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The serodiagnosis of human immunodeficiency virus type 1 (HIV-1) infection primarily relies on the detec-
tion of antibodies, most of which are directed against the immunodominant regions (IDR) of HIV-1 structural
proteins. Among these, the N-terminal region of gp41 contains cluster I (amino acids [aa] 580 to 623), com-
prising the cytotoxic T-lymphocyte epitope (AVERYLKDQQLL) and the cysteine loop (CSGKLIC), and cluster
II (aa 646 to 682), comprising an ectodomain region (ELDKWA). To delineate the epitope diversity within
clusters I and II and to determine whether the diversity affects serologic detection by U.S. Food and Drug Ad-
ministration (FDA)-licensed enzyme immunoassay (EIA) kits, gp41 Env sequences from 247 seropositive
persons infected with HIV-1 group M, subtypes A (n 5 42), B (n 5 62), B* (n 5 13), C (n 5 38), D (n 5 41),
E (n 5 18), F (n 5 27), and G (n 5 6), and 6 HIV-1-infected but persistently seronegative (HIPS) persons were
analyzed. While all IDR were highly conserved among both seropositive and HIPS persons, minor amino acid
substitutions (<20% for any one residue, mostly conservative) were observed for all subtypes, except for B*, in
comparison with the consensus sequence for each subtype. Most importantly, none of the observed substitu-
tions among the group M plasma specimens affected antibody detection, since all specimens (n 5 152) tested pos-
itive with all five FDA-licensed EIA kits. Furthermore, all specimens reacted with a group M consensus gp41
peptide (WGIKQLQARVLAVERYLKDQQLLGIWGCSGKLICTTAVPWNASW), and high degrees of cross-
reactivity (>80%) were observed with an HIV-1 group N peptide, an HIV-1 group O peptide, and a peptide de-
rived from the homologous region of gp41 from simian immunodeficiency virus from chimpanzee (SIVcpz).
Taken together, these data indicate that the minor substitutions observed within the IDR of gp41 of HIV-1
group M subtypes do not affect antibody recognition and that all HIV-1-seropositive specimens containing the
observed substitutions react with the FDA-licensed EIA kits regardless of viral genotype and geographic origin.

Human immunodeficiency virus type 1 (HIV-1) is the etio-
logic agent responsible for the pandemic of AIDS (9, 14).
Worldwide, it is estimated that more than 30 million persons
are infected with HIV-1 and that 16,000 new cases of HIV-1
infection occur every day. HIV-1 is characterized by an unusu-
ally high degree of genetic variability in vivo (14). Analysis of
HIV-1 env genes of virus strains from different geographic
regions has revealed that HIV-1 can be divided into three main
groups: M (major), O (outlier), and N (new) (9, 14, 24). HIV-1
group M has been further subdivided into genetically equidis-
tant clusters of HIV-1 env genes, comprising subtypes A to J
(14). Except during the initial acute phase of infection, re-
ferred to as the “window period,” which occurs before a per-
sistent antibody response has been established (2, 3), most
infected persons produce HIV-1-specific antibodies that can be
detected by standard diagnostic tests (2). In addition, several
reported patients exhibit a history of HIV-1 seronegativity
despite demonstrating clinical AIDS (1, 5, 25). Loss of HIV-1
antibody production concomitant with HIV-1 disease progres-

sion has occurred in a small percentage of infected individuals
(1).

Since most serologic assays rely on antibody responses to the
structural proteins of HIV-1, genetic variability within the en-
velope protein, particularly gp41, can have an impact on sero-
logic detection (8, 18). Encoded by the env genes of HIV-1 are
two heavily glycosylated proteins, the outer membrane gp120
and the carboxyl-terminal transmembrane gp41 (10, 14). gp41
has many functional domains, including the immunodominant
region (IDR) in the amino-terminal portion (10). The IDR of
gp41 contains cluster I (amino acids [aa] 580 to 623), compris-
ing both the CTL epitope (aa 591 to 602; AVERYLKDQQLL)
and the cysteine loop (aa 607 to 613; CSGKLIC), and cluster
II (aa 646 to 682), comprising an ectodomain region (aa 671 to
676; ELDKWA). The CTL epitope, cysteine loop, and ectodo-
main are considered part of the IDR since .99% of HIV-1-
infected individuals produce antibodies directed against them
(8, 10, 16, 18).

