
SEQUENCE NOTE

Analysis of HIV Type 1 gp41 and Enfuvirtide Susceptibility
among Men in the United States Who Were HIV Infected

Prior to Availability of HIV Entry Inhibitors

Sarah E. Hudelson,1 Natalia Marlowe,2 Wei Huang,3 Robert Bruce,2 Jessica D. Church,1

Marla Husnik,4 Deborah Donnell,4 Thomas Coates,5 J. Brooks Jackson,1 Margaret Chesney,6

Beryl Koblin,7 and Susan H. Eshleman1

Abstract

We analyzed HIV gp41 from 195 men in the United States who were HIV-1 infected between 1999 and 2002,
before enfuvirtide (ENF) was approved for clinical use in the United States. gp41 genotyping results were
obtained for 175 samples. None of the samples had major ENF resistance mutations. Six (3.4%) samples had
minor ENF resistance mutations in the HR1 region (V38G, N43K, L44M, L45M). Twenty-eight (16%) samples
had the N42S polymorphism, which is associated with ENF hypersusceptibility. Accessory mutations in the HR2
region were identified in some samples (E137K, S138A). Five of the six samples with HR1 resistance mutations
were analyzed with a phenotypic assay; one sample had reduced ENF susceptibility (a sample with N42Sþ
L44MþE137K). Prior to the availability of ENF, some men in the United States were infected with HIV that
contained mutations associated with ENF resistance or hypersusceptibility. However, most of the mutations
were not associated with phenotypic ENF resistance.

The HIV envelope glycoproteins gp120 and gp41 in-
teract with cell surface proteins to mediate entry of HIV

into target cells. The ectodomain of gp41 contains two highly
conserved heptad repeat domains, HR1 and HR2. These
domains interact to form a six-helix bundle that is critical for
viral fusion.1,2 In 2003, the United States Food and Drug
Administration (FDA) licensed the first HIV fusion inhibitor,
enfuvirtide (ENF, Hoffmann-La Roche, Nutley, NJ).2 ENF is a
36-amino acid polypeptide that mimics the gp41 HR2 domain
and prevents the formation of the six-helix bundle. This con-
sequently blocks the entry of HIV into target cells.2 Resistance
to ENF has been associated with mutations in the HR1 do-
main at codons 36–45.1,2 Mutations outside of this region and
in the HR2 domain may also serve as secondary mutations.2

In this report, we analyzed HIV-1 gp41 HR1 and HR2 se-
quences from recently infected men from six major cities in the
United States. A phenotypic assay was also used to measure
the ENF susceptibility in a subset of the samples. Plasma or

serum samples were obtained from the EXPLORE Study,
a randomized clinical trial that examined the efficacy of a
behavioral intervention for prevention of HIV acquisition in
men who have sex with men (MSM).3 HIV-negative MSM
(n¼ 4295) were enrolled in the study between 1999 and 2001
at sites in Boston, Chicago, Denver, New York, San Francisco,
and Seattle. Men received either a behavioral intervention or
standard risk reduction counseling, and were tested every
6 months for HIV infection. In the course of the study, 259 men
acquired HIV infection. In a previous study, we genotyped
HIV protease and reverse transcriptase, and determined the
HIV subtype in the first HIV-positive sample from these men.4

One hundred and ninety-five of the HIV seroconverters had a
genotypic resistance result.4 HIV from 31 (15.9%) of 195 men
had evidence of resistance to either reverse transcriptase in-
hibitors or protease inhibitors, including seven who had evi-
dence of multiclass resistance.4 All samples had subtype B
HIV. The EXPLORE study was approved by the institutional
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review boards at each of the participating institutions and
participants provided written informed consent.

