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The untranslated leader region of the human immunodeficiency virus (HIV) RNA genome contains multiple regulatory
elements that fold into stable hairpin structures. Because extensive secondary structure can block the scanning of
ribosomes, an alternative mechanism for HIV translation seems feasible. To study the mechanism of HIV-1 mRNA translation,
a start codon was introduced in the leader region that will usurp scanning ribosomes. This upstream AUG mutation (uAUG)
inhibited HIV gene expression, indicating that HIV-1 mRNA translation occurs via the regular scanning mechanism. Revertant
viruses with increased replication capacity were obtained upon prolonged culturing of the mutant virus. To our surprise, the
introduced start codon had not been inactivated in these phenotypic revertants. Instead, these revertants contain additional
mutations in the envelope (Env) protein that stimulated HIV-1 replication. These second-site Env mutations did not specifi-
cally overcome the gene expression defect of the uAUG mutant, as the replication capacity of other HIV-1 mutants with an
unrelated defect could also be improved. The uAUG construct appears to be a unique tool in forced HIV-1 adaptation studies
because the deleterious uAUG mutation is stably maintained in the progeny, yielding phenotypic revertants with second-site
mutations elsewhere in the viral genome. © 1998 Academic Press

INTRODUCTION

The untranslated leader region of human and simian
immunodeficiency virus (HIV and SIV) RNA genomes
encodes multiple sequence elements that are important
for virus replication (reviewed in Berkhout, 1996). The
300- to 400-nt-long leader contains elements involved in
transcription of the provirus [trans-acting responsive
(TAR) element], processing of the primary transcript [e.g.,
major splice donor site (SD)], and dimerization and pack-
aging of the genomic RNA. Furthermore, sequences in-
volved in reverse transcription (e.g., primer-binding site,
repeat region) are encoded by the leader RNA. Several of
these replicative signals adopt a specific RNA secondary
structure. For instance, the 59 end can fold into two
relatively stable stem-loop structures, the TAR and
poly(A) hairpins, and similar hairpin motifs have been
reported to mediate viral RNA packaging and dimeriza-
tion.

Translation of eukaryotic mRNAs is currently best ex-
plained by the scanning mechanism (Kozak, 1989b). The
40S ribosomal subunit binds to the 59 cap structure of the
mRNA and scans until an AUG start codon in an appro-
priate sequence context is encountered. A consensus
sequence for efficient initiation of translation, CC(A/G)C-
CAUGG, has been postulated (Kozak, 1986a). Because

the HIV-1 leader is such a complicated element, involv-
ing a relatively strong secondary structure, it is question-
able whether the regular scanning mechanism is oper-
ating for translation of HIV-1 mRNAs. Scanning of the
ribosome along the RNA can be inhibited by stable
secondary structures, as shown for other eukaryotic
mRNAs (Kozak, 1986b, 1989a). Furthermore, the TAR hair-
pin contains the 59-capped nucleotide and may reduce
the accessibility of the cap structure to the translation–
initiation factor eIF-4B (Parkin et al., 1988). In addition,
dimerization of retroviral RNA occurs in the leader region
and may reduce the translational efficiency, as described
previously for Rous sarcoma virus (Bieth et al., 1990).
Introduction of the HIV-1 leader sequences at the 59 end
of a reporter protein mRNA was indeed found to inhibit
translation in in vitro translation extracts and Xenopus
oocytes (Parkin et al., 1988; Edery et al., 1989; Geballe
and Gray, 1992; SenGupta et al., 1990). These combined
arguments suggest that a modified scanning mecha-
nism, or an unrelated translation mechanism, may be
operating for HIV-1.

Alternative translational strategies to bypass strong
structures in the leader RNA have been described for
other retroelements. First, a process termed ‘‘ribosome
shunt’’ has been proposed for the cauliflower mosaic
virus (Futterer et al., 1993). According to this mechanism,
ribosomes enter at the capped 59 end and begin scan-
ning, but they are somehow transferred to the 39 end of
the leader. This nonlinear scanning mechanism by-
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passes stable RNA structures in the central portion of the
leader. Second, the extremely long leader of several
retroviruses, including Moloney murine leukemia virus
and Harvey murine sarcoma virus, was demonstrated to
facilitate cap-independent ribosome binding to a motif in
the 39 end of the leader, with subsequent scanning to the
first AUG codon (Berlioz et al., 1995; Berlioz and Darlix,
1995; Vagner et al., 1995). This mechanism uses a so-
called internal ribosome entry site (IRES) and has also
been described for hepatitis C virus and several picor-
naviruses, including poliovirus, foot-and-mouth disease
virus, and hepatitis A virus (Honda et al., 1996; Belsham
and Sonenberg, 1996).

