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The gp41-encoding sequence of the env gene contains in two separate regions the Rev-responsive elements
(RRE) and the alternative open reading frame of the second exon of the regulatory protein Rev. The binding
of Rev to the RRE allows the transport of unspliced/singly spliced viral mRNAs out of the nucleus, an essential
step in the life cycle of human immunodeficiency virus type 1 (HIV-1). In this study, we have investigated
whether the fusion-inhibitor enfuvirtide (ENF) can induce mutations in Rev and if these mutations correlate
with the classical ENF resistance gp41 mutations and with viremia and CD4 cell count. Specific Rev mutations
were positively associated with ENF treatment and significantly correlated with classical ENF resistance gp41
mutations. In particular, a cluster was observed for the Rev mutations ES7A (E57A,,,) and N86S,., with the
ENF resistance gp41 mutations Q40H (Q40H,,,,) and L45M,,,,. In addition, the presence at week 48 of the
ES57A,., correlates with a significant viremia increase from baseline to week 48 and with a CD4 cell count loss
from baseline to week 48. By modeling the RRE structure, we found that the Q40,,,, and L45,,,, codons form
complementary base pairs in a region of the RRE involved in Rev binding. The conformation of this Rev-
binding site is disrupted when Q40H,,,,, and L45M,,,, occur alone while it is restored when both mutations
are present. In conclusion, our study shows that ENF pressure may also affect both Rev and RRE structures
and can provide an excellent example of compensatory evolution. This highlights the multiple roles of ENF
(and perhaps other entry inhibitors) in modulating the correct interplay between the different HIV-1 genes and

proteins during the HIV-1 life cycle.

Retroviruses, such as human immunodeficiency virus (HIV),
employ a variety of different overlapping reading frames and
splicing events to express a large array of messenger RNAs
(mRNAs) (over 30) and proteins (at least 15) from a single
primary transcript (5). The HIV type 1 (HIV-1) RNA se-
quence contains at least four different 5’ splice sites and eight
different 3’ splice sites that are used alternatively (28, 32, 34).
During HIV-1 replication cycle, three groups of viral mRNAs
are produced (Fig. 1). One group includes the doubly spliced
2-kb transcripts that encode the regulatory proteins Tat, Rev,
and Nef (32). Another group includes the singly spliced
mRNAs of approximately 4 kb that serve for the production of
Vif, Vpr, Vpu, and Env proteins (gp120 and gp41). The last
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group includes the 9-kb unspliced mRNAs that encode the
Gag and Gag-Pol polyprotein products and serve as genomic
RNA for packaging into virions (32, 34). The doubly spliced
mRNAs are produced early and are transported out of the
nucleus into the cytoplasm by the ordinary cell machinery. In
contrast, the export of the singly spliced and unspliced viral
mRNAs from the nucleus to the cytoplasm is mediated by the
interaction between the regulatory protein Rev and a nucleo-
tide RNA sequence named Rev-responsive element (RRE),
located in the Env gene and present in singly spliced and
unspliced RNAs (Fig. 1) (21, 40, 31).

Rev is an 18-kDa protein composed of 116 amino acids and
is encoded by two exons spanning 26 and 90 amino acids,
respectively (Fig. 1). The second exon is encoded by an alter-
native open reading frame overlapping the gp41-encoding se-
quence of the env gene. The Rev protein is composed of
several domains harboring distinct functions. In particular, the
amino-terminal basic domain of Rev contains the nuclear lo-
calization signal (NLS) (amino acids [aa] 35 to 50) that is an
arginine-rich motif mediating both Rev nuclear/nucleolar im-
port and RRE binding (8, 19, 30, 40, 41). The NLS is flanked
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FIG. 1. Schematic view of HIV-1 genome and transcripts produced during HIV-1 replication cycle (modified from reference 5 with permission).
The ENF target region encompassing the amino acids 36 to 45 in gp41 is also shown. During the HIV-1 replication cycle, three classes of viral
RNAs are produced: (i) the 9-kb unspliced mRNAs that are packaged into progeny virions as genomic RNA and can also serve for the expression
of Gag/Pol genes; (ii) the singly spliced mRNAs encoding Vif, Vpr, Vpu, and env; and (iii) doubly spliced 2-kb transcripts encoding Tat, Rev, and
Nef (29). The doubly spliced mRNAs encoding Tat, Rev, and Nef are the first produced and are transported into the cytoplasm by the ordinary
cell machinery. When regulatory protein Rev is produced, it returns into the nucleus and binds the RRE, thus allowing the shuttling of unspliced
and singly spliced mRNAs from the nucleus to the cytoplasm of HIV-1-infected cells.