The envelope protein of HIV-1 has an unusually high degree
of sequence variability among all subtypes of HIV-1 group M
viruses, as well as among group O and group N viruses (14).
Since most serologic assays are based on the immunogenicity
of gp41, specific mutations in the IDRs of gp41 can potentially
alter antibody binding in serologic assays. In this study, we
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analyzed gp41 sequences from 247 seropositive HIV-1 group
M-infected individuals, representing subtypes A to G, and 6
seronegative persons with AIDS to delineate the epitope di-
versity. In addition, plasma from individuals infected with
HIV-1 strains exhibiting amino acid substitutions within the
IDR of gp41 were tested with U.S. Food and Drug Adminis-
tration (FDA)-licensed enzyme immunoassay (EIA) kits as
well as a gp41 group M consensus peptide-based EIA to de-
termine whether the observed substitution(s) had an impact on
serologic detection.

MATERIALS AND METHODS

Study subjects. Samples tested in the present study are part of various ongoing
studies throughout the world and were selected based on their HIV-1-positive
results with various EIA kits. Plasma specimens from 247 HIV-1 group M-
infected individuals were selected from Argentina (20 subtype B and 27 subtype
F), Cameroon (11 subtype A), Canada (1 subtype B), China (5 subtype B and 1
subtype B9), Egypt (1 subtype B), Ghana (6 subtype A and 5 subtype G), India
(3 subtype C), Ivory Coast (7 subtype A, 1 subtype D, and 1 subtype G), Mexico
(8 subtype B), Mozambique (5 subtype C), South Africa (1 subtype B and 4
subtype C), Thailand (12 subtype B9 and 18 subtype E), Uganda (17 subtype A,
14 subtype C, and 40 subtype D), the United States (1 subtype A and 26 subtype
B), and Zimbabwe (12 subtype C). In addition, six specimens from HIV-1-
infected but persistently seronegative (HIPS) persons from the United States
(25) were also included. All specimens were subtyped by phylogenetic analysis of
the Env region (19, 27).

PCR amplification and sequence analysis. We recently developed an assay
based on a conserved sequence within the gp41 region which is highly sensitive
for amplification of viral RNA from plasma of HIV-1-positive specimens repre-
senting different subtypes of HIV-1 group M (19, 27). Following amplification,
DNA from the nested PCR was cycle sequenced (60 ng of DNA per sequencing
reaction) with an ABI PRISM Dye Terminator Cycle Sequencing Ready Reac-
tion Kit according to the manufacturer’s protocol (Perkin-Elmer, Foster City,
Calif.) and with the nested primers gp46F2 and gp47R2 (27). Sequencing reac-
tions were run in an automated DNA sequencer (model 373; Applied Biosys-
tems, Foster City, Calif.). Sequences were then translated and aligned using
DNASIS v.2.1 (Hitachi Software, San Bruno, Calif.). The consensus sequence for
each subtype was obtained from the 1997 HIV-1 Molecular Immunology Data-
base (Los Alamos National Laboratory, Los Alamos, N.Mex.).

HIV-1 antibody detection. Plasma samples were tested using the following
FDA-licensed EIA kits: Abbott Laboratories (Chicago, Ill.) HIVAB HIV-1 EIA
and HIVAB HIV-1/HIV-2 (recombinant DNA EIA), Genetic Systems (Red-
mond, Wash.) LAV EIA and HIV-1/HIV-2 Peptide EIA, and Organon Teknika
(Durham, N.C.) Vironostika HIV Microelisa System. All assays were performed
according to the manufacturers’ protocols.

