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Prototypical Recombinant Multi-Protease-Inhibitor-Resistant
Infectious Molecular Clones of Human Immunodeficiency Virus
Type 1

Vici Varghese,a Yumi Mitsuya,a W. Jeffrey Fessel,b Tommy F. Liu,a George L. Melikian,a David A. Katzenstein,a Celia A. Schiffer,c

Susan P. Holmes,d Robert W. Shafera

Division of Infectious Diseases, Department of Medicine, Stanford University, Stanford, California, USAa; Kaiser-Permanente Medical Care Program—Northern California,
San Francisco, California, USAb; Department of Biochemistry and Molecular Pharmacology, University of Massachusetts, Worcester, Massachusetts, USAc; Department of
Statistics, Stanford University, Stanford, California, USAd

The many genetic manifestations of HIV-1 protease inhibitor (PI) resistance present challenges to research into the mechanisms
of PI resistance and the assessment of new PIs. To address these challenges, we created a panel of recombinant multi-PI-resistant
infectious molecular clones designed to represent the spectrum of clinically relevant multi-PI-resistant viruses. To assess the
representativeness of this panel, we examined the sequences of the panel’s viruses in the context of a correlation network of PI
resistance amino acid substitutions in sequences from more than 10,000 patients. The panel of recombinant infectious molecular
clones comprised 29 of 41 study-defined PI resistance amino acid substitutions and 23 of the 27 tightest amino acid substitution
clusters. Based on their phenotypic properties, the clones were classified into four groups with increasing cross-resistance to the
PIs most commonly used for salvage therapy: lopinavir (LPV), tipranavir (TPV), and darunavir (DRV). The panel of recombi-
nant infectious molecular clones has been made available without restriction through the NIH AIDS Research and Reference
Reagent Program. The public availability of the panel makes it possible to compare the inhibitory activities of different PIs with
one another. The diversity of the panel and the high-level PI resistance of its clones suggest that investigational PIs active against
the clones in this panel will retain antiviral activity against most if not all clinically relevant PI-resistant viruses.

Human immunodeficiency virus type 1 (HIV-1) protease is a
highly mutable protein. More than one-half of the enzyme’s

99 amino acids are subject to variation under protease inhibitor
(PI) selection pressure (1, 2). In addition, viruses from patients
treated unsuccessfully with multiple-PI-containing antiretroviral
(ARV) treatment regimens often develop complex patterns of PI
resistance amino acid substitutions (3, 4). The many genetic man-
ifestations of PI resistance present challenges to researchers who
require representative PI-resistant viruses for in vitro mechanistic
studies and for testing of new inhibitors active against the most
clinically relevant multi-PI-resistant variants.

To address these challenges, we created a panel of recombinant
infectious molecular virus clones containing clinically derived
protease genes with amino acid substitution patterns similar to
those in the most common multiple-PI-resistant viruses. The
panel was drawn from a repository of cryopreserved plasma sam-
ples from patients who received multiple PIs and harbored viruses
with multiple PI resistance amino acid substitutions. To assess the
validity of this panel, we performed an independent correlation
network analysis of PI resistance amino acid substitutions in pub-
licly available sequences from more than 10,000 patients.

MATERIALS AND METHODS
PI resistance amino acid substitutions and phenotypic cutoffs. Amino
acid substitutions were defined as differences from the consensus B
protease sequence (http://hivdb.stanford.edu/DR/asi/releaseNotes/index
.html#consensusbsequences). PI resistance amino acid substitutions were
defined as (i) protease substitutions that give rise to HIV-1 variants with
reduced susceptibility to one or more PIs in cell culture assays (5); (ii)
nonpolymorphic substitutions, defined here as those occurring in �0.5%
of pooled group M viruses from PI-naive persons; and (iii) substitutions
occurring in �0.5% of virus isolates from PI-experienced patients. Forty-

