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Sequence Clusters in Human Immunodeficiency Virus Type 1 Reverse
Transcriptase Are Associated with Subsequent Virological Response
to Antiretroviral Therapy
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Many amino acid (aa) sites in reverse transcriptase (RT) have been implicated in resistance
to nucleoside (NRTI) and nonnucleoside antiretrovirals. Interactions between these in re-
sponse to combination therapy remain poorly understood. In a trial (ACTG 241) of zido-
vudine/didanosine (ddI) versus zidovudine/ddI/nevirapine in nucleoside-experienced patients,
baseline sequence data from the RT coding region was analyzed from 55 individuals. Sequences
were clustered by use of a parsimony method and the virological responses (ratio of baseline
viral load to viral load after of therapy) for each cluster were analyzed at week 8 and week
48. Both clusters and genotype at aa 215 were significantly associated with virological response
at both time points, whereas viral load showed a stronger association with sequence clusters.
Sequence clusters identified one group of patients who never developed high-level resistance
to NRTIs despite prior nucleoside exposure and poor suppression of viral replication.

Antiretroviral drug therapy often selects for mutants in the
reverse transcriptase (RT) of human immunodeficiency virus
type 1 (HIV-1) with quantifiable phenotypic changes in the drug
sensitivity. That single amino acid (aa) substitutions are suffi-
cient to cause high-level resistance to the nucleoside analogue
3TC [1, 2] and to nonnucleoside inhibitors [3, 4] was first ob-
served in vitro and subsequently detected in vivo [5, 6] by in-
spection of sequences obtained from patients failing mono-
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therapy and verified by in vitro mutagenesis. In contrast, the
acquisition of high-level resistance to zidovudine involves sev-
eral changes in RT including T215Y/F [7, 8], whereas such
resistance to the protease (PR) inhibitors indinavir and rito-
navir requires at least 3–4 changes at up to 11 aa sites in PR
[9–12]. Under these circumstances, where many sites may be
involved and the contribution of individual sites is small, the
identification of aa sites contributing to resistance becomes dif-
ficult. In some cases, it has been possible to identify individual
sites by use of regression methods [11], but this approach as-
sumes that individual sites act independently, which is not al-
ways the case [13].

Resistance to combinations of antiretrovirals is also char-
acterized by changes at multiple aa sites, and as more complex
regimens become widely adopted, the identification and anal-
ysis of changes contributing to these phenotypes is increasingly
important. There are already examples of aa changes whose
contribution to resistance is dependent on the presence of spe-
cific mutations at other sites, such as L210W in RT [14]. Other
mutations in RT have been shown to interact to reduce the
level of resistance (T215Y and M184V) [15]. In protease, M46I,
which is often observed with the active site mutation V82T,
contributes to resistance by counteracting the detrimental ef-
fects of the latter on catalytic efficiency [16]. These interactions
have been detected on an individual basis; there is no general
method in use for simultaneous analysis of multiple sites,
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though in other areas techniques have been introduced for the
analysis of quantitative traits by use of molecular genetic data
[17, 18].

We wished to determine the extent to which RT genotype at
initiation of a particular course of antiretroviral therapy de-
termined the response. To investigate this we analyzed sequence
data obtained in the virology substudy of ACTG 241, a ran-
domized, double-blind, placebo-controlled trial of zidovudine/
ddI versus zidovudine/ddI/nevirapine, in 398 zidovudine-
experienced patients with a CD41 cell count of <350 [19]. All
patients had extensive prior zidovudine monotherapy and most
also had additional experience with other nucleosides, as mono-
therapy or in combination with zidovudine. Triple therapy was
shown to confer an 18% higher CD4 cell count and a 0.25 log10

lower plasma viral load than dual nucleoside therapy after 48
weeks in this trial. Patients enrolled at half of the trial sites (4
sites) underwent virological analysis, and sequences of RT were
obtained from a selected subset of this group at 3 time points:
baseline, week 8, and week 48 [20]. We have found that vari-
ation in response to therapy and in viral load is significantly
related to baseline sequence and that joint analysis of complete
sequence data is more informative than analysis of the key
zidovudine-associated aa at position 215 taken on its own.