In this study, gp41 genotyping was performed using re-
search reagents and protocols (Celera). Methods for gp41
genotyping, which include HIV RNA extraction, reverse tran-
scription, PCR amplification, DNA sequencing, and analysis
of gp41 sequences, are described in a previous report.5 gp41
sequences from the EXPLORE samples were compared to
the HXB2 reference sequence (GenBank accession number
K03455) and were examined for the presence of mutations in
the HR1 region that have been associated with ENF resistance
or hypersusceptibility, and accessory mutations in HR2 that
may increase the fitness of viruses with ENF mutations; the
Stanford HIV Resistance Database was used as a reference
(updated 6=10=08).6 The mutations analyzed included (1)
mutations in HR1 that are associated with a >10-fold reduc-
tion in most clinical isolates and site-directed mutants (major
mutations: G36D=E, V38A=E, Q40H, and N43D), (2) other
ENF resistance mutations in HR1 (G36S=V, I37V, V38G=M,
N42T, N43K, L44M, and L45M), (3) N42S, a natural poly-
morphism in HR1 that has been associated with ENF hyper-
susceptibility, and (4) HR2 accessory mutations (N126K,
E137K, and S138A).6 gp41 sequences were deposited in Gen-
Bank (accession numbers EU709526–EU709700).

All of the 195 HIV seroconverters in the EXPLORE cohort
who were analyzed previously for genotypic resistance to
reverse transcriptase and protease inhibitors had an HIV
RNA sample from the time of HIV diagnosis available for
analysis of the gp41 region. DNA encoding the gp41 region
was successfully amplified from 176 (90.3%) of the 195 sam-
ples. Failure to amplify the remaining samples may reflect the
fact that stored HIV RNA extracts were used for analysis,
rather than plasma samples. In a previous study using the
same gp41 genotyping system, all of the 11 subtype B samples
tested were successfully amplified.5 Sequencing of gp41 was
successful for 175 (99.4%) of the 176 amplified samples.
Bidirectional sequences were obtained for all but eight of
those samples; sequencing failed with the forward primer for
four samples, and with the reverse primer for four samples.

Minor ENF resistance mutations were identified in six
samples; none of the samples had major ENF resistance mu-
tations (Fig. 1 and Table 1). V38G was detected in samples
from two men, one of whom also had resistance to nucleoside

reverse transcriptase inhibitors (NRTIs; zidovudine and sta-
vudine, with possible resistance to didanosine and tenofovir),
nonnucleoside reverse transcriptase inhibitors (NNRTIs; ne-
virapine, delavirdine, and efavirenz), and protease inhibi-
tors (PIs; indinavir, saquinavir, ritonavir, and nelfinavir, with
possible resistance to amprenavir, fosamprenavir, lopinavir,
and atazanavir). L44M was detected in three men who had no
evidence of resistance to other antiretroviral drugs. One man
had two ENF resistance mutations: L43K and L45M; that man
also had resistance to all three NNRTIs (nevirapine, dela-
virdine, and efavirenz). The N42S polymorphism was de-
tected in 28 (16%) of the 175 samples, including two samples
that also had L44M, one of which also had E137K (see below).

Polymorphisms in the HR2 region (e.g., N126K, E137K, and
S138A) may increase the fitness of HIV-1 viruses that have
ENF resistance mutations in HR1.6 We detected E137K in 27
(15.4%) of the samples and detected S138A in 15 (8.6%) of the
samples; four samples had both of these polymorphisms. Five
samples with E137K and one sample with S138A also had
N42S; one sample with E137K also had N42S and L44M.
Other HR2 polymorphisms were identified in the EXPLORE
samples (Table 2).