by regions implicated in the oligomerization of Rev along the
RRE. It has been demonstrated that multiple Rev molecules
bind to the RRE and that this oligomerization of Rev along the
RRE is necessary for the efficient shuttle of mRNAs from the
nucleus to the cytoplasm (4, 7, 12, 14, 21-23, 38, 41). Finally,
the carboxy-terminal domain contains the leucine-rich nuclear
export signal (NES) (aa 73 to 84) that acts as an NES and also
contains another NLS (3, 11, 21, 29).

The RRE is a 353-nucleotide RNA segment spanning the
junction between the gp120- and gp41-encoding sequences of
the env gene and is present exclusively in unspliced and singly
spliced mRNAs (21, 31, 40) (Fig. 1) (Los Alamos HIV Se-
quence Database, www.hiv.lanl.gov). To date, on the RRE
structure, five putative Rev-binding sites have been identified.
These sites consist of a 6-bp helical segment and three adjacent
guanosines, and they involve the RRE stem-loops I, IIA, IIB,
IIC, and III (18). The correct conformation of these Rev bind-
ing sites has been demonstrated to be essential for the correct
Rev-RRE interaction (27).

Enfuvirtide (ENF; Fuzeon) is the first peptide fusion inhib-

itor approved for clinical use. The peptide sequence of ENF is
derived from the HIV-1 gp41 C terminus heptad repeat (HR)
sequence, which corresponds to a linear region of 36 aa; ENF
inhibits fusion by binding to the N-terminal HR of gp41 and
preventing six-helix bundle formation (33, 14). To date, 18
mutations at eight positions within the ENF target region en-
compassing aa 36 to 45 of HR1 in gp41 have been associated
with ENF resistance (6, 15, 24, 26, 33). All the codons encoding
the gp41 residues associated with ENF resistance are localized
within the RRE, and some of them have been demonstrated to
impair the ability of RRE to bind Rey, in turn reducing viral
replication capacity (27). In this light, it is conceivable that
during ENF pressure, mutations in Rev can appear in order to
restore the correct binding between Rev and the RRE and,
consequently, HIV-1 replication. To date, no study has shed
light on this point.

Thus, the goal of our study was (i) to investigate whether
mutations in Rev could be associated with ENF treatment, (ii)
to correlate Rev mutations with the classical ENF resistance
mutations in gp41 and with viremia and CD4 cell count, and
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(iii) to investigate the impact of ENF resistance mutations in
the secondary structure of the RRE.

MATERIALS AND METHODS

Study population. The study included 88 highly drug-experienced, multiply
failing, patients infected with HIV-1 subtype B. ENF was administered with one
to three nucleoside reverse transcriptase inhibitors (NRTIs) plus at least one
protease inhibitors (PT) in 60 (68.2%) patients and with one to three NRTIs plus
1 non-NRTI in 16 (18.2%) patients. In seven patients ENF was administered
with only two to three NRTIs and in the remaining patients with only two PIs.
For each patient, viremia and CD4 cell count were accurately monitored every
month during ENF treatment. A total of 193 plasma samples were collected from
88 patients at virological failure and at different time points later during ENF
treatment. Baseline samples from 44/88 patients (50.0%) were also available for
the gp41 sequencing. As a control, another 39 HIV-1-infected patients, naive to
ENF, were included in the analysis of gp41 and Rev mutations.