The synthetic peptides derived from the gp41 region representing the consen-
sus sequence for HIV-1 group M as well as the homologous regions for HIV-1
group O and group N and SIVcpzGAB were synthesized by 9-fluorenylmethoxy-
carbonyl chemistry. The 44-mer peptides representing consensus group M (aa
580 to 623; (WGIKQLQARVLAVERYLKDQQLLGIWGCSGKLICTTAVPW
NASW), consensus group O (WGIRQLRARLLALETLIQNQQLLNLWGCKG
KLVCYTSVKWNRTW), group N (WGIKQLQAKVLAIERYLRDQQILGSL
GCSGKTICYTTVPWNETW), and SIVcpzGAB (WGVKQLQARLLAVERY
LQDQQILGLWGCSGKAVCYTTVPWNNSW) were used to develop a pep-
tide-based assay in a manner similar to that described previously (23). Briefly,
polyvinyl plates (Immulon II; Dynatech Laboratories, Inc., Alexandria, Va.) were
coated with 5 mg of synthetic peptide per ml (100 ml/well) in 0.01 M carbonate
buffer (pH 9.6) and incubated overnight at 4°C. The plates were washed six times
with phosphate-buffered saline containing 0.05% Tween 20; excess reactive sites
were blocked by the addition of 5% bovine serum albumin in phosphate-buffered
saline–0.05% Tween 20. This step was followed by the addition of a 1:100 dilu-
tion of each test serum. The plates were incubated overnight at 4°C. After six
more washes, Fc-specific, alkaline phosphatase-conjugated goat antibody to hu-
man immunoglobulin G (Sigma, St. Louis, Mo.) was added, and the plates were
left at room temperature for 2 h. This step was followed by the addition of 1 mg
of p-nitrophenyl phosphate substrate (Sigma) per ml (50 ml/well). The plates
were read after 1 h with an EIA reader (SLT Lab Instruments, Ronkonkome,
N.Y.) at 405 nm. The cutoff values were calculated by adding 0.1 to the mean
optical densities plus 3 standard deviations of normal control sera in respective
peptide-based assays.

RESULTS

Sequence analysis of gp41 cluster I and cluster II. To de-
termine the sequence variability within the immunodominant
regions of the gp41 protein, cluster I (aa 580 to 623) and cluster
II (aa 646 to 682) sequences derived from the 247 HIV-1 group

M-infected individuals and representing subtypes A (n 5 42),
B (n 5 62), B9 (n 5 13), C (n 5 38), D (n 5 41), E (n 5 18),
F (n 5 27), and G (n 5 6) were aligned (Fig. 1 and 2). Within
cluster I, there were minor amino acid substitutions (,20% for
any one residue, mostly conservative) at positions 587, 589,
592, 594, 597, 604, 610, 614, 616, and 621 compared to the
consensus sequence for each subtype. Analysis of the CTL
epitope and the cysteine loop revealed minor amino acid sub-
stitutions in all subtypes except B9. For the CTL epitope, these
included V5923 L or I (55%) and R5973K, Q, or A (67%) in
subtype A, K5873R, Q, G, or H (39%) in subtype B, R5943S,
N, or K (64%) and K5973R or Q (41%) in subtype D, F6013Q
or T (22%) in subtype E, K5973G, R, Q, and S (37%) in
subtype F, and V5923L (33%) and K5973R (33%) in subtype
G. For the cysteine loop, a K6103R or T (34%) substitution in
subtype D was observed. Furthermore, a number of samples
exhibited amino acid substitutions in both the CTL epitope
and the cysteine loop (Fig. 1). While the critical positions of
the glycosylation site [N-X-(S,T)] of cluster I were highly con-
served (.95%) in all subtypes, significant amino acid substi-
tutions were observed at noncritical position 621 (X) for sub-
types B (55%), B9 (31%), C (21%), E (22%), and G (67%)
(Fig. 1). Minor amino acid changes (,5%) were observed at
critical position N620, S622, or T622.