The PhenoSense HIV Entry assay (Monogram Biosciences,
South San Francisco)7 was used to measure the ENF suscep-
tibility of HIV-1 from the samples with HR1 ENF resistance
mutations (Fig. 1), and samples with the N42S polymorphism.
In the PhenoSense HIV Entry Assay, HIV RNA is extracted
from the test sample and first strand cDNA is prepared by
reverse transcription. A 2.5-kb amplification product includ-
ing the entire gp160 coding region is generated and cloned
into an env expression vector. The resulting plasmid pool is
cotransfected into human embryonic kidney 293 cells with
an HIV genomic vector that contains a luciferase expression
cassette inserted within a deleted region of the env gene to
produce pseudotyped viruses with HIV envelope proteins.
Viral stocks are used to inoculate U87 target cell cultures in 96-
well plates containing serial dilutions of ENF. Viral replica-
tion is monitored by measuring luciferase expression
in infected target cells 3 days after inoculation. The drug
concentration required to inhibit virus replication by 50%
(IC50) is determined for each test sample. The fold change in
drug susceptibility is determined by comparing the IC50 value
of the test virus to the IC50 of the assay control ( JRCSF). The
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FIG. 1. HR1 (top) and HR2 (bottom) sequences from the six men who had ENF resistance mutations detected were aligned
and compared to the HXB2 reference sequence (shown above each alignment in bold). Dots are used to indicate that the
amino acid in the test sequence matched the amino acid in the HXB2 sequence. Mutations associated with ENF resistance or
hypersusceptibility are shaded. Amino acid mixtures are indicated (e.g., QM). Some ENF resistance mutations were detected
as mixtures with the wild-type (HXB2) codons (V38A in samples #1526 and #5712; N43K and L45M in sample #2047);
mutations in the other samples were present as the major sequence (no mixture detected).
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susceptibility cut-off is set at the 99th percentile of the distri-
bution of the enfuvirtide-naive viruses (cut-off: fold change
IC50> 6.48).

ENF susceptibility results were obtained for five of six
samples with ENF resistance mutations in HR1 and for 21=26
additional samples with N42S. Only one of 26 samples had
HIV with evidence of reduced ENF susceptibility (fold change
IC50 above the assay cut-off). The HIV from that sample
(#0168) had the HR1 ENF resistance mutations N42SþL44M,
as well as the HR2 accessory mutation E137K, and had a fold
change IC50 of 24. HIV from another sample that had N42Sþ
L44M without E137K (#0171) had a fold change IC50 of 1.3
(susceptible; Fig. 1).

Other studies have examined ENF resistance mutations in
ENF-naive individuals, including those with subtype B and
non-B HIV infection.8–12 It is difficult to compare results of
those studies to the results in this report, because the muta-
tions considered in assessing ENF resistance varied from
study to study. Using the Stanford HIV Resistance Database
as a reference, we identified minor HR1 mutations associated
with reduced susceptibility to ENF in 6 (3.4%) of 175 samples
from men in the EXPLORE cohort (V38G, N43K, L44M, and
L45M). We also detected the N42S hypersusceptibility mu-
tation in 28 (16%) of the 175 samples; this is similar to the rate
of detection of N42S in other cohorts of ENF-naive individuals
with subtype B HIV infection.8,9 The HR2 accessory muta-
tions, E137K and S138A, were detected in 27 (15.4%) and 15
(8.6%) of the 175 EXPLORE samples, respectively; four sam-
ples had both E137K and S138A.

Phenotypic analysis in this study demonstrated that the
presence of ENF resistance mutations was not sufficient to
reduce susceptibility to ENF in some samples. In two samples
(#5712 and #2047), we may not have detected reduced ENF
susceptibility in the PhenoSense HIV Entry assay because the
ENF resistance mutations were present as low-level mixtures
with wild-type codons. However, in the other two samples
(#0430 and #0171) the mutations were detected without mix-
tures (Fig. 1), and there was no reduction in ENF suscepti-
bility.

The same samples tested in this study (gp41 genotyping
and ENF susceptibility) were previously tested using the
ViroSeqTM HIV-1 Genotyping System, to identify mutations
associated with resistance to HIV protease and reverse tran-
scriptase inhibitors.4 Two of the six samples that had minor
ENF resistance mutations also had genotypic evidence of re-
sistance to other antiretroviral drugs: one sample with V38G
also had genotypic evidence of resistance to three other clas-
ses of antiretroviral drugs (NRTIs, NNRTIs, and PIs), and one
sample with N43K and L45M also had genotypic evidence of
NNRTI resistance. However, neither of those samples had
reduced ENF susceptibility in the phenotypic assay.