one substitutions at 23 positions met two or more of these criteria: L10F,
V11I, L24I, D30N, V32I, L33F, K43T, M46IL, I47AV, G48MV, I50LV,
F53L, I54ALMSTV, Q58E, G73ACST, T74P, L76V, V82ACFLST, N83D,
I84V, N88DS, L89V, and L90M (see Table S1 in the supplemental mate-
rial). Each amino acid substitution had a prevalence of �0.5% in pooled
group M viruses from PI-naive individuals, and with the exception of the
V82C substitution, each has been shown to significantly contribute to de-
creased in vitro PI susceptibility (5). In addition, each amino acid substitution
except for I47A (0.3%), I50L (0.4%), and V82L (0.3%) had a prevalence of
�0.5% in pooled group M viruses from PI-experienced patients.

High-level resistance was defined according to the Monogram Biosci-
ences (South San Francisco, CA) clinical cutoffs for the PhenoSense assay
(6): atazanavir-ritonavir (ATV/r) at �6-fold, darunavir-ritonavir
(DRV/r) at �90-fold, fosamprenavir-ritonavir (FPV/r) at �11-fold, in-
dinavir-ritonavir (IDV/r) at �10-fold, lopinavir-ritonavir (LPV/r) at
�56-fold, nelfinavir (NFV) at �4-fold, saquinavir-ritonavir (SQV/r) at
�12-fold, and tipranavir-ritonavir (TPV/r) at �8-fold. The study was
performed in accordance with an approved human-subjects protocol.

Creation of the prototypical multi-PI-resistant recombinant infec-
tious molecular clones. Clinical HIV-1 isolates were obtained from cryo-
preserved remnant plasma samples from patients in California undergo-
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ing routine genotypic resistance testing at Stanford University Hospital. A
subset of these patients also had accompanying PhenoSense resistance
assays performed for clinical purposes. Available cryopreserved plasma
samples were selected for the panel of recombinant infectious molecular
clones based on one of the following two criteria: (i) the population-based
sequence contained a pattern of PI resistance amino acid substitutions
that, based on results from previously reported studies, was consistent
with high-level resistance to four or more PIs (2, 3, 5, 7–9), or (ii) an
accompanying phenotypic resistance test demonstrated high-level resis-
tance to four or more PIs.

HIV-1 cDNA was generated from RNA extracted from ultracentri-
fuged plasma samples. An 871-nucleotide amplicon encompassing 3= gag,
protease positions 1 to 99, and reverse transcriptase (RT) positions 1 to 24
was amplified by using the thermostable Pfu DNA polymerase (Promega,
Madison, WI). The 3= region of gag included 243 nucleotides before pro-
tease and included the 3= part of nucleocapsid (NC), the NC/p1 cleavage
site, the second spacer peptide, the p1/p6 cleavage site, and the p6 peptide.
Amplicons were digested with ApaI and MscI and ligated into the vector
pNLPFB (10). Following transformation into competent Escherichia coli
cells, selected molecular clones were transfected into C8166 cells. Once
taken over by syncytia, C8166 cells were cocultured with SupT1 cells.
When syncytia were present in the majority of cell clusters, 20 1.0-ml
aliquots of cell-free virus were harvested and stored at �70°C.

The amplicon, vector insert, and virus stock were sequenced to con-
firm near identity with the original population-based plasma virus se-
quence. Phenotypic resistance testing using the PhenoSense assay was
performed for each virus clone. Virus replication was characterized by the
Monogram Biosciences replication capacity (RC) assay, the virus stock
p24 antigen concentration, and the virus stock 50% tissue culture infec-
tious dose (TCID50) during 1 week of MT2 cell culture. The size of the
panel was reduced from 25 to 14 by excluding viruses that did not have
high-level resistance to four or more PIs or that had a TCID50 of �100
infectious units/ml. The DNA plasmids and virus stocks created from
each recombinant infectious molecular clone were contributed to the
NIH AIDS Research and Reference Reagent Program without restrictions.