gp41 and Rev sequencing. The sequencing of the entire gp41 was performed
on plasma samples as previously described (1, 36). Briefly, RNA was extracted,
retrotranscribed, and amplified by using two different sequence-specific primers.
gp4l-amplified products were sequenced full-length in sense and antisense ori-
entations by using eight different overlapping sequence-specific primers for an
automated sequencer (ABI 3100). Due to the overlapping reading frames be-
tween gp41l and Reyv, the obtained sequences were analyzed for both the full
coding sequence of gp41 and the second exon of Rev, which encodes the Rev
region from aa 26 to 116. We focused our attention on the second exon of Rev,
which contains all functional residues and domains important for the activity of
the protein. Sequences having a mixture of wild-type and mutant residues at
single positions were considered to have the mutant(s) at that position. Subtypes
were assessed by the construction of phylogenetic trees generated with Kimura’s
two-parameter model. The statistical robustness within each phylogenetic tree
was confirmed with a bootstrap analysis using 1,000 replicates. All calculations
were performed with PAUP, version 4.0, software (37).

Statistical analysis. (i) Mutation prevalence. To identify mutations in Rev
associated with ENF treatment, we calculated the frequency of all mutations in
the 90 residues of the second exon of Rev in isolates from 83 ENF-naive patients
and in isolates from 88 patients with virological failure to ENF (virological
failure was defined as viremia of >50 copies/ml at two consecutive tests). Chi-
square tests of independence were used to verify whether the differences in
frequencies between the two groups of patients were statistically significant. The
chi-square statistic was based on a two-by-two contingency table containing the
numbers of isolates from patients either untreated or treated with ENF and the
numbers of isolates with and without mutations. The chi-square test was per-
formed to assess whether the prevalence of mutations in ENF-naive and ENF-
treated patients differed significantly from what would be expected under an
independence assumption. In our analysis, the Cochran rule, which is a conven-
tional criterion for the chi-square test to be valid, was fully satisfied. In fact, in
each contingency table performed with our data set, 80% of the expected fre-
quencies exceed 5, and all the expected frequencies exceed 1. For patients with
more than one Rev sequence available during ENF treatment, the latest se-
quence obtained while receiving treatment was analyzed. ENF-associated muta-
tions were defined as mutations that were significantly more common in ENF-
treated than in ENF-naive persons after adjusting for multiple comparisons.

To assess the association of specific ENF-associated mutations with a change
in viremia and CD4 cell count, we compared the mean change in viremia and
CD4 cell count from baseline to week 48 and to time of virological failure
between the subset of patients harboring viral isolates with a specific ENF-
associated mutation and the subset of patients harboring viral isolates without
such mutation. Mann-Whitney tests were used to assess statistically significant
differences.

For all statistical tests, we used the method of Benjamini and Hochberg to
identify results that were statistically significant in the presence of multiple-
hypothesis testing (2). In particular, we used a false discovery rate of 0.05 to have
an expected number of false positives of 5%. In this method, the P values were
ranked in ascending order. Each P value (with the exception of the largest) was
then multiplied by the total number of hypotheses tested, divided by its rank. All
the new resulting P values that were less than 0.05 were considered to be
statistically significant.

(ii) Pairwise correlation. We used the binomial correlation coefficient (phi) to
assess covariation among gp41 and Rev mutations in the set of 88 ENF-treated
patients. For a given pair of mutations X and Y, the phi coefficient is calculated
as follows: (N X Nyy — Ny X Ny)/{square root of [Ny X Ny X (N — Ny) X (N
— Ny)]}, where Ny represents the number of sequences containing X and Y, Ny
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represents the number of sequences containing X, and Ny represents the number
of sequences containing Y. The binomial correlation coefficient was calculated
for any pair of mutations as a measure of association. The matrix of pairwise phi
values contains values between —1 and 1, with values close to 1 indicating
strongly positive association and values close to —1 indicating strongly negative
association. Samples having a mixture of two or more mutations at a given pair
of positions were ignored in calculating the covariation since it is not possible to
identify whether these mutations are indeed located in the same viral genome. A
Fisher exact test was performed to assess whether cooccurrence of mutations X
and Y differed significantly from what would be expected under an independence
assumption. Again, the Benjamini-Hochberg method (2) was used to correct for
multiple testing at an false discovery rate of 0.05.