Materials and Methods

Sequence analysis. A 1.2-kb DNA fragment of HIV-1 pol was
amplified by polymerase chain reaction (PCR) from culture lysates
using conditions and primers described elsewhere [21, 22]. Se-
quences were obtained by use of high-density oligonucleotide ar-
rays. Amplified pol gene sequences were labeled with fluorescein-
rUTP (Boehringer Mannheim, Lewes, U.K.) with T3 RNA poly-
merase (Promega, Madison, WI). RNA fragments were hybridized
to the “PRT 440” sense and antisense chips (Affymetrix, Santa
Clara, CA), and the chip was scanned by a confocal laser micro-
scope. A composite sequence of the pol gene (1023 bp) was gen-
erated by integrating the sense and the antisense chip data by use
of the “rule algorithm” (GeneChip 2.0 software, Affymetrix). This
includes the entire protease region (codons 1–99) and 726 bp of
the RT region (codons 1–242). The baseline sequences from 55
patients were exported as text files from the GeneChip software
and aligned by use of the Genetic Data Environment multiple se-
quence editor (GDE; Harvarad Genome Laboratory, Cambridge,
MA). All subsequent analyses were performed on translated aa
sequences of RT. Parsimony clustering was performed by use of 2
programs: PROTPARS, which identifies the most parsimonious
topologies, and CONSENSE, which identifies clusters found in the
majority of the 50 such topologies obtained (PHYLIP package
version 3.5c; J. Felsenstein, Department of Genetics, University of
Washington, Seattle, WA) [23]. MACCLADE (Affymetrix) was
used to display the individual aa distribution within the clusters.
In this data set, most aa variants were acquired independently and
in parallel in each patient because of the selection pressure exerted
by antiretroviral drugs; therefore, PROTPARS was not used to

reconstruct phylogenetic relationships, but to group the viral se-
quences on the basis of shared aa’s at these sites and to choose the
groups that minimized the overall number of steps. The Genbank
accession numbers are AF 156033–AF 156087.

Viral quantitation. HIV plasma viral RNA was quantified with
the Amplicor Monitor assay (Roche Molecular Systems, Branch-
burg, NJ). Virological response was defined as the ratio of the
baseline viral load to the viral load at week 8 or week 48. Statistical
analysis was performed on transformed (log10) values by use of
SPSS (version 6.1.3 for Windows, SPSS, Inc., Chicago, IL).

Results

Baseline sequence variation: aa at residue 215. Sequences
of the RT coding region between aa 1 and aa 241 were obtained
from isolates established from baseline samples provided by 55
patients. Plasma viral RNA data were available for all 55 pa-
tients at week 0, 54 at week 8, and 50 at week 48. The virological
response was measured as the log10 of the ratio of plasma viral
RNA at baseline to that at week 8 (or 48) (table 1). Substantial
diversity was detected in the aa sequences obtained from base-
line samples. At more than 35 positions a variant aa was ob-
served in at least 5 patients. The presence of aa’s known to
confer resistance to antiretroviral drugs was recorded. Thus, of
these 55, 31 had R at position 70; at residue 215, 32 had Y
and 9 had F; at residue 41, 24 had L. In view of the key role
of T215Y/F in conferring resistance to zidovudine, which all
patients received, we analyzed viral load data in terms of aa
at this position in the baseline sequences. There were significant
differences, with individuals carrying 215T (wild type) having
a lower plasma HIV RNA at week 8 and week 48, but not at
baseline (table 2). Analyzing the virological response to treat-
ment revealed highly significant differences in the median value
for week 8, with the value for the 215T being 5-fold higher
than those for 215F or 215Y. The difference was much smaller
at week 48, but was still significant.