A similar analysis of gp41 cluster II sequences (aa 646 to
682) from group M-infected individuals (subtypes A to G) also
revealed minor substitutions (Fig. 2). Overall, minor substitu-
tions occurred at positions 649, 650, 653, 655, 656, 657, 660,
664, 667, 668, 671, 674, 676, 677, and 680. Analysis of the
ectodomain revealed minor substitutions, including E6713A,
G, D, or S (24%) in subtype B, K6743S or R (66%) and
Q6763K, N, or D (50%) in subtype C, and Q6713K, E, A, or
P (34%) and K6743Q or N (22%) in subtype D. Furthermore,
a number of samples exhibited multiple amino acid substitu-
tions within the ectodomain (Fig. 2). Unlike the glycosylation
site within cluster I, the glycosylation site within cluster II did
not exhibit significant amino acid substitutions.

We and others have recently described several seronegative
AIDS patients who are HIV-1 infected (1, 5, 25). Analysis of
gp41 sequences from six of these HIPS persons (all infected
with subtype B virus) revealed minor amino acid substitution in
both cluster I (Fig. 1) and cluster II (Fig. 2). Specifically, the
cysteine loop region within cluster I was conserved; however,
K5973Q or G in the CTL epitope and E6713A or K in the
ectodomain were observed in half of the specimens.

Effect of amino acid substitutions on serologic detection. To
determine the effect of the amino acid substitutions on sero-
logic detection, a subset of 152 samples (10 subtype A, 29
subtype B, 13 subtype B9, 25 subtype C, 24 subtype D, 18
subtype E, 27 subtype F, and 6 subtype G) representing the
cluster I and cluster II sequences with or without amino acid
substitutions were tested using the five FDA-licensed EIA kits.
All specimens, regardless of single or multiple substitutions in
either cluster, were found serologically positive when tested
with these kits (Fig. 3). Therefore, the minor amino acid sub-
stitutions within clusters I and II had no impact on antibody
detection in serum from HIV-1-positive individuals.

Since most commercial assays are based on multiple anti-
gens, such as viral lysates, synthetic peptides, and/or recombi-
nant proteins, we determined whether any of the amino acid
substitutions would abrogate direct binding to a gp41 consen-
sus peptide. A peptide-based assay containing a 44-mer con-
sensus sequence for HIV-1 group M, subtypes A to H, was
used to detect antibodies in specimens with and without mu-
tations. Of the 131 samples (10 subtype A, 21 subtype B, 13
subtype B9, 20 subtype C, 21 subtype D, 15 subtype E, 25
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subtype F, and 6 subtype G) tested with the gp41 group M
peptide-based EIA, all were reactive with the gp41 consensus
peptide, regardless of amino acid substitution or HIV-1 sub-
type (Fig. 4).

None of the HIPS specimens had detectable antibody in any
of the FDA-licensed EIA kits or gp41 peptide-based assay
(data not shown).

Cross-reactive gp41 antibodies for HIV-1 groups M, N, and
O. Recent identification of a new group of HIV-1, group N, as
well as research indicating the origin of HIV-1 in Pan troglo-
dytes troglodytes (6, 24), prompted us to examine the cross-
reactivity of group M sera with the homologous regions of
group O, group N, and SIVcpz gp41 peptides. Of the 131
HIV-1 group M specimens, 120 (91.6%; 9 subtype A, 19 sub-
type B, 12 subtype B9, 20 subtype C, 19 subtype D, 15 subtype
E, 20 subtype F, and 6 subtype G) reacted with the group N
peptide and 123 (93.9%; 9 subtype A, 20 subtype B, 11 subtype
B9, 20 subtype C, 20 subtype D, 15 subtype E, 22 subtype F, and
6 subtype G) reacted with the SIVcpz peptide, suggesting a
high degree of cross-reactivity (Fig. 4). Further, 110 of the 131
group M specimens (84.0%; 9 subtype A, 16 subtype B, 12
subtype B9, 20 subtype C, 11 subtype D, 13 subtype E, 23
subtype F, and 6 subtype G) also reacted with the highly di-
vergent group O peptide (Fig. 4).