Correlation network analyses of published protease sequences. We
selected all protease sequences in the Stanford HIV Drug Resistance Da-
tabase (HIVDB) (11). For individuals with more than one virus sequence,
we included only those sequences with a nonredundant pattern of PI
resistance amino acid substitutions. The first step in the network analysis
was to create a list of positively correlated substitution pairs having a
nonparametric Spearman correlation coefficient (rho) of �0.1 and an
associated P value of �2e�16. To confirm the results of the Spearman
correlation analysis, we also calculated the Jaccard correlation coefficient
for each pair of substitutions and included only those pairs with an asso-
ciated P value of �2e�9. The Jaccard analysis avoids exaggerating the
statistical significance of pairs or rare substitutions (i.e., the double-neg-
ative category is large).

To reduce the complexity of the network analysis, we pooled amino
acid substitutions at the same position that had highly correlated (defined
as a rho value of �0.5) individual correlations with each of the amino acid
substitutions at other PI resistance positions. Such substitutions included
I47V/I47A (rho � 0.6), G48V/G48M (rho � 0.7), I54T/I54A/I54S (rho �
0.8), I54L/I54M (rho � 0.8), G73S/G73T/G73C/G73A (rho � 0.7),
V82A/V82T/V82S (rho � 0.5 to 0.7), and V82F/V82L (rho � 0.5). In
contrast, other amino acid substitutions at the same position, such as
M46I and M46L (rho � �0.5), I50V and I50L (rho � 0), I54ML and I54V
(rho � 0.1), and I54ML and I54TAS (rho � �0.8), were treated as sepa-
rate substitutions.

We used the R package igraph (12) to create an undirected weighted
network graph from the adjacency matrix of positively correlated amino
acid substitution pairs. In such a network, an edge is created between all
significantly correlated amino acid substitution pairs, and the edge length
is inversely correlated to the pairs’ rho coefficients. The shortest path
between two unconnected amino acid substitutions is the smallest sum of

the edges linking each substitution. The igraph program “cliques” was
used to enumerate tight clusters of amino acid substitutions (cliques) in
which each substitution was significantly correlated (rho � 0.1) with each
of the other substitutions in the cluster. The igraph program “maximal.
cliques” was used to identify cliques that could not be extended by addi-
tion of any of the PI resistance amino acid substitutions outside the par-
ticular molecular cluster.

For each set of amino acid substitutions in a recombinant infectious
molecular clone, we calculated the median of the shortest-path distances
between each pair of substitutions. We then randomly sampled with re-
placement 100,000 sets of PI resistance amino acid substitutions contain-
ing the same number of PI resistance amino acid substitutions as the
number in the matching clone (range, 3 to 11 substitutions). PI resistance
amino acid substitutions were sampled according to their frequency in the
HIVDB. The “cluster index” of a clone was defined as the proportion of
random samples with a median shortest-path distance greater than the
clone’s median shortest-path distance.

RESULTS
Recombinant infectious molecular clones: associated clinical
data, phenotypic resistance, and amino acid substitutions. Ta-
ble 1 shows the PI resistance amino acid substitution patterns,
phenotypic resistance test results, and replication capacities (RCs)
of 14 multi-PI-resistant recombinant infectious molecular clones
and the PI treatment history of the patients from whom the cloned
samples were obtained. Among the 12 patients for whom the com-
plete PI treatment history was available, the median number of PIs
received was 4, and the median duration of treatment was 8 years.

Based on their in vitro susceptibility, the clones were catego-
rized into four groups: group 1, with resistance to the earliest-ap-
proved PIs (FPV, IDV, NFV, and SQV) and ATV; group 2, with
resistance to the earliest-approved PIs, ATV, and LPV; group 3, with
resistance to the earliest-approved PIs, ATV, LPV, and TPV; and
group 4, with resistance to all PIs. Groups 1, 2, 3, and 4 had medians
of 11.5, 15, 15.5, and 24 substitutions and medians of 4.5, 5, 5, and 10
study-defined PI resistance amino acid substitutions, respectively.