To study the mechanism of HIV-1 mRNA translation,
we introduced an optimal translation initiation site within
the leader region of the viral RNA. This mutation was
positioned upstream of the major splice donor site and
opened a short open reading frame in both unspliced
and spliced forms of viral RNA. According to the linear
scanning model, the new start codon will usurp scanning
ribosomes. Upon translation of the upstream open read-
ing frame, the ribosomes will terminate translation and
dissociate from the mRNA, thus reducing the expression
of all downstream viral genes. Conform the scanning
mechanism, this upstream AUG mutation reduced the
level of protein synthesis and virus replication. Upon
prolonged culturing of the mutant virus, phenotypic re-
vertants were obtained with increased replication capac-
ity. Surprisingly, revertants obtained in three independent
experiments had not inactivated the introduced start
codon. Detailed analysis of one of these revertant ge-
nomes showed that two amino acid substitutions in the

viral envelope (Env) protein are responsible for in-
creased replication.

RESULTS

Reduced gene expression and replication of HIV-1
viruses with an upstream translation start site

Translation of mRNAs by ribosomal scanning is sen-
sitive to the introduction of an open reading frame up-
stream of the normal translation start site. To study the
translational mechanism of HIV-1 mRNAs, we introduced
an additional start codon in the leader region of the HIV-1
LAI genome (Fig. 1). This mutant, termed uAUG (up-
stream AUG), was designed with a minimum of nucleo-
tide changes to create a start codon with optimal se-
quence context (CCACCAUGG; Kozak, 1986a) at position
1239 of the HIV-1 leader. The reading frame opened by
this upstream AUG is terminated at the UGA stop codon
located 12 nucleotides downstream. Because the uAUG
mutation is positioned upstream of the major splice do-
nor site (SD at position 1290; Fig. 1), each HIV-1 mRNA
species will contain this additional open reading frame.
Thus, translation of all HIV-1 proteins is expected to be
affected if ribosomes use the scanning mechanism.

To study the effect of the leader mutation on HIV-1
gene expression, we transiently transfected the wild-type
(pLAI) and mutant (uAUG) proviral constructs into the
human cervix carcinoma cell line C33A. These cells
allow efficient expression of the viral genes, but lack the
CD4 receptor and are not susceptible to infection. At 3
days posttransfection, HIV protein production was ana-
lyzed by Western blotting of cell extracts (Fig. 2) and by

FIG. 1. Introduction of a translation start site in the leader of the HIV-1 RNA. A schematic of HIV-1 viral RNA and the introduced sequence changes
are shown. An AUG triplet in the context of a consensus translation initiation site was introduced at position 1239 in the leader (mutant uAUG). This
mutation is positioned upstream of the major splice donor site (SD at position 1290) such that all HIV-1 RNAs contain this additional AUG. Nucleotide
numbers refer to the position on the genomic RNA transcript; 11 is the capped G residue and the AUG start codon of the gag gene is at position
1336.
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measuring CA-p24 levels in the culture supernatant (Fig.
3B). Both intracellular and extracellular viral protein lev-
els are significantly reduced for the uAUG mutant. Intra-
cellular HIV RNA was quantitated by dot-blot analysis
(Fig. 3A). The production of HIV RNA is slightly reduced
by the uAUG mutation, presumably because expression
of the transcriptional activator protein Tat is also re-
duced. The protein:RNA ratio is approximately twofold
reduced for the uAUG mutant (Fig. 3C). Similar results
were obtained with proviral constructs having additional
mutations in the env gene (compare LAI(env) and
uAUG(env) in Figs. 2 and 3; see later). Thus, the effi-
ciency of translation is reduced by the introduction of an
upstream open reading frame, consistent with the scan-
ning mechanism of mRNA translation.

The replication potential of wild-type (pLAI) and mutant
(uAUG) viruses was measured upon transfection of the
molecular clones into SupT1 cells. These T-cells express
the CD4 receptor and are fully susceptible to virus rep-
lication. Virus production was monitored by measuring
CA-p24 levels in the culture medium at several times
after transfection. Upon transfection of 1 mg of the pro-
viral DNAs, replication of the wild-type virus was ob-
served within 1 week (Fig. 4, left panel). In contrast, no
detectable level of virus production was observed for the
uAUG mutant. Upon transfection of 5 mg of proviral DNA,

virus production observed at days 1 and 2 results pre-
dominantly from transcription and translation of the
transfected proviral DNA, whereas the further increase in
virus concentration at subsequent days results from vi-
rus replication. Both transient virus production and virus
replication were found to be reduced for the uAUG mu-
tant compared with the wild-type virus. Thus, HIV-1 gene
expression and virus replication are significantly re-
duced by the uAUG mutation.