DISCUSSION

The genetic diversity within the HIV-1 env gene and within
the IDRs of structural proteins directly affects antibody detec-
tion. Currently, efforts to improve HIV-1 serologic detection
focus on the addition of recombinant and/or synthetic peptides
representing the IDRs within the gp41 region of HIV-1 to
diagnostic EIA kits. The present study indicates that some
variability exists within the IDRs of gp41; however, none of the
minor substitutions reported had an impact on serologic de-
tection by five currently approved, FDA-licensed EIA kits or
by a gp41 group M peptide-based EIA.

Previous studies have shown that natural sequence variation
within cluster I can lead to escape from immune detection,
indicating that sequence variation within HIV-1 may contrib-
ute to the evolution of viral variants that are no longer recog-
nized by the host immune response (8, 18, 26). Specifically, the
cysteine loop, containing an intermolecular disulfide bond,
represents the most immunogenic region of gp41 (10). Fur-
thermore, the elimination of loop formation by substitution of
S for C at the amino or carboxyl terminus of the peptide
abrogates the binding of human monoclonal antibodies, sug-
gesting that the disulfide bridge is necessary to maintain the
three-dimensional structure required for antibody recognition
(26). Our study demonstrates that the CxxxxxxC domain was
conserved in all specimens, regardless of specimen genotype
and geographic origin, further confirming the functional im-
portance of this conserved epitope. An L6113H substitution
within the cysteine loop has also been shown to affect antibody
reactivity (8). However, the 25 specimens in this study (2 sub-
type B, 22 subtype D and 1 subtype F) containing an L6113H
substitution were reactive against whole viral lysates as well as
in a gp41 peptide-based assay. While the investigators in the
previous study had used a small peptide for epitope delineation
(8), we have used a longer peptide that also covers the other

immunodominant region and hence may have masked the an-
tibody response specifically directed against only the cysteine
loop structure. A recent study has shown that a lack of anti-
body response to this epitope results in rapid disease progres-
sion in infants (4).

Another important aspect of this study was the delineation
of sequence variability in the CTL epitope of gp41. The CTL
epitope, AVERYLKDQQLL, is restricted by many different
class I alleles, including HLA-B8, B-14, A-2, A3.1, and A24 (7,
11, 12, 22). Within the CTL epitope, a K5973R substitution
has been shown to abrogate CTL recognition, presumably by
interfering with peptide-major histocompatibility complex in-
teractions (12). Many specimens in the present study, ranging
from 5% for subtype C to 33% for subtype A, had a natural
K5973R mutation. Whether this mutation will result in abro-
gation of CTL recognition or emergence of CTL escape mu-
tants in these subjects remains to be determined.

The ectodomain within cluster II (ELDKWA) represents an
epitope that induces neutralizing antibody activity in humans
with HIV-1 infection. A human monoclonal antibody (MAb),
2F5, exhibits broad cross-clade neutralization of primary iso-
lates by binding to the ectodomain region, resulting in an
altered confirmation of the gp120-gp41 fusion domain as well
as the binding sites for the CD4 cell receptor (13, 16, 17, 20,
21). Variations in this ectodomain region, including D6733N
or E and K6743N, almost completely abrogate the binding of
MAb 2F5 (20). In the present study, a K6743X substitution in
31 individuals naturally infected with HIV-1 did not affect
serologic detection; however, the ability of the substitution to
disrupt the neutralizing activity of certain antibodies, such as
MAb 2F5, remains to be determined.

N-glycosylated envelope proteins are required for full patho-
genic potential, and further evidence suggests that disruption
of glycosylation sites on gp41 could abrogate binding of the
fusion peptide to the cell membrane (15). Although analysis of
the glycosylation sites at positions 620 and 646 revealed a high
degree of variability within the second position of the cluster I
glycosylation site, less than 5% of these sites exhibited substi-
tutions capable of abrogating glycosylation events.