(iii) Cluster analysis. To analyze the covariation structure of mutations in
more detail, we performed average linkage hierarchical agglomerative clustering,
as described elsewhere (35).

Hierarchical clustering methods, which under different names are also widely
used in phylogenetic tree building, rely on a matrix of pairwise dissimilarities
between entities, based on which groups are associated into hierarchical clusters
of increasingly less strong association. As such, it is in the firsthand an explorative
and not a predictive tool. Briefly, in average linkage clustering, clusters of
increasing size are formed starting from one-element groups by iteratively join-
ing two clusters with minimum average intercluster distances between pairs of
mutations. The distance between a pair of mutations was derived from the phi
correlation coefficient, which is a measure of the association between two binary
random variables, with 1 and —1 representing maximal positive and negative
association, respectively. This similarity measure was transformed into a distance
by mapping phi = 1 to distance 0 and phi = —1 to distance 1, with linear
interpolation in between. The distance between different mutations at a single
position was left undefined as such pairs never cooccur in a single sequence
(except from mixtures) and would lead to distorted dendrograms owing to their
high distance values. The resulting partial distance matrix was then used as input
for the clustering algorithm, ignoring undefined distances in computing averages.
To assess the stability of the resulting dendrogram, confidence values for all
subtrees in the dendrogram were computed by 100 replications of the clustering
procedure on sequence sets bootstrapped from the original 88 sequences (35,
36). For instance, a bootstrap value of 1 simply means that out of 100 runs, all 100
had these two mutations (or groups of mutations) linked closest together.

RRE structural model analysis. The RRE secondary structure was modeled by
using the Vienna RNA Fold computer program (10) and the complete sequence
(175 nucleotides) of the HIV-1 B subtype RRE. By using this program, we
obtained an RRE secondary structure that was superimposable on one con-
firmed by previous in vitro experiments (10). Then, we introduced specific mu-
tations, either alone or in combination, in the RRE secondary structure and
repeated the predictions in order to evaluate the ability of these mutations to
induce conformational changes in the RRE.

Nucleotide sequence accession numbers. Nucleotide sequences obtained in
this were submitted to GenBank under accession numbers EU251192 to
EU251378 and EU281662 to EU281733.

RESULTS

Patient characteristics. Table 1 summarizes the demo-
graphic and clinical characteristics of the 88 ENF-treated pa-
tients. All patients were heavily treatment experienced, with
resistance to multiple NRTIs, non-NRTIs, and PIs. They were
experiencing virological failure in response to their last anti-
retroviral regimen, with high and stable viremia levels (median
HIV RNA, 5 log,, copies/ml; interquartile range [IQR], 4.9 to
5.1 log,, copies/ml) and CD4 cell counts in progressive decline
during the last 12 weeks prior to ENF therapy (87 cells/ul at
baseline; IQR, 36 to 149 cells/ul). After 8 weeks of ENF
treatment, a significant decline in median viremia (3.1 log;,
copies/ml; IQR, 2.2 to 4.8 log,, copies/ml) (P < 0.001) and a
significant increase in the median CD4 cell count from 87
cells/pl at baseline to 129 cells/pl (IQR, 73 to 196 cells/wl)
(P < 0.001) were noted. Eight (9.1%) patients achieved at
week 8 viremia levels of <50 copies/ml. Median viremia re-
bounded to 4.4 log,, copies/ml (IQR, 2.9 to 5.5 log,, copies/
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TABLE 1. Patient characteristics at baseline

Characteristic Value

No. of ENF-treated patients.........cccocceeeveeeineicenciccnennnne 88
No. of male patients (%) .. .57 (64.8)
Median age (yr [IQR])... 43 (38.5-48.5)
No. (%) of risk factors....

