt (percent density
of p24; 97.1% versus 94.6% in Fig. 5B1; 97.5% versus 96.2%
in Fig. 5B2; 96.9% versus 94.5% in Fig. 5B3), which was

paralleled with the partial replication enhancement with NFV
(Fig. 3), though it showed inhibitory effect in Gag processing
of MA + PRmt (percent density of p24; 65.5% versus 87.4% in
Fig. 5SA1; 77.8% versus 92.6% in Fig. SA2). Therefore, one of
the mechanisms of viral replication enhancement with NFV is
the improved processing of Gag harboring the substitutions in
N-terminal half of capsid of CL-4 cooperated with the substitu-
tions in the matrix. On the other hand, the role of the substitutions
in C-terminal half of capsid seemed different, though they were
also indispensable for the full potential of replication enhance-
ment with NFV. They impaired the cleavability of Gag precursor
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of MA + PRmt (Fig. 5A1-2 and B1-2; percent density of p24;
CCAmt versus MA + PRmt=78.2% and 79.0% versus 87.4%
and 92.6%) and NCAmt (Fig. 5A1-2 and B1-2; percent den-
sity of p24; p17PRmt versus NCAmt =74.3% and 54.1% versus
94.6% and 96.2%) in the absence of NFV, which were parallel
with viral replication data (CCAmt versus MA + PRmt, Fig. 4d;
pl7PRmt versus NCAmt, Fig. 3). The effects of NFV on Gag
cleavage pattern were different between CCAmt and p17PRmt;
sub-inhibitory concentration (0.1 puM) of NFV facilitated the
Gag cleavability of pl7PRmt (percent density of p24; 94.8%
versus 74.3% in Fig. 5A1; 72.2% versus 54.1% in Fig. 5A2),
though it decreased the cleavability of CCAmt Gag (percent
density of p24; 68.9% versus 78.2% in Fig. 5B1; 45.3% versus
79.0% in Fig. 5B2; 41.9% versus 74.3% in Fig. 5B3), which
was also parallel with viral replication data showing enhance-
ment only in p17PRmt but not in CCAmt (Fig. 3). Considering
together, the substitutions in C-terminal half of capsid compro-
mised viral replication by impairing the Gag preprocessing, and
NFV could counteract the negative impact only in the presence
of the substitutions in N-terminal half of capsid. In the absence
of the substitutions in N-terminal half of capsid, only partial
counteraction was seen (Fig. 4d). In summary, NFV-induced
viral replication enhancement of CL-4 was caused by two mech-
anisms; NFV facilitates the processing of Gag harboring the
substitutions in the matrix and N-terminal half of capsid of CL-
4, and NFV counteracts the impaired Gag cleavage caused by
the substitutions in C-terminal half of capsid of CL-4 only in the
presence of the substitutions in the matrix and N-terminal half of
capsid of CL-4. Therefore, the full potential of the enhancement
phenotype was achieved only with the cooperation of mutations
in the entire Gag and protease region of CL-4.

Notably, we found several other PI-resistant isolates with the
phenotype of PI-dependent replication enhancement (data not
shown), suggesting that HIV-1 can evolve to acquire capability
to replicate better with the drugs. Such replication enhancement
with antiretroviral agents presents formidable challenge in the
therapy of HIV-1 infection. Future studies of structural analyses
of Gag precursor(s) harboring substitutions of these mutants are
warranted to clarify the underlying mechanism(s).
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