Twenty-nine of the 41 study-defined PI resistance amino acid
substitutions were present in one or more of the recombinant
infectious molecular clones. Substitutions V32I, L33F, M46I,
I54V, V82A, I84V, and L90M were found in 5 to 10 of the 14
clones. Substitutions L10F, V11I, L24I, K43T, M46L, I47V, G48V,
I54M, Q58E, G73S, and I89V were found in two to four of the
clones. Substitutions D30N, I47A, I50V, F53L, I54S, G73T, T74P,
V82T, V82L, and N88D were each found in one clone. The acces-
sory PI resistance amino acid substitutions L10IV, K20RIMVT,
M36IL, L63P, and A71VTI each occurred in eight or more clones.
Among the 14 virus stocks for which RC results were available, the
median RC was 14% (range, 3% to 94%).

Each of the 14 clones had one or more previously described
compensatory NC/P1 gag cleavage site substitutions (13): (i)
A431V was present in all clones except clones 634, 1391, and 6585;
(ii) K436R was present in clone 1319; and (iii) I437N was present
in clones 634, 3972, 6585, and 38129. Eight of the 14 clones had
one or more previously described P1/P6 cleavage site substitutions
(13): (i) L449VF in clones 634, 3972, and 14311; (ii) R532S in
clone 794; and (iii) P453LF in clones 1556, 4307, 18369, and
38129. P6 insertions containing a PTAP motif were present in
clones 634 and 6585.

Correlation network analysis of PI resistance amino acid
substitution patterns in the HIVDB. Of 61,989 group M HIV-1
protease-containing viruses from 59,455 individuals, 11,351 vi-
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ruses from 10,050 individuals had one or more PI resistance
amino acid substitutions. Of these 11,351 variants, 9.5% were
from PI-naive individuals, 20.2% were from individuals who had
received one PI, 10.0% were from individuals who had received
two PIs, 7.3% were from individuals who had received three PIs,
8.9% were from individuals who had received four or more PIs,
and 44.1% were from PI-treated individuals for whom the exact
number of PIs received was not known. A total of 1.9% of isolates
were obtained prior to 1996, 31.3% were obtained between 1996
and 2000, 58.8% were obtained between 2001 and 2005, and 9.4%
were obtained between 2006 and 2012. Nearly 14% of the isolates
belonged to a non-B subtype, including 3.5% of isolates in subtype
F, 2.8% in subtype C, 1.7% in subtype G, 1.3% in CRF01_AE,
1.2% in subtype A, 1.1% in CRF02_AG, 1.1% in subtype D, and
1.1% belonging to miscellaneous other subtypes and circulating
recombinant forms (CRFs).

Twenty-five percent of sequences had one study-defined PI
resistance amino acid substitution, 17% had two PI resistance
amino acid substitutions, 16% had three PI resistance amino acid
substitutions, 14% had four PI resistance amino acid substitu-
tions, 11% had five PI resistance amino acid substitutions, and
17% had six or more PI resistance amino acid substitutions. The
11,351 isolates had 3,139 unique patterns of PI resistance amino
acid substitutions. L90M was the most common PI resistance
amino acid substitution, occurring in 51% of isolates with one or
more PI resistance amino acid substitutions; substitutions I54V,
V82A, M46I, I84V, L33F, G73S, M46L, and L10F occurred in 10%
to 34% of isolates; substitutions D30N, L24I, N88D, V32I, F53L,
Q58E, I47V, G48V, L89V, V82T, L76V, I54L, I54M, G73T, I50V,
V82F, T74P, and N88S occurred in 2% to 9% of isolates; and
substitutions G73C, I54A, V82S, I54T, I54S, V82C, I50L, G48M,
G73A, I47A, and V82L occurred in �2% of isolates. Although
most PI resistance amino acid substitutions increased in fre-
quency with each calendar year, the L33F, V11I, I47V, Q58E,
L10F, I84V, K43T, and I54ML substitutions demonstrated the
greatest increase in prevalence per year since 2000.