In a previous study, we used the same gp41 genotyping
reagents and protocols to analyze the gp41 region in 119
diverse HIV strains, including 11 subtype B and 108 non-B
strains; all subjects were unaware of their HIV infection at
the time of sample collection, and were presumed to be
antiretroviral drug naive.5 Using the same list of ENF resis-
tance mutations as in this report, we did not detect any HR1
ENF resistance mutations in those samples. In contrast, six men
in the EXPLORE cohort (3.4%) had ENF resistance mutations
in HR1 (0=119 vs. 6=175, p¼ 0.085). Among the 108 non-B
samples analyzed previously, 82 (75.9%) had N42S (vs. 16% in

Table 1. HIV gp41 Amino Acid Polymorphisms

in the HR1 Region
a

AA# HXB2
ENF

Res (HS)b
Amino acid polymorphisms

in test samplesc

30 A 1T
31 R 2K
32 Q 47L, 2S, 2N, 1M, 1E, 1V, 1H
33 L 1F
34 L 1M
35 S 1T, 1F
36 G G36D=E=S=V
37 I I37V
38 V V38A=E=G=M 2G
39 Q 1Rd

40 Q Q40H
41 Q
42 N N42T=(S) (28S)
43 N N43D=K=S 1Ke

44 L L44M 3M
45 L L45M 1Me

46 R 18K, 4M, 1Q
47 A 1X¼A=F=S=V
48 I 1V, 1L
49 E 3Q, 3D
50 A
51 Q 1H
52 Q 1H
53 H 5R
54 L 40M, 2I, 2V
55 L 1V, 1W
56 Q 1R, 1X¼Q=K=R
57 L 1I
58 T 1I
59 V 1I
60 W
61 G
62 I
63 K
64 Q
65 L
66 Q 4R
67 A
68 R
69 I 157V, 3L
70 L

aThis table shows the single letter code for the amino acid at each
position (AA#) in the HXB2 reference strain (HXB2).

bMutations and amino acid polymorphisms that are associated
with enfuvirtide (ENF) resistance are shown (ENF Res, rows 36–38,
40, and 42–45); mutations associated with >10� reduction in ENF
susceptibility are underlined.7 The N42S mutation is associated with
ENF hypersusceptibility (HS, indicated with parentheses).

cAmino acids identified in the test samples that differ from the
HXB2 sequence are shown using the single letter code. The number
of test samples with each amino acid difference is shown (e.g., at
position 30 in the HR1 region, one sample has the A30T substi-
tution). Many of the amino acid substitutions were present as a
mixture with the amino acid present in the HXB2 sequence (not
shown). X indicates the presence of a degenerate nucleotide codon
that encodes two or more amino acids in addition to the amino acid
presence in the HXB2 sequence; in this case, the amino acids encoded
at that position are shown (e.g., in one sample, the amino acids
A¼ alanine, F¼phenylalanine, S¼ serine, and V¼valine are en-
coded at position 47). ENF resistance mutations were also detected in
some samples (bold).

dQ39R is included in the International AIDS Society-USA list of
ENF resistance mutations (13).

eThe mutations N43K and L45M were detected in the same study
subject.
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EXPLORE), one (0.6%) had N126K (vs. none in EXPLORE),
seven (6.5%) had E137K (vs. 15.4% in EXPLORE), and four
(3.7%) had S138A (vs. 8.6% in EXPLORE).5 When comparing
these two studies, it is not clear whether the observed differ-
ences in the frequencies of ENF mutations reflect differences
in HIV subtype (B vs. non-B), the country of origin of the
samples (United States vs. non-United States), the years of

sample collection (1999–2002 vs. 1993–2001), the stage of
disease of the infected individuals (recent infection vs. un-
known time of infection), the cohort type (MSM vs. blood
donors), or other factors.