Baseline sequence variation: sequence clusters. In view of
the extensive variation in baseline sequences at sites other than
215 which are known to be important for antiretroviral resis-
tance, a technique was adopted that would include information
on all variable sites, because we felt that incorporation of mul-
tiple sites to the classification could enhance the prediction of
response. Accordingly, patients were clustered on the basis of
shared acquired aa changes at variable sites in RT, adopting a
maximum parsimony approach to minimize the overall diver-
sity among groups. The procedure yielded 3 primary groups
(figure 1). These groups overlap with, but are not identical to,
those obtained from aa at 215, since most patients in group 1
are 215T, patients in group 2 are 215F (8/13) or 215Y (5/13),
and almost all in group 3 are 215Y (27/28). However, in ad-
dition, most patients in groups 1 and 3 were 219K, whereas
group 2 was 219Q, and groups 1 and 2 were 41M and 70R,
with group 3 being predominantly 41L and 70K. Because group
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Table 1. Virological data for 55 patients in ACTG 241.

Patient
no. Group

Log10 RNA at week no.

0 8 48 0/8 0/4

1 1 5.27 3.99 4.45 1.2752 .8172
2 1 4.02 2.53 2.45 1.4856 1.5699
3 1 4.05 .00 2.82 4.0515 1.2320
4 1 4.86 5.06 4.96 2.2009 2.0999
5 1 4.21 3.24 NA .9777 NA
6 1 4.12 .00 3.30 4.1153 .8142
7 1 3.72 2.64 2.94 1.0759 .7748
8 1 4.99 4.35 4.65 .6396 .3390
9 1 3.67 2.92 3.68 .7422 2.0147

10 1 3.15 3.26 4.07 2.1091 2.9287
11 1 5.13 4.79 5.02 .3435 .1196
12 1 4.63 .00 4.68 4.6314 2.0525
13 1 3.51 2.83 3.20 .6780 .3064
14 1 4.58 .00 3.84 4.5784 .7408
15 2 5.53 5.22 NA .3086 NA
16 2 4.08 3.49 3.84 .5843 .2434
17 2 5.48 5.14 NA .3410 NA
18 2 6.39 5.85 6.19 .5356 .1983
19 2 5.51 5.20 5.76 .3077 2.2579
20 2 4.85 4.79 4.98 .0530 2.1292
21 2 5.57 5.52 5.57 .0513 .0028
22 2 3.52 4.11 4.58 2.5961 21.0602
23 2 4.91 4.69 4.74 .2155 .1634
24 2 4.20 4.53 4.71 2.3291 2.5174
25 2 4.38 3.77 4.72 .6039 2.3458
26 2 5.24 2.85 5.57 2.3968 2.3241
27 2 5.66 4.80 4.87 .8601 .7907
28 3 5.36 5.05 NA .3045 NA
29 3 6.05 NA 6.04 NA .0096
30 3 4.62 4.24 4.52 .3800 .1010
31 3 6.44 4.70 6.22 1.7449 .2279
32 3 4.48 3.73 5.34 .7513 2.8608
33 3 5.16 5.49 5.66 2.3254 2.4953
34 3 4.90 5.48 4.60 2.5841 .2949
35 3 4.98 5.14 4.73 2.1661 .2519
36 3 5.36 5.33 5.23 .0292 .1231
37 3 3.67 5.24 5.48 21.5705 21.8060
38 3 5.29 5.02 5.19 .2709 .1009
39 3 4.28 5.06 4.79 2.7838 2.5098
40 3 5.26 5.43 NA 2.1737 NA
41 3 4.84 4.88 5.22 2.0404 2.3880
42 3 4.98 4.78 5.19 .2015 2.2080
43 3 4.74 4.06 3.78 .6792 .9616
44 3 4.83 4.87 5.19 2.0454 2.3612
45 3 5.97 5.47 5.72 .5041 .2511
46 3 5.04 4.75 4.19 .2937 .8505
47 3 3.75 2.51 4.07 1.2446 2.3177
48 3 4.84 5.48 5.62 2.6396 2.7793
49 3 4.73 5.50 5.84 2.7636 21.1037
50 3 5.43 5.36 4.01 .0757 1.4216
51 3 3.21 2.60 3.21 .6128 .0000
52 3 4.90 5.06 4.71 2.1660 .1880
53 3 4.74 4.13 4.07 .6121 .6743
54 3 4.37 3.86 5.18 .5148 2.8041
55 3 4.36 4.65 5.52 2.2966 21.1687

NOTE. Patient numbers and sequence clusters are as shown in figure 1.
Plasma viral RNA (log10) and ratios are given for week 0, week 8, and week 48
time points for all patients where these were available. NA, not available.