A comprehensive analysis of the variations in the IDR of
gp41 has shown consistent minor variations. However, these
minor substitutions in the IDR did not have an impact on
overall antibody recognition of HIV-1-seropositive specimens
in any of the FDA-licensed EIA kits. One possibility is that
antibodies produced against other structural regions, such as
p24, are sufficient to elicit a positive response in the EIA kits.
However, a strong immune response was detected against the
group M gp41 consensus peptide, suggesting that none of these
mutations has an impact on gp41-specific antibodies. Further,
we demonstrated that serum specimens from HIV-1 group
M-infected individuals also have cross-reactive antibodies that
recognize a homologous region not only in HIV-1 groups N
and O but also in SIVcpz, the SIV closely related to HIV-1 (6).
Likewise, we have recently shown that serum specimens from
chimpanzees infected with SIV (SIVcpzANT and SIVcpzUS)
also reveal cross-reactivity with the HIV-1 group M consensus
peptide (S. Masciotra et al., unpublished data). It is interesting
to note that gp41 sequences from HIV-1-infected but seroneg-
ative cases (5, 25) were similar to the consensus sequences,

FIG. 2. Analysis of sequence divergence in gp41 cluster II (aa 646 to 682) from 247 HIV-1 group M subtype A to G specimens. The glycosylation site (aa 646 to
648) and the ectodomain (aa 671 to 676) are shaded. The left column shows the number of specimens for each subtype examined. The numbers of specimens with amino
acid substitutions are shown for each subtype; dashes represent conserved amino acids in all specimens. p, specimens from six HIPS AIDS patients infected with subtype
B virus.
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suggesting that a lack of antibody detection in these specimens
was not due to sequence variation in the gp41 region.

Overall, minimal variations appear to occur in the N-termi-
nal region of gp41. It is interesting to note that despite such
conservation at the protein level within this region, the nucle-
otide sequence analysis permits phylogenetic clustering for
identification of HIV-1 group M subtypes (19). In conclusion,
none of the observed substitutions among the group M (sub-

types A to G)-infected individuals had an impact on antibody
detection, since the specimens tested positive in both the com-
mercially available FDA-licensed EIA kits and the gp41 group
M peptide-based EIA. However, we cannot exclude the possi-
bility that specimens with lower antibody titers may be missed
by these assays. While minor substitutions in the gp41 region
did not alter the antigenicity of HIV-1, any biological signifi-

FIG. 4. Detection of gp41-specific antibodies using synthetic peptides comprising cluster I sequences (aa 580 to 623). The percent reactivities of HIV-1 group M
plasma specimens are shown for consensus group M peptide (■) and group O peptide (o) or homologous regions of group N peptide (u) and SIVcpz peptide (s).
The 44-mer peptides representing consensus sequences include group M (WGIKQLQARVLAVERYLKDQQLLGIWGCSGKLICTTAVPWNASW), group O (WG
IRQLRARLLALETLIQNQQLLNLWGCKGKLVCYTSVKWNRTW), group N (WGIKQLQAKVLAIERYLRDQQILGSLGCSGKTICYTTVPWNETW), and
SIVcpz (WGVKQLQARLLAVERYLQDQQILGLWGCSGKAVCYTTVPWNNSW). All 131 samples, regardless of substitution in gp41 regions, reacted with the
gp41 group M peptide-based EIA, and a high degree of cross-reactivity to HIV-1 group O and N peptides and in SIVcpz peptide was observed.

FIG. 3. Reactivity of HIV-1 group M plasma specimens with five FDA-licensed EIA kits (last five columns, from left to right: Abbott HIVAB HIV-1 EIA, Abbott
HIVAB HIV-1/HIV-2, Genetic Systems LAV EIA, Genetic Systems HIV-1/HIV-2 Peptide EIA, and Organon Teknika Vironostika HIV Microelisa System).
Representative specimens (n 5 152) with and without amino acid substitutions in the cluster I and cluster II regions were tested with the EIA kits. Specific mutations
within the CTL epitope, the cysteine loop, and the ectodomain are shown for each subtype. nt, not tested.
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cance of the observed amino acid substitutions within the N-
terminal IDRs of gp41 remains to be determined.
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