Sexual behavior........ 36 (40.9)

Drug addiction.. .20 (22.7)

Unknown .......ccccceeeccecccccens .31
No. (%) of patients at CDC stage C.......cocovererererererenencns 42 (47.7)
Median viremia at baseline (log HIV RNA

copies/ml [IQR]) ...cvverirrieriricinieicrrieieieeenereneneees 5.0 (4.9-5.1)
Median CD4 cell count at baseline (cells/wl [IQRY])......87 (36-149)
Median time since diagnosis (yr [IRQ]) ....ccocvveureuercnnee 12 (8.5-16.3)
Median no. of ENF-coadministered drugs (IQR)..........3 (2-3)

Median no. of resistance mutations (IQR)“.......

“The drug resistance mutations considered in this study were those listed by
the International AIDS Society.

ml) at week 24 and then was maintained stable at this value up
to week 48, while the CD4 cell count continued to increase up
to a median value of 183 cells/pl (IQR, 69 to 294 cells/pl) at
week 48. The increase in CD4 cell count up to week 48 was
observed in 71 (80.7%) out of 88 ENF-treated patients.
Novel mutations in Rev associated with ENF treatment. By
evaluating Rev sequences derived from 83 ENF-naive patients
and 88 ENF-treated patients, we identified three Rev muta-
tions significantly associated with ENF treatment (Fig. 2A). In
particular, Rev mutation E57A (E57A,,) and L78I., oc-
curred at a frequency of 4.8% and 2.4% in isolates from ENF-
naive patients and increased to 14.8% and 10.2% in isolates

| I ENF-naive patients (N = 83)
50 1 [OJ ENF-treated patients (N = 88)

40 1

30

% of patients

20
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TABLE 2. Significantly correlated mutations of gp41 and Rev with
the novel mutation ES7A,,

i Frequency Covariation
E57Amtv—tc‘0rrelated (no. of positive frequency Phi P
mutation(s) patients [%])* (no. [%))®
L54M,p4, 38 (43.2) 10 (76.9) 0.24 0.03
Q40H,,,4; L54M, 4, 7(7.9) 3(23.0) 0.24 0.04
N86S,.. 46 (52.3) 10 (76.9) 0.23 0.03

“ The frequency was determined in isolates from 88 ENF-treated patients. The
E57A,., mutation was present in 13 patients (14.8%).
b Percentages were calculated in patients positive for the ES7A,., mutation.

from ENF-treated patients (P = 0.03 and P = 0.02, respec-
tively). N86S,., was already present in isolates from ENF-naive
patients at a frequency of 35% and increased after ENF treat-
ment to a frequency of 52.3% (P = 0.02). The E57A,., and
L78I,., mutations are localized in the oligomerization domain
IT (close to the RRE binding site) and in the NES of Reyv,
respectively, while the N86S,., mutation is localized close to
the NES (Fig. 2B).

Associations among Rev mutations and known gp41 muta-
tions. To identify significant patterns of pairwise associations
between Rev and gp41 mutations observed in 88 ENF-treated
patients, we calculated the phi coefficient and its statistical
significance for each pair of mutations (Table 2). A positive
and statistically significant correlation between mutations at
two specific positions (0 < phi < 1; P < 0.05) indicates that
under drug pressure these two positions mutate in a correlated
manner in order to confer an advantage in terms of viral
fitness, indicating that the cooccurrence of mutations is not
due to chance. The novel mutation E57A,., was positively
correlated with the classical ENF resistance mutations Q40H

rev
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FIG. 2. Prevalence and localization of Rev mutations associated with ENF treatment. (A) The frequency of mutations was calculated in isolates
from 83 ENF-nidive patients and 88 patients who experienced virological failure to ENF. Statistically significant differences were assessed by
chi-square tests of independence (based on a 2-by-2 contingency table). (B) Localization of Rev mutations in the schematic structure of HIV-1 Rev
protein. The HIV-1 Rev is composed of several domains harboring distinct functions: (i) an NLS that mediates Rev import in the nucleus and the
RRE binding; (ii) two oligomerization domains, flanking the NLS, that are implicated in the oligomerization of Rev along the RRE; (iii) an NES

that acts as an NES and contains al

Iso another NLS.
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FIG. 3. Covariation analysis among gp41 and Rev mutations. The dendrogram was obtained from average linkage hierarchical agglomerative
clustering, showing significant clusters among Rev and gp41 mutations. The length of branches reflects distances between mutations in the original
distance matrix. Bootstrap values, indicating the significance of clusters, are reported in the boxes.