FIG. 3. The uAUG mutation reduces the efficiency of translation. C33A
cells were transfected with wild-type (LAI) and uAUG-mutated (uAUG)
proviral constructs. In LAI(env) and uAUG(env), the env coding region was
replaced by the revertant env fragment of clone uAUG-IVb (see Fig. 6). (A)
At 3 days posttransfection, intracellular HIV RNA was isolated and quan-
titated by dot-blot analysis (wild-type level set at 100%). (B) CA-p24 in the
culture medium was measured by ELISA. (C) The CA-p24/HIV RNA ratio
was calculated; the wild-type value was set at 100%.

FIG. 2. Western blot analysis of transiently produced viral proteins.
C33A cells were grown in 75-cm2 flasks and transfected with wild-type
(LAI) and uAUG-mutated (uAUG) proviral constructs (40 mg of DNA). In
LAI(env) and uAUG(env), the env coding region was replaced by the
revertant env fragment of clone uAUG-IVb (see Fig. 6). At 3 days
posttransfection, total cellular extracts were prepared and analyzed.
Viral proteins were identified with serum of an HIV-1-infected individual.
The positions of the HIV-1 Gag p55 precursor protein, the MA-CA-p41
processing intermediate, and the mature CA-p24 protein are indicated
on the left. The position of the molecular mass marker proteins (in
kilodaltons) is indicated on the right. Lane 1, transfection of the wild-
type construct; lanes 2–4, transfection of mutant constructs (indicated
on top of the panel); lane 5, mock-transfected cells.
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Increased replication of the uAUG mutant by
acquisition of second-site mutations
within the env gene

The poorly replicating uAUG mutant was cultured for up
to 110 days and virus and cell samples were taken at
several times. The replication capacity of these virus sam-
ples was assayed by infection of fresh SupT1 cells (Fig. 4,
right panel). Viruses present at day 21 posttransfection did
show improved replication kinetics compared with the rep-
lication-incompetent uAUG mutant. Upon prolonged cultur-
ing, the replication capacity of these mutants increased
further to approximately wild-type levels.

It was anticipated that the phenotypic reversion was
caused by inactivation of the start codon that we had
introduced in the leader region. To determine the se-
quence of the leader region of these phenotypic rever-
tants, total cellular DNA was isolated from the infected
cells that were sampled at different times of the pro-
longed culture. The complete 59 LTR–leader region of
proviral DNA was PCR-amplified and cloned, followed by
sequencing of multiple clones of each sample. Surpris-
ingly, we did not observe nucleotide changes in or near
the short open reading frame in the leader region. We
therefore performed two additional reversion experi-
ments in which the uAUG mutant was cultured for up to
190 and 151 days (cultures M15A and M15B, respective-
ly). During this period the amount of virus necessary to

infect fresh SupT1 cells gradually decreased, indicating
an improvement of the viral replication capacity. Consis-
tent with the results obtained in the initial experiment, we
found no sequence changes in or near the upstream
open reading frame.

These results indicate that sequence changes else-
where in the HIV-1 genome are responsible for the in-
creased replication capacity of the uAUG revertants. To
identify these second-site mutations, we PCR-amplified
five proviral DNA fragments (Fig. 5, fragments I–V) of the
day 110 sample of the initial reversion experiment (Fig.
4). These PCR fragments were used to replace the cor-
responding sequences of the original uAUG clone. The
replication potential of the uAUG-revertant clones was
then assayed by transfection of SupT1 cells. Upon trans-
fection of 1 mg of DNA, only revertant clone uAUG-IVb
demonstrated efficient replication, whereas the uAUG
mutant and all other uAUG-revertant clones did not pro-
duce detectable amounts of virus (Fig. 5, bottom panel).
In clone uAUG-IVb the nucleotides from positions 5821 to
8522 had been replaced by PCR-amplified proviral se-
quences. Although the SalI–BamHI fragment was also
replaced in revertant clone uAUG-IVa, this recombinant
virus did not show improved replication. Assuming that
the long period of culturing (110 days) had resulted in a
homogeneous population of viruses, the replication de-
fect of clone uAUG-IVa may be caused by the introduc-

FIG. 4. Replication of wild-type and uAUG mutant HIV-1 viruses. (Left panel) SupT1 cells were transfected with wild-type (LAI) and mutant (uAUG)
proviral constructs (1 and 5 mg DNA). CA-p24 production was measured in the culture supernatant at several times. Virus stocks of the uAUG mutant
and wild-type virus were prepared at 6 and 4 days, respectively, after transfection of 5 mg of DNA. (Right panel) The uAUG mutant was cultured for
up to 110 days and virus samples were taken at several time points (the day of sampling is indicated). The uAUG mutant and wild-type viruses were
derived from the transfection shown in the left panel. The same amounts of virus (normalized by CA-p24 levels) were used to infect fresh SupT1 cells.
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tion of deleterious mutations during PCR amplification of
the 2.7-kb revertant sequences. We were unable to clone
and test fragment III, which encodes most of the pol
gene, and decided to focus on fragment IVb, which
improved the replication capacity of the uAUG virus.

