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Short communication

Amino acid insertions at position 35 of HIV-1 protease interfere with
virus replication without modifying antiviral drug susceptibility
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Abstract

Among 1330 patients undergoing highly active antiretroviral therapy (HAART), 3 showed 1 or 2 amino acid (aa) insertions at position 35 of the
HIV-1 protease gene. Protease genes containing aa insertions, either in the presence (ins35G+res.muts, ins35TN+res.muts) or absence (ins35G,
ins35TN) of other resistance mutations, were introduced into the wild-type HIV-1 strain NL4-3. The introduction of ins35G and ins35TN in the
wild-type protease confirmed that these mutations were per se not responsible of decreased drug susceptibility. The replication rate of mutant
recombinant viruses was determined by HIV RNA quantification in supernatants of cell cultures in comparison with a recombinant HIV-1 strain
with wild-type protease. Recombinant ins35G and ins35TN HIV-1 strains did not display increased resistance to currently used protease inhibitors
( that ins35TN
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PIs). Comparison of ins35TN+res.muts and ins35G+res.muts with respect to the corresponding recombinant rescue mutants showed
ecreased the replication rate of the PI-resistant strain, while ins35G had a protective effect.
2006 Elsevier B.V. All rights reserved.
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HIV-1 is characterized by a high degree of genetic diver-
ity (Domingo and Holland, 1997). The genetic variability is
aused by the high mutation rate of HIV-1 genome associated
ith the low fidelity of HIV-1 reverse transcriptase, the lack of
roofreading function and the rapid turnover of viral popula-

ion, which induce the emergence of multiple HIV-1 variants in
ivo. It is generally assumed that the wild-type HIV-1 population
xpresses the maximal viral replicative capacity. Antiretroviral
rug pressure selects for viral variants with mutations causing
misrecognition” and processing of enzyme-interfering drugs.
hus, it is well established that such mutations favor virus repli-
ation in a drug-containing environment by providing resistance
o the inhibitory drug effect. However, it is assumed that drug-
esistance-associated mutations may reduce the enzyme activity
nd eventually impair viral replication (Nijhuis et al., 1999).
he effect of specific mutations (primary mutations) in reducing
rug susceptibility is largely known, but the impact of sec-
ndary mutations or amino acid (aa) polymorfisms in modifying

he final level of drug resistance or viral replicative capacity is
argely obscure. Aa insertions in the HIV-1 protease gene (Kim

et al., 2001; Sturmer et al., 2003) are rarely detected in protea
inhibitor (PI)-naive and -treated patients and little is known a
their impact on the enzyme activity or viral biology. To date
insertions in the protease gene have been reported not to m
the susceptibility to PIs, while it is unclear how they affect v
fitness.

In this study, the effect of aa insertions in HIV-1 prote
on antiviral drug susceptibility and viral replication was inv
tigated by generating a panel of HIV-1 recombinant strains

Patients submitted to highly active antiretroviral ther
(HAART) were routinely monitored by quantification of HIV
RNA levels in plasma (Versant HIV-1 RNA 3.0 Assay, Bay
NY, USA), CD4+ T cell counts (Flow Cytometry, Coulter Epi
XL MCL, Fullerton, CA, USA) and determination of dru
resistance-associated mutations in HIV-1 reverse transcr
and protease genes by direct sequencing of viral genes in p
samples (Paolucci et al., 2001).

Recombinant viruses were constructed from patient-de
HIV-1 sequences by introducing protease genes containi
insertions, either in the presence or absence of other
tance mutations, into the vector pNL�pro carrying the wild-typ
∗ Corresponding author. Tel.: +39 0382 502420; fax: +39 0382 502599.
E-mail address: g.gerna@smatteo.pv.it (G. Gerna).

HIV-1 strain NL4-3 genetic backbone (Menzo et al., 2000). In
particular, ins35G+res.muts, ins35TN and ins35TN+res.muts
recombinants from HIV-1 strains carrying one (ins35G) or two
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(ins35TN) aa insertions at position 35 of the protease gene were
constructed. In addition, aa insertions were suppressed by site-
directed mutagenesis in protease genes carrying other mutations
(Higuchi, 1990), and the relevant rescue recombinant strains
(�ins35G+res.muts and�ins35TN+res.muts) were generated.
Finally, two recombinant viruses were constructed by intro-
ducing by site-directed mutagenesis ins35G and ins35TN into
pNL�pro (ins35G and ins35TN).