and L45M in gp41 (Q40H,,,4, L45M,,,; phi = 0.24; P = 0.04).
In addition, ES7A,., also showed a positive correlation with
L54M,,4; (phi = 0.24; P = 0.03) and with N86S,., (phi = 0.23;
P = 0.03). In addition, we also found that the presence of
N86S,., at baseline significantly correlated with the on-treat-
ment development of Q40H,,,,, and L45M,,,4, (P = 0.018). No
other correlations between Rev and gp41 mutations were ob-
served.

Clusters of correlated mutations. The topology of the den-
drogram suggests the existence of distinct clusters of mutations
involved in ENF resistance. In particular, Q40H,,,4; L45SM,,4,
mutations formed a strong cluster that was linked to E57A,.,
and N86S,., as well (Fig. 3). None of the other ENF resistance
mutations in gp41 showed any correlation with Rev mutations
(Fig. 3).

Effect of the gp41 mutations on the secondary structure of
the RRE. The Q40H,,,, and L45M,,,, mutations derive from
the nucleotide substitutions (in boldface) CAG to CAU and
CUG to AUG, respectively. Due to the overlapping between
the gp41 nucleotide sequence and the RRE, we examined the
impact of these nucleotide substitutions in the secondary struc-
ture of the RRE. By using the Vienna RNA Fold software, we
modeled a secondary structure of the RRE that was superim-
posable onto one confirmed by previous in vitro experiments
(9). The codons CAG and CUG form complementary base
pairs in stem-loop III, which has been proposed to form a
well-defined Rev-binding site in the RRE (Fig. 4A) (18). The
nucleotide substitution (in boldface) from CAG to CAU (cor-
responding to Q40H,,,4,) completely abrogates stem-loop II1
and induces new base pairing among nucleotides (for instance,
with the three G residues important in Rev binding) and con-
sequently abolishes the conformation of this Rev-binding site
in the RRE (Fig. 4B). A similar result was observed for the
nucleotide substitution (in boldface) from CUG to AUG (cor-
responding to L45M,,4,). The conformation of this Rev-bind-
ing site in the RRE is restored (even if not completely) only in

the copresence of double mutations CAU AUG (correspond-
ing to Q40H,,,; L45M,,4,) (Fig. 4C). Therefore, these results
suggest that the highly frequent cooccurrence of Q40H,,,,; and
L45M,,,4; is mostly related to the need to maintain a proper
structure in the RRE (i.e., codons CAU and AUG) rather than
to compensate modifications in the tertiary structure of gp41;
this further confirms the relevance of mutations occurring at
sites of the HIV genome encoding different proteins and func-
tions.

Association of ENF resistance mutations with viremia and
CD4 cell count. By investigating the correlation of Rev muta-
tions with viremia and CD4 cell count, we found that the
E57A,., mutation was associated, during ENF-based treat-
ment, with a mean change in viremia from baseline to week 48
significantly higher than that observed in the absence of this
mutation (+0.93 log copies/ml versus —0.84 log copies/ml; P =
0.006) (Table 3). At the same time, ES7A,., was associated
with a mean change in CD4 cell count from baseline to week
48 of ENF treatment that was significantly lower than that
observed in the absence of this mutation (—42 cells/.l versus
+56 cells/pl; P = 0.04) (Table 3). Additionally, we found that
the copresence of ES7A,, with Q40H,,,; L45M,,,, was asso-
ciated with an increase in viremia from baseline to week 48 and
with a decrease in CD4 cell count from baseline to week 48
compared to Q40H,,,,, L45M,,,, alone (mean change in vire-
mia, +0.40 log copies/ml versus —0.94 log copies/ml; mean
change in CD4 cell count, —48 cells/pl versus +43 cells/pl).
These results suggest that this mutation may play a compen-
satory role in order to restore the correct binding between
the Rev molecules and the RRE since this RNA structure
could be impaired by the classical ENF resistance muta-
tions.