Table 2. Association of codon 215 amino acid at baseline with viral
load and virological response in ACTG 241.

Week n 215 T 215 F 215 Y Pa

Viral load
0 54b 3.8 3 104 1.9 3 105 7.0 3 104 NS
8 53 6.8 3 102 1.5 3 105 6.2 3 104 .01

48 50 1.2 3 104 3.2 3 105 9.5 3 104 .01
Virological response

0/8 53 11.9 2.0 1.7 .01
0/48 50 2.2 1.0 1.0 .05

NOTE. Median values are presented, together with sample sizes. NS, not
significant.

a Significance levels in a one-way analysis of variance performed on trans-
formed data.

b One patient with valine at 215 omitted.

2 was 41M and 70R, whereas group 3 was not, five 215Y se-
quences were allocated to group 2. Thus, the inclusion of data
from all variable sites leads to a new configuration of patient
groups for analysis.

Associations between sites. To explore the interdependence
of variation at multiple sites further, a test for independence
between all variable sites was performed by using the mutual
information statistic described by Korber et al. [24]. Three pairs
of aa sites were found to be significantly associated ( ):P ! .05
41 and 215; 41 and 70; and 210 and 211. In addition, associ-
ations between 70 and 215, 70 and 219, and 210 and 215 ap-
proached significance ( ; table 3). The identities of.05 ! P ! .1
the associated aa’s at positions 41, 70, 215, and 219 have been
described elsewhere. It is interesting to note that in groups 1
and 2, only leucine was observed at position 210—all 13 pa-
tients with tryptophan and 2 with glycine were members of
group 3. Thus, the statistical analysis of covariation confirms
the validity of the sequence groups defined above.

Response to therapy. Sequence groups were analyzed for
variation in plasma HIV RNA and in virological response to
therapy, as described above. Group 1 patients had significantly
lower viral load at all time points, but particularly at week 8
and week 48 (table 4). In addition, the ratios of the week 0 to
week 8 viral loads revealed substantial, highly significant, dif-
ferences among groups (table 4; , ).F [df = 2] = 10.9 P ! .0001
Thus, at week 8, group 1 responded significantly better to ther-
apy than the other 2 groups with a median of 10.7 compared
with 2.0 and 1.2 for groups 2 and 3, respectively. Again, the
difference in the ratios at week 48 was smaller, but still signif-
icant ( , ).F [df = 2] = 3.45 P ! .05

The analysis of variance revealed that sequence groups ex-
plained more of the total variance in plasma HIV RNA among
patients than do the groupings based solely on aa at 215. At
week 0, the clusters explained 15% of the variance, whereas
position 215 only explained 8%. At week 8, the corresponding
figures were 26% and 17%, whereas at week 48 they were 32%
and 22%. However, the difference between aa 215 groups and
baseline sequence clusters was less marked for week 0/week 8
viral load ratios: the proportions of variance explained were
30% and 27%, respectively, and there was no difference at all
in the week 0/week 48 ratio, both explaining 14%.

Relation to changes at resistance-associated sites. To de-
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Table 3. Associations between amino acid sites detected by mutual
information [24].

Amino acid site a Amino acid site b Mutual information Pa

41 215 .516 !.01
41 70 .350 !.02

210 211 .345 !.05
70 215 .303 !.07
70 219 .300 !.08

210 215 .293 !.1

a Probability of obtaining this value by chance, estimated from bootstrap
resampling.

Table 4. Association of baseline sequence cluster with viral load and
virological response in ACTG 241.