Table 2 shows those amino acid substitution pairs with the
highest levels of pairwise correlation using the Spearman correla-
tion coefficient (rho). The two most highly correlated substitu-
tions, D30N and N88D, displayed no significant positive correla-
tions with other PI resistance amino acid substitutions. In
contrast, most of the other PI resistance amino acid substitutions
were correlated (rho � 0.1; P � 1e�16) with two or more other PI
resistance amino acid substitutions. The V32I, L33F, I47V, V82A,
and I84V substitutions were significantly correlated with 10 to 11
other PI resistance amino acid substitutions; M46I, I54V, I54M,
L89V, and L90M were correlated with 7 to 9 other PI resistance
amino acid substitutions; and L10F, K43T, F53L, I54L, G73S, and
L90M were correlated with 5 to 6 other PI resistance amino acid
substitutions. The I50L, Q58E, V82FL, N83D, and N88S substitu-
tions were not correlated with any other PI resistance amino acid
substitution.

Figure 1 shows the protease inhibitor amino acid substitution
patterns of group 1 to 4 recombinant infectious molecular clones
superimposed on the correlation network created from the adja-
cency matrix of amino acid substitution correlations in more than
10,000 published protease sequences. As indicated in Materials
and Methods, the following amino acid substitutions at the same
position were represented by a single amino acid: I47VA, G48VM,
I54TAS, I54ML, G73STCA, and V82ATS. The graphs do not show

the PI resistance amino acid substitutions I50L, Q58E, V82FL,
N83D, and N88S, which were not correlated with any other PI
resistance amino acid substitutions. Substitutions D30N and
N88D, which correlated only with one another, were not shown
either.

Three of the four group 1 clones and the pan-PI-resistant
group 4 clones had cluster indexes of between 80 and 99%, indi-
cating that the medians of their pairwise shortest-path distances
were lower than those of matched random substitution patterns
(Table 1). In contrast, the group 2 and group 3 clones had cluster-
ing indexes that did not differ from matched random substitution
patterns.

Table 3 lists the 27 maximal cliques generated from the matrix
of significantly correlated pairs of PI resistance amino acid substi-
tutions. Two maximal cliques contained 2 amino acid substitu-
tions, 7 contained 3 amino acid substitutions, and 18 contained 4
or 5 amino acid substitutions. Nine of the 27 substitution patterns
comprising a maximal clique were found in a clinical virus sample
without any other study-defined PI resistance amino acid substi-
tution. The remaining 18 patterns occurred only in the presence of
one or more additional study-defined PI resistance substitutions.
The substitutions comprising all but four of the cliques were pres-
ent in one or more of the recombinant infectious molecular
clones.

DISCUSSION

We created a panel of multi-PI-resistant clones and assessed its
validity by performing an independent correlation network anal-
ysis of PI resistance amino acid substitutions in publicly available
sequences from more than 10,000 patients. The clinical samples
used to create the panel were selected based upon sample avail-
ability and findings from previously reported studies. The corre-
lation network analysis was performed to assess the concordance
of the amino acid substitution patterns of the panel’s clones with
the amino acid substitution patterns in publicly available protease
sequences.

In the 1990s, three research groups contributed infectious
PI-resistant clones to the NIH AIDS Research and Reference
Reagent Program. These clones contained the following PI re-
sistance amino acid substitutions: (i) G48V plus L90M (14),
(ii) M46I plus L63P plus V82T plus I84V with or without L10R
(15); and (iii) V82A, V82F, I84V, and V82F plus I84V (16). The
panel that we have created and submitted to the NIH AIDS
Research and Reference Reagent Program increases the num-
ber and variety of clinically relevant PI-resistant clones avail-
able to researchers.

The large number of PI resistance amino acid substitutions
makes it challenging to identify representative multi-PI-resistant
viruses. Indeed, the publicly available sequence data set contained
more than 3,000 permutations of the 41 PI resistance amino acid
substitutions used in our analysis. We performed a correlation
network analysis because of the suitability of this approach for
representing the overlapping nature of the patterns of protease
amino acid substitutions in multi-PI-resistant viruses. In contrast,
other more commonly used clustering approaches, such as hier-
archical and k-medioid clustering, fail to adequately represent
overlapping patterns.