For the other two Rev mutations (L78I,., and N86S,.,), we
did not observe any statistically significant correlations with
viremia or CD4 cell count.
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FIG. 4. Putative secondary structure of the HIV-1 RRE. HIV-1
RRE wild-type stem-loops III, IV, and V, together with the single
strand of three guanosines important for the binding with Rev, are
shown in panel A. The HIV-1 RRE with a nucleotide substitution at 40
position is shown in panel B and with nucleotide substitutions at
positions 40 and 45 is shown in panel C. The putative secondary
structure of the HIV-1 RRE with a nucleotide substitution only at
position 45 is not shown since it is superimposable on the structure
shown in panel B.
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DISCUSSION

This study, which involved one of the largest cohorts of
ENF-treated patients assembled so far, shows that HIV-1
mutations arising as a result of ENF treatment may affect
both the regulatory protein Rev and the secondary structure
of the RRE.

Our covariation analysis showed that the classical ENF re-
sistance gp41 mutations Q40H,,,, and L45M,,,, are strongly
correlated with each other and are the only gp41 mutations
significantly correlated with mutations in Rev, in particular,
with ES7A, ., and N86S,.,. By modeling the gp41 structure, we
observed that Q40H,,,,, and L45M,,,,, do not establish a direct
interaction in the secondary structure of gp4l (data not
shown); thus, we explored the reason(s) of the coevolution of
these two mutations by analyzing the gp4l nucleotide se-
quence. The Q40H,,,,, and L45M,,,,, derive from the nucleo-
tide substitutions (in boldface) CAG to CAU and CUG to
AUG, respectively. While the methionine (M) is the only
amino acid encoded by a single codon (AUG), the histidine
(H) can be encoded by either CAU or CAC. Despite this, in
our cohort of patients, we always observed the codon CAU at
the gp41 residue 40. By modeling the RRE structure, we ob-
served that the Q40H,,,,,- and L45M,,,4;-corresponding nucle-
otides are base paired in stem-loop III of the RRE, known to
form a well-defined Rev-binding site in the RRE (10, 18). The
conformation of stem-loop III is completely abrogated when
CAU (Q40H,,) or AUG (L45M,,4,) mutations occur alone
while it is restored when CAU and AUG (Q40H,,,
L45M,,,4,) mutations are copresent. This result can explain
why these two ENF resistance mutations are found together
and at the same time can provide an excellent example of
compensatory evolution. Indeed, compensatory evolution has
been shown to play a key role in the evolution of the stem
regions in the RNA secondary structure since it allows the
maintenance of the correct base pairing among nucleotides in
the stem (16, 17, 39). In addition, we observed that L45M-
corresponding nucleotides fail to restore the conformation of
stem-loop I1I when the H at the gp41 position 40 is encoded by
the codon CAC (another possible codon for H). This may
explain why this codon is completely absent in our cohort of
patients. Our result is also consistent with two previous studies
showing that the ENF resistance gp41 mutations determine
nucleotide changes in the RRE, influencing the stability of this
RNA element (27, 36). We recently showed that gp41 residues
T18 and V38 localize as complementary nucleotides with each
other in stem-loop IIA of the RRE (36), which is involved in

TABLE 3. Mean change in viremia and in CD4 cell counts from baseline to week 48 in patients treated with ENF according to the presence/

absence of mutation E57A,

TeV

Viremia data

CD#4 cell count data

Frequency

Amino acid at e
(no. of positive

No. of RNA copies/

No. of cells/pl at:

position 57 patients [%])" ml at: Mean change P value® Mean change P value?
Baseline Wk 48 Baseline Wk 48
E57 wild type 75 (85.2) 4.9 44 —-0.84 0.006 146 192 +56 0.04
E57A 13 (14.8) 4.9 54 +0.93 176 104 —42

“ The frequency was determined in 88 ENF-treated patients.