The fragment exchanged in revertant uAUG-IVb con-
tains part of the env, vpr, and rev open reading frames

and the complete tat and vpu genes. Sequencing of this
fragment revealed three silent and four nonsilent nucle-
otide changes in the env region (Fig. 6). The 59-most
mutation, which generates the I24T substitution in Env,
encodes a silent mutation in the overlapping vpu open
reading frame. Sequencing of the env region of viruses
obtained in the independent reversion experiments also
revealed several sequence changes (Fig. 6; M15A and
M15B). Four nonsilent mutations were located in the 59
env region of the M15A virus, whereas two nonsilent and
two silent mutations were found in the middle part of the
env gene of the M15B virus. No identical amino acid
substitutions were observed among the three indepen-
dent reversion experiments, except that glycine 436 in
the Env C4 domain was replaced in two cultures (G436R
in IVb and G436E in M15B).

Envelope mutations do not overcome the gene
expression defect of the uAUG mutant

As mentioned above, the uAUG mutation reduced the
production of viral proteins in transfected cells. We there-
fore tested whether the env sequence of revertant IVb,
which enhances replication of the uAUG virus, could
restore protein expression of this mutant. We will refer to
this uAUG-IVb construct as uAUG(env). Upon transient
transfection of C33A cells, a similar level of production of
viral RNA and proteins (Figs. 2 and 3) was observed for
the uAUG and uAUG(env) clones. Thus, introduction of
the env mutations did not repair the protein expression
defect of the uAUG mutant. Similar results were obtained
by transfection of 5 mg of the proviral clones into SupT1
cells. The virus concentration measured at 2 days post-
transfection, which results predominantly from transcrip-
tion and translation of the transfected DNA, was not
increased by the env mutations (compare uAUG and
uAUG(env) in Fig. 7). Upon prolonged culturing, more
efficient replication of the uAUG(env) virus was apparent.
Thus, the env mutations do not overcome the gene ex-
pression defect of the uAUG mutant, but rather improve
some other step in the viral replication cycle.

Because the env adaptations do not restore the spe-
cific translation defect of the uAUG mutant, the modified
Env protein may also improve replication of the wild-type
virus and of other replication-impaired viruses. Both pos-
sibilities were tested. First, the SalI–BamHI fragment of
uAUG(env) was introduced into the wild-type HIV-1 mo-
lecular clone LAI, producing LAI(env). The revertant env
sequences did not affect the level of protein and virus
production of the wild-type virus, as observed upon
transfection of C33A cells (Figs. 2 and 3; compare LAI
and LAI(env)) and SupT1 cells (Fig. 7; compare LAI and
LAI(env) at 2 days posttransfection). Replication studies
in SupT1 cells with less input DNA (transfection of 0.05
and 0.2 mg plasmid) revealed an improved replication
capacity of the Env variant (not shown). Second, the

FIG. 5. Reversion of the uAUG mutant by second-site mutations. Upper
panel: Schematic of the HIV-1 proviral genome. To identify the mutations
that mediate reversion of the uAUG mutant, the proviral DNA present at
day 110 posttransfection (Fig. 4) was PCR-amplified in five segments
(fragments I–V). These PCR fragments were used to replace the corre-
sponding sequences of the original uAUG clone. The restriction sites used
and their position on the proviral genome are indicated. The 59 primer
used for amplification of fragment I included an XbaI site, whereas the 39
primer used for fragment V included an AatII site. (Lower panel) The
replication potential of the uAUG-revertant clones was assayed by trans-
fection of 1 mg DNA into SupT1 cells. For fragments I, IV, and V two
revertant clones were tested; fragment III was not tested.