Because the men in EXPLORE were infected with HIV prior
to FDA clearance of ENF, the observed mutations in HR1 and
HR2 are likely to represent naturally occurring polymor-

Table 2. HIV gp41 Amino Acid Polymorphisms in the HR2 Region
a

AA# HXB2 ENF Resb Amino acid polymorphisms in test samplesc

100 N 1K
101 A 78T, 12N, 6D, 5V, 4S, 1K, 1I, 1G, 1X¼A=D=I=N=T=Y
102 S 4T, 1N
103 W
103–4 — 1SK
104 S
104–5 — 3N, 3K, 1SKG, 1H
105 N 2S, 1X¼N=K=R=S
106 K 24R, 1N
106–7 — 1TN, 1SLKD
107 S 10N, 22T, 1A, 1D, 1X¼S=A=D=Y
108 L 18Y, 10V, 9Q, 9M, 5H, 5F, 2I, 1E, 1W
109 E 84D, 34N, 14S, 7K, 4H, 2G, 2T, 1R, 1A, 1X¼N=S; 1X¼D=I=N=V
110 Q 42E, 35D, 24K, 19Y, 8T, 5N, 5M, 3S, 4A, 2F, 2R, 1H, 1I, 1V, 1X¼D=E=Y
111 I 1V
112 W
112–3 — 1E
113 N 62D, 19G, 16E, 6Q, 5K, 4H, 2N, 1S
114 H 170N, 2H, 2K, 1S
115 T 168M, 4L, 1K, 1X¼H=I=K
116 T
117 W
118 M 4R, 2I, 1L
119 E 85Q, 7D, 2K, 1A
120 W
121 D 158E
122 R 72K
123 E
124 I 1V
125 N 126D, 12S, 10E, 1A, 1H
126 N N126K 1D
127 Y 1H
128 T
129 S 58G, 31D, 19N, 11E, 3R, 2Q, 2H, 1I, 1T, 1K, 1A,

4X¼E=G; D=E=G; S=D=G=N; D=E=K=N
130 L 25I, 12T, 9V, 7E, 3S, 2F, 2Y, 1K, 1Q, 1X¼I=P=T
131 I 1V
132 H 174Y
133 S 79T, 44N, 7K, 4D, 4R, 1Q, 1F, 1L, 1X¼N=T
134 L
135 I 56L
136 E 4T, 3G, 1Q, 1A, 1I, 1L, 1V
137 E E137K 27K, 15Q, 9N, 9D, 4G, 3A, 3T, 2I
138 S S138A 15A
139 Q
140 N 4T, 11I, 3Y, 2H, 1S, 1D, 1F, 1R

aThe table shows the single letter code for the amino acid at each position (AA#) in the HXB2 reference strain (HXB2).
bMutations and amino acid polymorphisms that have been associated with enfuvirtide (ENF) resistance are shown (ENF Res).
cAmino acids identified in the test samples that differ from the HXB2 sequence are shown using the single letter code. The number of test

samples with each amino acid difference is shown (e.g., at position 126 in the HR2 region, one sample has the N126D substitution). Many of
the amino acid substitutions were present as a mixture with the amino acid present in the HXB2 sequence (not shown). X indicates the
presence of a degenerate nucleotide codon that encodes two or more amino acids in addition to the amino acid presence in the HXB2
sequence; in this case, the amino acids encoded at that position are shown (e.g., in one sample, the amino acids N¼ asparagine, K¼ lysine,
R¼ arginine, and S¼ serine are encoded at position 105). Rows 126, 137, and 138 indicate the positions of accessory mutations that may
increase the fitness of viruses with ENF resistance mutations. ENF resistance mutations were detected in some samples (bold).
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phisms. However, we cannot rule out the possibility that
some of the men in the EXPLORE cohort were infected by
individuals who received ENF in a clinical trial or through a
compassionate access program. The men in the EXPLORE
study were not followed after seroconversion, so it was not
possible to determine whether the HIV variants with ENF
resistance mutations persisted over time in these men. In
summary, we found that ENF resistance mutations were
present in HIV from recently infected MSM in the United
States prior to the availability of ENF. However, in most cases,
the samples retained phenotypic susceptibility to the drug.
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