? Significance was determined for the mean change from baseline to week 48 in the presence versus the absence of the mutation (Mann-Whitney test).
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Rev interaction. The copresence of T18A (GCU) with V38A
(GCG) was associated with a release of free energy even
higher than that observed with the wild-type base pair (a AG of
—3.4 kcal/mol versus —2.1 kcal/mol) (36). Similarly, it has been
suggested that the gp41 mutations A30V and G36D may ap-
pear in the gp41 protein to readjust the secondary structure of
the RRE, thus rescuing RRE stability (27). Thus, overall find-
ings support the idea that viral evolution under ENF pressure
may be constrained by the secondary structure of the RRE.

The modeling of the RRE also showed that the single strand
of three guanosines that has been demonstrated to bind Rev
(18) is completely lost (even when Q40H,,,,, and L45M,,,,, are
copresent), thus suggesting an impairment in the binding be-
tween the RRE and Rev. Consistent with these findings, the
presence of Q40H,,,,; L45SM, 4, is associated with a —0.70 log
copies/ml decrease in viremia from baseline to week 48 of ENF
treatment. It is conceivable to hypothesize that mutations in
Rev, such as ES7A,.,, can appear in order to rescue the correct
binding between Rev and the RRE, thus increasing viral rep-
lication capacity. The E57A,., mutation corresponds to the
D239H,,,4, mutation that is localized in the cytoplasmic tail of
gp41, outside any important functional domain of gp4l. In
contrast, ES7A,, is localized in oligomerization domain II
very close to the RRE binding site and is strongly associated
with the resistance gp41 mutations Q40H,,,; L45M, 4. In
addition, ES7A,., is significantly correlated with an increase in
viremia from baseline to week 48 as well as with a significant
decrease in CD4 cell count, when in the presence of Q40H
L4SM 4.

The ES7A,., mutation results in the loss of a negative charge
and the acquisition of a hydrophobic residue. Previous studies
demonstrated that hydrophobic residues are necessary for a
correct oligomerization of Rev along the RRE and conse-
quently for an efficient shuttle of mRNAs from the nucleus to
the cytoplasm (4, 14). Thus, we hypothesize that ES7A, ., may
act as a compensatory mutation able to restore the correct
shuttling of mRNAs impaired by the classical ENF resistance
mutations. We emphasize that this is a working hypothesis that
needs to be confirmed by analyses of enlarged databases (that
include genotypic and clinical data) and in in vitro experi-
ments.

Another mutation that should be discussed is L78I,., This
mutation, associated with ENF treatment, does not correspond
to any change in gp41, is localized in the activation domain of
Rev, and has been shown to reduce the export of Rev from the
nucleus to the cytoplasm (13). Consistent with the negative
impact of this mutation on viral fitness (13), we observed that
the presence of L781, is associated with a 1-log decrease in
viremia from baseline to week 48 of ENF treatment (even if
not statistically significant) (data not shown). Further studies
are necessary to investigate the impact of this mutation on
disease progression.

As a final point, it should be stressed that some peptidomi-
metics of the Rev protein have been recently demonstrated to
efficiently suppress HIV-1 replication by blocking the export of
mRNAs into the cytoplasm (25, 20). The ability of ENF to
affect the interaction between Rev and the RRE, shown in this
paper, should be taken into account in the design of these
compounds and in the possible cooperation between these two
drug classes.

gp4l
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In conclusion, our study suggests that ENF pressure could
also affect Rev-RRE interactions. This highlights the impor-
tance of the correct interplay between the different HIV-1
genes and proteins during the HIV-1 life cycle and extends the
knowledge about the evolutionary ability of HIV to select for
mutations able to restore viral functions and replication
capacity.
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