Upon transfection of CD4+ HeLa cells with recombi-
nant pNL�pro constructs, infectious recombinant viruses were
obtained (Paolucci et al., 2004). In detail, 0.5�g of each plas-
mid construct DNA were transfected into CD4+ HeLa cells by
using Lipofectin according to the Manufacturer’s recommen-
dations (Invitrogen, Groningen, The Netherlands). After 3-day
incubation at 37◦C, cell supernatants containing reconstituted
viable recombinant viruses were collected. The newly produced
recombinant strains were quantified by determination of the HIV
RNA copy number in cell culture supernatants by a commer-
cially available assay (Versant HIV-1 RNA 3.0 Assay). Since the
assay has an upper limit of 500,000 HIV-1 RNA copies/ml, cell
culture supernatants scored as containing >500,000 copies/ml of
viral RNA were serially diluted before quantification. Results
were reported as the HIV-1 RNA copy number scored by the
assay multiplied by the dilution factor.

Susceptibilities of ins35G, ins35TN and wild-type HIV-1
recombinant strains to representative protease inhibitors (PI),
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Paisley, Scotland, UK), 2 mMl-glutamine, 100 U/ml penicillin,
100�g/ml streptomycin, 10% interleukin-2 (ZeptoMetrix Co.,
Buffalo, NY, USA) and 5�g/ml hydrocortisone (Sigma Chem-
ical Co., St Louis, MI, USA). Then, at day 7 post-infection, the
culture supernatant (10 ml) was used to infect fresh PBMC as
reported above (first passage). A second passage was performed
7 days later. The kinetics of viral replication was measured by
determining the HIV-1 RNA copy number in cell culture super-
natants. In detail, HIV-1 RNA was determined in supernatants
collected 3, 7, 10, 14 days post-infection and after the first and
second passage.

The HIV-1 protease genes from 1330 HIV-1 infected patients
undergoing HAART were sequenced as a part of routine viro-
logic monitoring. On the whole, three patients showed the pres-
ence of one (G) or two (TN) aa insertions at position 35 of pro-
tease gene. Of note, the G and one of TN insertions were associ-
ated with other drug resistance mutations (ins35G+res.muts and
ins35TN+res.muts), while the other TN insertion was detected
in the protease gene in the absence of drug-resistance-associated
mutations (ins35TN).

In detail, patient #1 (ins35TN) had been previously treated
with different drug combinations including stavudine, abacavir,
and didanosine. At the time of drug-resistance testing, the patient
was receiving stavudine and tenofovir. HIV-1 RNA level and
CD4+ T cell count were 2762 copies/ml plasma and 143 cells/�l,
respectively. The patient had never been exposed to PIs. Patient
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.e. saquinavir, ritonavir, indinavir, nelfinavir, amprenavir,
opinavir, were tested as reported (Paolucci et al., 2003). Briefly,
.5�g of each plasmid construct were transfected into
onfluent HeLa CD4+ cells and the evaluation of drug susce
ility was coincident with the virus reconstitution. In fact, a
6-h incubation at 37◦C following transfection, cell cultur

upernatant was removed and replaced with fourfold dilu
f antiretroviral drugs. No-drug controls for each drug d

ion were included in each assay. After 72 h incubation
ime required to perform a single replication cycle in the ne
nfected HeLa CD4+ cells), HIV-1 p24 antigen was quantifi
n the cell culture supernatant. The degree of inhibition of v
eplication was measured by determining the HIV-1 p24
en level (NEN Research Product, Boston, MA, USA) in
upernatant of cell cultures, and was expressed as fold-inc
n IC50 values of mutagenized recombinant HIV-1 variants w
espect to IC50 values of wild-type recombinant virus. Each t
as performed in triplicate.
The replication rates of insertion-containing recombin

iruses, the corresponding recombinant viruses lacking th
nsertions and the wild-type recombinant HIV-1 strain w
etermined in parallel in cell cultures as reported (Paolucci e
l., 2004). In detail, a volume of each transfected HeLa CD+

ell culture supernatant containing 8.5× 109 RNA copies o
ach recombinant HIV strain was used to infect aliquot
× 106 phytohemagglutinin-stimulated (PHA) peripheral blo
ononuclear cells (PBMC) obtained from HIV-seronega
lood donors. After a 4-h incubation, supernatants w
emoved, and infected PBMC were incubated at 37◦C in 10 ml
PMI 1640 medium (Eurobio, Les Ulis Cedex B, France) s
lemented with 20% fetal calf serum (Life Technologies L
se

a

2 (ins35TN+res.muts), was treated in the past with zidovu
tavudine, indinavir, nelfinavir, and amprenavir, while at the
f drug-resistance testing the HAART regimen existed of
avir, lamivudine, and lopinavir. HIV-1 RNA level and CD+