556 DAS ET AL.



revertant env sequence was also introduced into mutant
HIV-1 clones altered in either the TAR hairpin (mutant
Xho110; Klaver and Berkhout, 1994) or the poly(A) hair-
pin motif (mutants B and B200; Das et al., 1997). These
mutants are defective in transcription and RNA packag-
ing, respectively (Klaver and Berkhout, 1994; Das et al.,
1997). As shown in Fig. 8, replication of this diverse set of
HIV-1 mutants was significantly improved by the rever-
tant env sequence (compare B with B(env), B200 with
B200(env), and Xho110 with Xho110(env)). Thus, the
replication-enhancing effect of the env fragment is not
limited to the uAUG mutant, but holds for the wild-type
and unrelated replication-impaired viruses as well.

Enhanced replication is mediated by mutations in
different domains of the Env protein

The env gene responsible for reversion of the uAUG
mutant contains three silent and four nonsilent nucleo-
tide changes (Fig. 6). To determine which mutation was
responsible for the enhanced replication capacity, we
cloned five subfragments of fragment IVb (Fig. 6, frag-
ments A–E). These fragments were used to replace the
corresponding sequences in the original uAUG mutant.

Replication of these clones (uAUG(envA)-uAUG(envE))
was assayed by transfection of SupT1 cells (Fig. 9). Two
env fragments were able to boost replication of the uAUG
mutant. Fragment C, which contains a silent and a non-
silent (G436R) mutation, dramatically activated the repli-
cation potential of the uAUG mutant in SupT1 cells. The
fragment B with the A70T mutation also improved virus
replication, but to a lesser extent. The other mutants
containing subfragments A, D, or E did not replicate,
demonstrating that the corresponding mutations are not
sufficient to rescue replication of the uAUG mutant. It
seems likely that these mutations did not contribute to
the improved replication potential of the uAUG virus and
possibly resulted from polymerase errors made in the
PCR amplification of the proviral DNA. In conclusion,
these results show that modification of two distinct Env
epitopes increased the HIV-1 replication capacity in
SupT1 cells.

DISCUSSION

To study the translational mechanism of HIV-1, we
inserted a translation initiation site in the leader region of
the viral RNA to open a short reading frame. This muta-

FIG. 6. Env protein mutations in revertants of the uAUG virus. The complete env coding region is shown, with the conserved (C) and variable (V)
regions of gp120 and the transmembrane domain (TM) of gp41. The SalI–BamHI fragments of revertant clone uAUG-IVb and two additional revertants
(cultures M15A and M15B) were sequenced. Silent (open circles) and nonsilent (filled circles) mutations are indicated. The mutations were named
by appending the amino acid (one-letter code) present in the LAI Env protein, the residue number, and the amino acid present in the revertant at this
position. The corresponding nucleotide changes in IVb are I24T, T3C at nucleotide position 6327 (silent mutation in the vpu gene); A70T, G3A at
6464; Y389Y, C3T at 7423; G436R, G3A at 7562; A538A, G3A at 7870; Q557Q, G3A at 7927; A705V, C3T at 8370. In M15A: E32K, G3A at 6350;
A55V, C3T at 6420; V101I, G3A at 6557; P188S, C3T at 6818. In M15B: G385E, G3A at 7410; G436E, G3A at 7563; S470S, C3T at 7666; K507K,
G3A at 7777. A preference for G3A and C3T transitions (9 and 5 times, respectively, of a total of 15 mutations) in HIV mutation studies was
described previously (Keulen et al., 1996). An 104-nt deletion was observed in the U3 region of the LTR of revertant M15A (proviral positions 76–179),
which removed part of the nef coding region. Deletion of nef sequences has been observed previously (Berkhout and Klaver, 1995) and does not affect
replication of HIV-1 in T-cell lines (Gibbs et al., 1994; de Ronde et al., 1992; Spina et al., 1994; Miller et al., 1994). Because this region was not mutated
in the other revertants, it seems unlikely that this U3 deletion mediated the improved replication of the M15A revertant.
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tion inhibited viral translation and a concomitant de-
crease in virus replication was measured. Upon pro-
longed culturing of this replication-impaired virus in
SupT1 T-cells, phenotypic revertants were obtained with
greatly increased replication capacity. To our surprise,
we found that the additional open reading frame was
maintained in the revertant viruses. Further analysis in-
dicated that multiple sequence changes in Env were
responsible for the phenotypic reversion. Although these
second-site mutations improved replication of the uAUG
mutant, they did not repair its translation defect. There-
fore, a cis interaction between the modified env gene
and the uAUG-mutated leader region is unlikely. Accord-
ingly, the Env adaptations also improved replication of
nonrelated HIV-1 mutants. Thus, the Env adaptation does
not directly overcome the uAUG-specific gene expres-
sion defect, but instead leads to a more general optimi-
zation of virus replication.