The correlation network analysis revealed an underlying struc-
ture in the patterns of PI resistance amino acid substitutions. It
showed two main clusters of amino acid substitutions: one large

Prototypical Multi-PI-Resistant Infectious Clones

September 2013 Volume 57 Number 9 aac.asm.org 4293

 on S
eptem

ber 6, 2013 by S
E

R
IA

LS
 C

O
N

T
R

O
L Lane M

edical Library
http://aac.asm

.org/
D

ow
nloaded from

 

http://aac.asm.org
http://aac.asm.org/


TABLE 2 Positively correlated PI resistance amino acid substitutions ranked by Spearman’s correlation coefficient

Substitution
1

Substitution
2

No. of isolates with
substitution 1 alone

No. of isolates with
substitution 2 alone

No. of isolates with
substitution 1 �
substitution 2

No. of isolates with
neither substitution

Spearman’s
rho P value

D30N N88D 385 176 710 10,112 0.70 �2e�16
V32I I47V 384 259 467 10,273 0.56 �2e�16
I54V V82A 1,567 1,416 2,199 6,201 0.40 �2e�16
I47V I54M 508 187 218 10,470 0.37 �2e�16
G48V I54T 540 39 120 10,684 0.36 �2e�16
G73S L90M 136 4,475 1,123 5,649 0.28 �2e�16
M46L V82A 579 2,607 1,008 7,189 0.28 �2e�16
V32I I54M 670 224 181 10,308 0.27 �2e�16
G48V I54S 586 33 74 10,690 0.26 �2e�16
L24I I54V 266 3,113 653 7,351 0.24 �2e�16
M46I I47V 3,073 188 538 7,584 0.24 �2e�16
L33F I54L 1,630 185 273 9,295 0.24 �2e�16
G48V V82A 164 3,119 496 7,604 0.23 �2e�16
L24I V82A 301 2,997 618 7,467 0.23 �2e�16
M46I I84V 2,412 1,140 1,199 6,632 0.21 �2e�16
L10F I84V 750 1,759 580 8,294 0.21 �2e�16
I84V L90M 714 3,973 1,625 5,071 0.21 �2e�16
G73T I84V 139 2,087 252 8,905 0.21 �2e�16
V32I M46I 300 3,060 551 7,472 0.20 �2e�16
I54M L89V 290 476 115 10,502 0.20 �2e�16
M46I L76V 3,254 107 357 7,665 0.20 �2e�16
L24I M46L 584 1,252 335 9,212 0.19 �2e�16
I47V L89V 575 440 151 10,217 0.18 �2e�16
V32I I54L 710 317 141 10,215 0.18 �2e�16
K43T V82A 297 3,120 495 7,471 0.18 �2e�16
I47V I54L 599 331 127 10,326 0.18 �2e�16
V32I L89V 692 432 159 10,100 0.17 �2e�16
M46L I54V 742 2,921 845 6,875 0.17 �2e�16
G73T L90M 22 5,229 369 5,763 0.17 �2e�16
L10F M46I 640 2,921 690 7,132 0.16 �2e�16
L33F I54M 1,713 215 190 9,265 0.16 �2e�16
I54L I84V 224 2,105 234 8,820 0.16 �2e�16
L33F I47V 1,622 445 281 9,035 0.15 �2e�16
V32I L33F 538 1,590 313 8,942 0.15 �2e�16
L33F T74P 1,252 1,688 651 7,792 0.15 �2e�16
L33F I84V 1,771 108 132 9,372 0.15 �2e�16
L33F K43T 1,609 498 294 8,982 0.15 �2e�16
G73S I84V 786 1,866 473 8,258 0.15 �2e�16
F53L I54V 322 3,315 451 7,295 0.15 �2e�16
G48V V82S 604 112 56 10,611 0.14 �2e�16
V32I K43T 685 626 166 9,906 0.14 �2e�16
M46I G73T 3,352 132 259 7,640 0.14 �2e�16
F53L V82A 341 3,183 432 7,427 0.14 �2e�16
L33F V82A 1,030 2,742 873 6,738 0.14 �2e�16
M46I L90M 1,480 3,467 2,131 4,305 0.13 �2e�16
G73S L89V 1,088 420 171 9,704 0.13 �2e�16
I47V F53L 586 633 140 10,024 0.13 �2e�16
I84V L89V 2,087 339 252 8,705 0.13 �2e�16
L10F L89V 1,164 425 166 9,628 0.12 �2e�16
M46I I54M 3,365 159 246 7,613 0.12 �2e�16
I54V V82S 3,635 37 131 7,580 0.12 �2e�16
I54T V82A 36 3,492 123 7,732 0.12 �2e�16
T74P I84V 114 2,213 126 8,930 0.12 �2e�16
L24I V82S 863 112 56 10,352 0.11 �2e�16
V11I L89V 486 499 92 10,306 0.11 �2e�16
G48V I50V 597 222 63 10,501 0.11 �2e�16
K43T I47V 663 597 129 9,994 0.11 �2e�16
I54M I84V 227 2,161 178 8,817 0.11 �2e�16
L89V L90M 161 5,168 430 5,624 0.11 �2e�16