Week n Group 1 Group 2 Group 3 Pa

Viral load
0 55b 1.5 3 104 1.7 3 105 7.4 3 104 .05
8 54 7.6 3 102 6.2 3 104 1.1 3 105 .001

48 50 6.9 3 103 7.4 3 104 1.5 3 105 .001
Virological response

0/8 54 10.7 2.0 1.2 .001
0/48 50 2.2 .7 1.0 .05

a Analysis of variance significance levels.
b One patient with valine at 215 omitted.

termine whether the differences among sequence groups were
related to the appearance of genotypic resistance, we examined
the distribution of resistance-associated mutations observed at
week 48 among the groups established by the baseline se-
quences. There was little change in the distribution of nucle-
oside resistance-associated aa’s, with the exception of position
215. Of 10 group 1 patients for whom sequences were available
at both time points, 3 had acquired the T215Y and 2 the T215F
mutations. In group 2, there were, surprisingly, 3 changes from
215Y to 215F of 5 patients, and one 215F to 215T of 8. At
position 41, 2 patients of 9 in group 1, sequenced on both
occasions, acquired 41L, as did 2 of 12 in group 2.

With regard to the distribution of known nonnucleoside an-
tiretroviral (NNRTI) resistance-associated mutations at week
48, aa positions 101, 103, 106, 181, and 190 were tested for
association with baseline groups. When treatment assignment
was taken into account, there was only 1 significant difference
in the distribution of any of these mutations among sequence.
The NNRTI resistance-associated mutation 103N was more
commonly found in group 1 patients, and this remained sig-
nificant when treatment effects were removed (see below).

Analysis by treatment arm. Allocation to treatment arms
differed significantly among sequence groups. Group 1, which
maintained the greatest suppression of viral replication, had the
highest proportion of patients (50%) on the dual-nucleoside
arm. The number assigned to arm A was the same in groups
2 and 3 (table 5). The distribution of prior nucleoside therapy
across groups is even more striking, with 12 of 14 patients in
group 1 having received only zidovudine (and no other nucle-
oside) before entering the clinical trial. The proportions in
groups 2 and 3 with only prior zidovudine were 6/13 and 6/28,
respectively. Because group 1 individuals had a lower plasma
viral load (table 2), they were less likely to have had to switch
from zidovudine monotherapy to other nucleosides. This good
response is maintained despite half the patients in the group
receiving the less effective therapy during the trial.

Synonymous nucleotide changes appear at different rates in
the sequence groups. We have analyzed [22] the relationship
between virological response in ACTG 241 and nucleotide dis-
tance in RT from baseline to week 8. We have performed the
same analysis broken down by the 3 sequence groups defined
here and find that there are significant differences between them

in the within-patient synonymous, but not nonsynonymous,
evolutionary distance from baseline sequence to week 8 on ther-
apy (table 6; ). Group 1 shows a significantly higherP! .05
evolutionary distance in synonymous sites between baseline and
week 8 than do the other 2 groups; that is, patients with the
strongest response to therapy on the basis of decrease in plasma
RNA at week 8 show greater evolutionary change from baseline
to week 8 in synonymous sites than do patients who respond
less well.

Discussion

Although individual mutations in the RT coding sequence
of HIV responsible for a reduction in susceptibility to RT in-
hibitors are well known, a detailed understanding of viral fac-
tors affecting response to combination therapy is a more de-
manding objective. Statements can be made concerning the
probable outcome of zidovudine monotherapy on the basis of
the presence or absence of mutations at positions 215 and 41
[7]. In an analysis of isolates obtained during ACTG 116B/117
trials that compared continuing zidovudine with ddI in zido-
vudine-experienced individuals, Japour et al. [25] showed that
the presence of mutations at positions 215 and 41 was predictive
of clinical progression, conferring an adjusted relative hazard
of 1.6, though the benefit of a switch to didanosine was in-
dependent of mutations at these sites. Thus, the presence of
zidovudine-resistant mutations at baseline appeared to consti-
tute a risk factor for progression for patients receiving ddI on
trial as well as for those receiving zidovudine.

In combination therapy it is not yet clear what information
is required to predict a response. We analyzed whether baseline
sequences can be informative in predicting outcome to therapy
by using 2 approaches. First, we tested the predictive capacity
of genotype at individual aa sites, including 215. Second, we
applied a novel method based on parsimony clusters of aa
sequences. We found that both were predictive in this case. It
is possible to compare the performance of the methods on the
basis of the proportion of variance in virological response (ratio
of baseline viral load to viral load at week 8 or week 48 of
therapy) that is explained. For aa 215 this was about 30% for
response at week 8, but not more than 14% in case of week 48
response. The parsimony clusters explained a similar propor-
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Table 5. Treatment arm and prior exposure by sequence group.