Introduction of the short open reading frame up-
stream of the HIV-1 cistrons reduced translation. This
result is fully consistent with a linear scanning mech-
anism of translation. The residual production of viral
proteins may result either from ribosomes that bypass
the upstream start site (leaky scanning) or from ribo-
somes that resume scanning after translation of the
upstream open reading frame (reinitiation). Thus, ribo-
somal scanning over the HIV-1 leader RNA seems
allowed, despite the presence of multiple structured

RNA motifs. Consistent with this finding, we suggested
previously that several hairpins in the HIV-1 RNA
leader do not exceed a certain thermodynamic stabil-
ity (Berkhout, 1992; Berkhout et al., 1995; Das et al.,
1997). Two additional arguments favour the scanning
mechanism. First, a recent study with bicistronic re-
porter genes indicates that the HIV-1 leader region
does not function as an IRES (Miele et al., 1996).
Second, it is striking that upstream AUG codons are
strongly underrepresented in leader regions of natural
HIV–SIV isolates. Inspection of the leader RNA of 60
natural isolates revealed only 4 AUGs (Myers et al.,
1995).

One intriguing point that remains unexplained is the
persistence of the introduced uAUG mutation in the
virus revertants. We have analyzed many other defec-
tive HIV-1 mutants with alterations in leader RNA mo-
tifs, but revertants consistently arose by first- or sec-
ond-site mutations within the mutated motif (Klaver
and Berkhout, 1994; Das et al., 1995; 1997; Berkhout
and van Wamel, 1996). Here, we have studied three
independent reversion events of the uAUG mutant, but
the upstream reading frame was maintained in all
cases. This is particularly striking because it seems
relatively simple to inactivate the new AUG codon. It
therefore appears that the uAUG mutant is uniquely
suited for forced adaptation studies. In prolonged cul-
tures, spontaneously mutated viruses with improved
replicative capacity will outcompete the original virus,
and the time required for this outgrowth depends on
the relative increase in replication rate. The wild-type
LAI virus replicates efficiently in many cell types and,
although spontaneous mutations may improve its rep-
lication capacity, increases in viral fitness will be rel-
atively small and outgrowth of new variants will be
slow. In contrast, a relatively large increase in fitness
is feasible for the replication-impaired uAUG mutant,
resulting in the rapid appearance of adapted HIV-1
variants. Because the uAUG mutation is stable, yet
exhibits a severe replication defect, this virus is useful
for other evolutionary protocols, e.g., to optimize the
Env protein for replication on different host cell types.

Adaptation of HIV-1 for replication on T-cell lines
has been observed previously. For instance, the ELI
clone replicates efficiently in PBMC, but poorly in the
CEM and H9 T-cell lines, and not at all in SupT1 and
U937 cells (Peden et al., 1991). A revertant virus ob-
tained upon prolonged culturing in H9 cells replicated
efficiently in all cell types (Peden et al., 1991). This
expanded host range and increased replicative capac-
ity was conferred by one amino acid change in gp120
(G427R, comparable to position E434 in LAI) and two
mutations in gp41 (M7V, E49G) (Fujita et al., 1992).
Similarly, the macrophage-tropic, non-syncytium-in-
ducing HIV-1 clone SF162 replicates efficiently in mac-
rophages, but not in T-cell lines. Upon prolonged cul-

FIG. 7. Env mutations rescue replication of the uAUG virus. Proviral
clones (5 mg) with a wild-type env gene (uAUG and LAI) or the revertant
env gene of fragment IVb (uAUG(env) and LAI(env)) were transfected
into SupT1 cells. CA-p24 levels were measured in the culture super-
natant at several times posttransfection.
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turing of this virus in HUT78 T-cells, a T-cell-line-tropic,
syncytium-inducing virus was obtained that replicated
efficiently in several T-cell lines, but not in macro-
phages (Harrowe and Cheng-Mayer, 1995). This al-
tered host range was mediated by two amino acid
substitutions in the V3 loop of envelope. In our study,
two substitutions in the conserved C1 and C4 domains
(A70T and G436R) improve HIV-1 replication in SupT1
cells. This evolution of ‘‘constant’’ Env domains is re-
markable if we consider the almost absolute conser-
vation of these two amino acid residues in natural
virus isolates. The A70T mutation in the C1 domain is
not present in 184 natural HIV-1 isolates (Myers et al.,
1995), and only 3 substitutions are observed at this
position (181 3 A, 1 3 D, 1 3 E, and 1 3 P). The G436R
mutation in the C4 domain is even more striking be-
cause 233 natural isolates reveal an almost absolute
conservation of this residue (232 3 G, 1 3 E).