(Continued on following page)
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cluster (cluster 1) consisted of substitutions surrounding V82ATS
that included, in order of decreasing frequency, I54V, M46L, L24I,
G48VM, and I54TAS. The second large cluster (cluster 2) in-
cluded, in order of decreasing frequency, the L90M, M46I,
G73STCA, I84V, I54ML, V32I, I47VA, L10F, L89V, and V11I sub-
stitutions. V82A and V32I were the only positively correlated PI
resistance amino acid substitutions that were present in different
clusters (V82A in cluster 1 and V32I in cluster 2).

A third set of PI resistance amino acid substitutions, L33F,
K43T, and F53L, consisted of indirectly linking substitutions be-
cause each of these substitutions correlated with two or more clus-
ter 1 and two or more cluster 2 substitutions. Although the I50V
and L76V substitutions are among the most potent DRV resis-
tance amino acid substitutions, they rarely occur in pan-PI-resis-
tant viruses, possibly because they increase susceptibility to one or
more PIs and reduce protease function (17–20). The occurrence
of the L76V substitution in combination M46I was described pre-
viously (21). However, the occurrence of the I50V substitution in
combination with the G48V and/or I54TAS substitution has not
been previously described.

Biophysical interactions are likely to explain some of the pat-
terns of observed PI resistance amino acid substitutions. In cluster
1, only G48 directly contacts substrates (22); thus, most of the
cluster 1 substitutions are consistent with the substrate envelope
hypothesis in that they preserve substrate recognition while de-
creasing inhibitor binding (23). In cluster 2, several residues, in-
cluding V32, I47, and I84, are involved in substrate recognition
(24). However, only the substitution V32I results in an increase in
residue volume, potentially impinging on substrate recognition.
Most of the remaining PI resistance amino acid substitutions alter
protease flap dynamics or modulate the hydrophobic sliding of
the enzyme core (25).

The panel of recombinant infectious molecular clones com-
prised 29 of the 41 study-defined PI resistance amino acid substi-
tutions, 27 of the 33 substitutions that were significantly corre-
lated with another PI resistance substitution, and 23 of the 27
amino acid substitution cliques. Based on their phenotypic prop-
erties, the clones were classified into four groups with increasing

cross-resistance to the PIs most commonly used for salvage ther-
apy: LPV, TPV, and DRV (26). However, TPV-resistant viruses
that retain susceptibility to LPV and DRV-resistant viruses that
retain susceptibility to TPV do occur and are not present in our
panel (26). In addition, two of the group 1 viruses were susceptible
to FPV, and one of the group 3 viruses was susceptible to SQV.