Sequence group

Arm Prior therapy

A B ZDV ZDV1

Cluster 1 7 6 1
7 6 1

Cluster 2 4 3 1
9 3 6

Cluster 3 4 3 1
24 3 20a

NOTE. Treatment: arm A, ; arm B, .ZDV 1 ddI ZDV 1 ddI 1 nevirapine
Prior exposure: ZDV, zidovudine alone; ZDV1, otherzidovudine1 one
nucleoside.

a Includes 11 patient with no prior treatment.

Table 6. Evolutionary distance from baseline sequence to week 8 and
week 48 sequences [22].

Sequence
group

Synonymous (%)
Nonsynonymous

(%) Overall (%)

Week 8 Week 48 Week 8 Week 48 Week 8 Week 48

Cluster 1 4.7 3.8 0.88 0.9 2.4 2.3
Cluster 2 2.6 3.0 0.54 0.71 1.6 1.8
Cluster 3 2.7 2.0 0.54 1.1 1.7 1.6

NOTE. Overall median genetic distances are shown for each baseline se-
quence group, together with those for synonymous and nonsynonymous sites.

tion of the variation. When viral load itself was examined,
baseline sequence clusters explained a higher proportion of the
variation in viral load during therapy than baseline genotype
at 215 alone. We conclude that the response to the therapy
received in this trial at week 8 could be adequately predicted
on the basis of 215 genotype alone, but that overall virological
status was better explained when sequence data from multiple
sites were included.

The observations on viral load are in line with results ob-
tained in an earlier study of 198 patients, which identified high
plasma load at baseline as a risk factor for disease progression
[20]. We also found that patients performing better virologically
included a relatively high proportion of individuals on the less
effective therapy. The differences in response of these patients
is therefore independent of treatment. However, most of these
individuals had only been treated with one, rather than 2 (or
more) nucleosides prior to entry into the trial. Taken together,
this suggests that these individuals represent a subset of indi-
viduals whose viral load was maintained at a low level both
before and during this trial, independent of treatment. One
possible reason might be heterozygosity for the 32-bp deletion
in the CCR5 chemokine receptor gene, which has been shown
to reduce the rate of progression in HIV-infected patients [26,
27]. There was no evidence for association of CCR5 hetero-
zygotes with any group. Of the 5 detected among the patients
analyzed here (49 were among those scored previously for
CCR5 [28]), 2 were found in group 1, and 3 in group 3. In
addition, these individuals did not appear to be slow progres-
sors, because all of them possessed virus of an syncytium-in-
ducing phenotype.

It is noteworthy that few of the patients in group 1 subse-
quently acquired M41L during study treatment, despite con-
tinuing viral replication (table 1). One hypothesis that could
account for these observations and the greater genetic difference
observed between week 0 and week 8 virus in group 1 (table
5) invokes compartmentalized replication of HIV during study
treatment. The apparently rapid genetic divergence at synon-
ymous sites could reflect the prior differentiation of a viral
subpopulation months or years earlier, which evolved in the
absence of drug selection. It has been shown that viral popu-
lations in the brain, a potential sanctuary from drug exposure,
can be genetically distinct [29, 30] and would also be more likely
to remain drug-susceptible. Other anatomic privileged sites
have been hypothesized, including the testis; recently, it has
been suggested that such compartments could be significant in
the evolution of resistance [31]. Compartmentalization within
the same organ is also possible, given the observations that
replication-competent provirus in resting memory CD41 T lym-
phocytes remains drug-susceptible. If there is some level of iso-
lation between the viral populations in such compartments even
between individual white pulps within the same spleen, as has
been described elsewhere [32], continuous gradual genetic di-
vergence would be expected at synonymous sites. Thus, the
virus that was detected at week 8 in group 1 patients might
represent spillover from such compartments into the periphery,
giving rise to the drug-susceptible viruses isolated therein.
Closer characterization of the release of this persistently sen-
sitive, genetically distinct virus will be important for predictions
relating to HIV eradication through potent antiretroviral
therapy.
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