We are currently testing at what level the modified Env
protein does improve replication in the SupT1 cell line. It
is possible that the Env protein has adapted to a SupT1-
expressed coreceptor of the chemokine receptor family,
resulting in an improved virus entry. Consistent with this
idea, preliminary experiments indicate that the selected
Env protein does not support virus replication in other
cells. Obviously, such specialized Env moieties may be
useful in the design of new retroviral vectors that target
specific cell types in gene therapy approaches.

MATERIALS AND METHODS

Cells and viruses

SupT1 T cells were grown in RPMI 1640 medium con-
taining 10% fetal calf serum (FCS) at 37°C and 5% CO2.
Cells were transfected with HIV-1 molecular clones by
means of electroporation. Briefly, 5 3 106 cells were
washed in RPMI with 20% FCS, mixed with 1–5 mg DNA in
0.4-cm cuvettes, and electroporated at 250 V and 960 mF,
followed by resuspension of the cells in RPMI with 10%
FCS. Cells were split 1 to 10 twice a week. To monitor virus
production, the CA-p24 level in the culture supernatant was
measured by ELISA (Abbott). For the selection of revertant
viruses, SupT1 cells were transfected with 5 mg DNA, and
cultures were maintained up to 110 days. When HIV-in-
duced cytopathic effects were apparent, high-level virus
replication was maintained by passage of the cell-free
culture supernatant onto uninfected SupT1 cells. Initially,
we used 50 ml to infect 10 ml SupT1 cells, but we gradually
used less culture supernatant per passage (minimally 0.1
ml). Cell and supernatant samples were taken at each
passage and stored at 270°C.

C33A cervix carcinoma cells (ATCC HTB31)(Auersperg,
1964) were grown as a monolayer in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FCS
and MEM nonessential amino acids at 37°C and 5% CO2.
C33A cells were transfected by the calcium phosphate
method. Cells were grown to 60% confluency in 24-well

FIG. 8. The modified Env protein improves replication of other defective HIV-1 mutants. The revertant env sequence of fragment IVb was introduced
into replication-defective HIV-1 clones mutated in either the TAR hairpin (mutant Xho110; Klaver and Berkhout, 1994) or the poly(A) hairpin motif
(mutants B and B200; Das et al., 1997). These clones are termed Xho110(env), B(env), and B200(env), respectively. SupT1 cells were transfected with
0.5 ug of the B, B200, and Xho110 proviral clones (left panel) and with 5 mg of the Xho110 clones (right panel). CA-p24 production was measured
in the culture supernatant at several time points.
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multidish plates or 75-cm2 tissue culture flasks. For
transfection of the 24-well plates, 1 mg DNA in 22 ml
water was mixed with 25 ml 23 HBS (50 mM HEPES, pH
7.1, 250 mM NaCl, 1.5 mM Na2HPO4) and 3 ml 2 M CaCl2.
For transfection of 75-cm2 flasks, 40 mg DNA in 880 ml
water was mixed with 1 ml 23 HBS and 120 ml 2 M
CaCl2. The mixtures were incubated at room temperature
for 20 min and subsequently added to the culture me-
dium. The culture medium was changed after 16 h.

Mutation of the HIV-1 genome

The full-length molecular HIV-1 clone pLAI (Peden et
al., 1991) was used to produce wild-type and mutant
viruses. Unless stated otherwise, nucleotide numbers
refer to the position in the proviral DNA of pLAI, with
position 1 being the 59-most nucleotide of the 59 long
terminal repeat (LTR) and transcription starting at posi-
tion 455. For comparison with the LAI genomic RNA
sequence (as published in the GenBank database, Ac-
cession No. K02013) one should subtract 454 from this
position number. A sequence difference was found be-
tween the pLAI molecular clone that we used and the
published sequence at positions 7868–7869 (GC instead
of the reported sequence CG), changing amino acid 538

from arginine (R) to alanine (A). Both the nucleotide
sequence and the amino acid sequence of pLAI at this
position now conform to the consensus sequence for
HIV-1 type B (Myers et al., 1995).

For mutation of the leader region, an XbaI–ClaI frag-
ment encompassing the complete 59 LTR, untranslated
leader, and 59-part of the gag gene (nucleotides 1–830)
was cloned in pBluescriptII (KS1) (Stratagene) as de-
scribed previously (Blue-59LTR)(Berkhout and Klaver,
1993). The leader sequence was modified by oligonucle-
otide-directed in vitro mutagenesis (Kunkel et al., 1987)
with the Muta-Gene In Vitro Mutagenesis Kit (Bio-Rad),
single-stranded (minus-strand) DNA, and a plus-strand
mutagenic oligonucleotide: GGAGCTCTCTCCCACCATG-
GACTCGGCTT (mismatch nucleotides in bold and under-
lined, insertion nucleotide in bold and double under-
lined). This uAUG mutation was verified by sequence
analysis. The mutant XbaI–ClaI fragment was introduced
subsequently into the 59 LTR region of pLAI to generate
the uAUG molecular clone (Fig. 1).