cell count were 21,578 copies/ml plasma and 193 cell�l,
espectively. The pattern of HIV-1 reverse transcriptase m
ions was: M41L, E44D, A98S, M184V, L210W, and T21
hile the protease mutations were: L10V, L24I, L33F, ins35
36T, M46L, I54V, L63P, V82A, and I84V. Finally, patient #

ins35G+res.muts) had stavudine, lamivudine, efavirenz,
ndinavir treatment, while at the time of drug-resistance
ng the patient was receiving didanosine, lamivudine, st
ine, and lopinavir. HIV-1 RNA level and CD4+ T cell count
ere 101,453 copies/ml plasma and 11 cells/�l, respectively
he pattern of HIV-1 mutations in antiretroviral drug targ
as as follows: for reverse transcriptase, M41L, D67N, T6
70R, L74I, K103N, V108I, V179I, Y181C, M184V, T215
nd K219Q; and for protease, K20I, ins 35G, M36I, I54V, L6
71T, V82A, and L90M.
IC50 values for PIs of recombinant HIV-1 strains carry

nly ins35G and ins35TN were comparable to those obse
n the wild-type recombinant virus (Table 1). Comparison o
he replicative capacity of recombinant viruses was perfor
y infecting cell cultures with comparable amounts of v
Fig. 1A and D). Following two passages, HIV-1 RNA lev
f wild-type, ins35G and ins35G+res.muts recombinant st
ere comparable, while HIV-1 RNA level of�ins35G+res.mut
rogressively decreased (Fig. 1B–C). Kinetics of HIV-1 RNA

evel of wild-type and ins35TN recombinant strains were o
apping at each time point (Fig. 1E–F). Although showing
imilar kinetics,�ins35TN+res.muts consistently yielded low
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Table 1
Evaluation of the susceptibility of HIV-1 recombinant strains to protease inhibitors

HIV-1 recombinant strain IC50
a (�M fold increase)

RTV SQV IDV APV NFV LPV

pNL4-3 (wild-type) 0.024± 0.004 0.04± 0.011 0.03± 0.005 0.03± 0.007 0.01± 0.002 0.0025± 0.0001
ins35G 0.08± 0.05 (3.3) 0.01± 0.03 (0.25) 0.01± 0.02 (0.3) 0.025± 0.005 (0.8) 0.01± 0.01 (1.0) 0.005± 0.002 (2.0)
ins35TN 0.025± 0.001 (1.0) 0.02± 0.02 (0.5) 0.03± 0.01 (1.0) 0.04± 0.01 (1.3) 0.02± 0.01 (2.0) 0.004± 0.001 (1.6)

RTV: ritonavir; SQV: saquinavir; IDV: indinavir; APV: Amprenavir; NFV: nelfinavir;. LPV: lopinavir.
a IC50 are mean of results of three independent assays.

Fig. 1. Effect of single (A–C) or double (D–E) amino acid insertions at position 35 of HIV-1 protease on viral replication.
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HIV RNA levels with respect to wild-type recombinant strain
(Fig. 1E–F). However, ins35TN+res.muts showed a further
important decrease in HIV-1 RNA levels further decreasing over
time. All experiments were repeated three times and results
showed a variation within 15%. Thus, G and TN insertions
in HIV-1 protease showed a differential impact on the repli-
cation rate of drug-resistant strains, the former resulting in an
enhancement, and the latter in an inhibition of virus replica-
tion.

Following emergence of mutations conferring resistance to
antiretroviral drugs, different molecular pathways associated
with either increase or decrease of HIV-1 replicative capacity
were described (Simon et al., 2003). Despite the low preva-
lence of insertions in the protease gene of HIV-1, results pre-
sented in this report confirm that insertions in viral protease
may have been selected either before or during HAART (Kim
et al., 2001; Sturmer et al., 2003). However, these mutations
do not appear to modify susceptibility to PIs. On the other
hand, an effect on HIV-1 replication rate was observed. In
fact, while replication of strains carrying ins35G and ins35TN
was not affected in the absence of drug-resistance-associated
mutations, the presence of these mutations in the context of
multiple drug-resistance-associated mutations displayed a dif-
ferent effect on viral fitness. In particular, data showed that the
presence of ins35TN in association with mutations conferring
PI resistance may be greatly detrimental for virus replication.
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patients. Such a strategy has already been utilized in patients
with failure to multiple reverse transcriptase inhibitors showing
the presence of drug-resistant strains with mutations (M184V/I,
K65R) impairing viral replication (Turner et al., 2004; Sharma
et al., 2004).

A general conclusion of this study is that assessment of viral
fitness should not be inferred from sequencing data but based
upon biological assays aimed at obtaining direct evaluation of
the viral replication rate.
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