Although the median RC of the panel was 20% (range, 3% to
94%), each of the 14 virus stocks had 50% tissue culture infec-
tious doses (TCID50) high enough for in vitro susceptibility
testing (range, 300 to 36,000 infectious units) of novel com-
pounds. Each of the clones also had previously described com-
pensatory gag cleavage site amino acid substitutions, changes
that are often required for the replication of drug-resistant
mutant viruses.

The four group 1 recombinant viruses (resistance to the earli-
est-approved PIs and ATV) had amino acid substitutions that
were localized within cluster 1 or cluster 2 but not both clusters
(Fig. 1A). Five of the six group 2 and 3 recombinant viruses (re-
sistance to the earliest-approved PIs, ATV, LPV, and/or TPV) had
amino acid substitutions that included both cluster 1 and cluster 2
amino acid substitutions (Fig. 1B and C). Two of the four group 4
recombinant viruses (resistance to all PIs) contained many cluster
2 amino acid substitutions, and two contained many cluster 2
amino acid substitutions in combination with the cluster 1 amino
acid substitutions V82A with or without M46L and I54V (Fig.
1D). The progression to pan-PI resistance may therefore be asso-
ciated with fewer cluster 1 and more cluster 2 amino acid substi-
tutions.

In conclusion, we have created a panel of 14 recombinant in-
fectious molecular clones comprising most PI resistance amino
acid substitutions and most clusters of PI resistance amino acid
substitutions. It also contains viruses with the most common phe-
notypic patterns of high-level multiple-PI resistance. The public
availability of the panel makes it possible to compare the inhibi-
tory activities of different PIs with one another. The diversity of
the panel and the high level of PI resistance of its clones make it
likely that investigational PIs active against the clones in this panel

TABLE 2 (Continued)

Substitution
1

Substitution
2

No. of isolates with
substitution 1 alone

No. of isolates with
substitution 2 alone

No. of isolates with
substitution 1 �
substitution 2

No. of isolates with
neither substitution

Spearman’s
rho P value

L10F G73T 1,212 273 118 9,780 0.11 �2e�16
L10F I47V 1,149 545 181 9,508 0.11 �2e�16
V32I F53L 712 634 139 9,898 0.11 �2e�16
V32I V82A 430 3,194 421 7,338 0.11 �2e�16
I54S V82A 18 3,526 89 7,750 0.11 �2e�16
I54L L90M 113 5,253 345 5,672 0.11 �2e�16
L10F L33F 969 1,542 361 8,511 0.10 �2e�16
L33F F53L 1,665 535 238 8,945 0.10 �2e�16
K43T I54V 393 3,367 399 7,224 0.10 �2e�16
I54M L90M 99 5,292 306 5,686 0.10 �2e�16
V11I G73S 436 1,117 142 9,688 0.10 �2e�16
I47V L90M 230 5,102 496 5,555 0.10 �2e�16
V11I I84V 359 2,120 219 8,685 0.10 �2e�16
L33F M46L 1,494 1,178 409 8,302 0.10 �2e�16
I54V V82T 3,490 231 276 7,386 0.10 �2e�16
M46I G73S 3,054 702 557 7,070 0.10 �2e�16
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FIG 1 Protease inhibitor (PI) amino acid substitution patterns in the panel of 14 multiple-PI-resistant recombinant infectious clones. (A) Group 1 clones; (B)
group 2 clones; (C) group 3 clones; (D) group 4 clones. The amino acid substitutions within a clone are circled and shown against the backdrop of the correlation
network created from the adjacency matrix of correlations between PI resistance amino acid substitutions in more than 10,000 independent publicly available
protease sequences. Each edge in the network represents a strongly significant correlation (Spearman’s rho of �0.1; P � 2e�16) between a pair of substitutions,
and the thickness of the edge is proportional to the strength of the correlation (rho). PI resistance amino acid substitutions, indicated in plain text, are in the
clone’s sequence but were not correlated with other PI resistance amino acid substitutions in theTable 1.� network. PID, patient identification.
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FIG 1 continued
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will retain antiviral activity against most, if not all, clinically rele-
vant PI-resistant viruses.
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