Proviral DNA analysis and cloning of revertant
sequences in HIV-1 proviral clones

HIV-1-infected cells (approximately 1 3 106) were pel-
leted by centrifugation at 4000 rpm for 4 min and washed
with phosphate-buffered saline (10 mM Na-phosphate,
pH 7.4, 150 mM NaCl). Cells were lysed in 10 mM Tris–
HCl (pH 8.0), 1 mM EDTA, 0.5 % Tween 20 and then
incubated with 200 mg Proteinase K/ml at 56°C for 30
min and heat-inactivated at 95°C for 10 min. Proviral
DNA sequences were PCR-amplified from solubilized
cellular DNA with Pfu polymerase (Stratagene). Five
primer sets were used to amplify different parts of the
HIV-1 genome: fragment I, 59 U3 region primer LAI59X
(positions 1–20) and 39 gag primer AD-GAG (896–917);
fragment II, 59 gag primer GAG1 (796–818) and 39 pol
primer 184PMA-V (3138–3159); fragment III, 59 pol primer
RTout59(2413–2443) and 39 tat/rev primer WK533 (6048–
6074); fragment IV, 59 vpr primer 59env-N (5708–5736) and
39 env/rev primer 4TRN (8608–8628); and fragment V, 59
env primer L3 (7841–7861) and 39 U5 region primer
LAI39A (9746–9767). The PCR fragments were digested
with restriction enzymes (fragment I, XbaI and ClaI; frag-
ment II, ClaI and BclI; fragment III, BclI and SalI; fragment
IV, SalI and BamHI; fragment V, BamHI and AatII; see Fig.
4 for the positions of these sites) and cloned into the
uAUG proviral clone. The SalI–BamHI fragment IV of
revertant clone uAUG-IVb was introduced into the wild-
type LAI clone (resulting in clone LAI(env)), the TAR-
mutated Xho110 clone (Xho110(env); Klaver and Berk-
hout, 1994), and the poly(A) hairpin mutants B and B200
(B(env) and B200(env); Das et al., 1997).

The SalI–BamHI fragment IV of revertant uAUG-IVb was
subcloned into pBluescript and sequenced. Five subfrag-
ments were obtained (fragment A, SalI and NdeI; B, NdeI

FIG. 9. Different domains of the modified Env protein stimulate virus
replication. Fragment IVb was split into five subfragments (Fig. 6,
fragments A–E) that were used to replace the corresponding se-
quences in the original uAUG mutant. These clones (uAUG(envA)–
uAUG(envE)) and the uAUG-mutated proviral clones with a wild-type
env gene (uAUG) or the complete revertant env gene of fragment IVb
(uAUG(env)) were transfected into SupT1 cells (1 mg of DNA). CA-p24
levels were measured in the culture supernatant at several days post-
transfection.
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and NheI; C, NheI and MfeI; D, MfeI and HindIII; E, HindIII
and BamHI; see Fig. 5 for the positions of these sites).
These subfragments were used to replace the correspond-
ing sequences in the wild-type fragment IV. The resulting
SalI–BamHI fragments were used to replace the corre-
sponding sequences in the uAUG proviral clone.

Two additional cultures of the uAUG mutant were
maintained long term to select for revertant viruses
(M15A and M15B). For sequencing of the env gene of
these revertants, and for sequencing the 59LTR-leader
region of all revertants, proviral DNA sequences were
PCR-amplified from total cellular DNA with AmpliTaq
(Perkin–Elmer). PCR fragments were cloned directly into
the TA cloning vector pCRII (Invitrogen). All sequence
analyses were performed with the Taq DyeDeoxy Termi-
nator cycle sequencing protocol (Applied Biosystems) on
an Applied Biosystems 373 DNA sequencer.

Western blot analysis

C33A cells were transfected with the proviral clones.
At 3 days posttransfection, cells were trypsinized and
collected by low-speed centrifugation (1500 rpm, 10 min).
Pelleted cells were washed with phosphate-buffered sa-
line and resuspended in reducing SDS sample buffer (50
mM Tris–HCl, pH 7.0, 2% SDS, 10% ß-mercaptoethanol,
5% glycerol). Proteins were resolved in a 10% SDS–
polyacrylamide gel, transferred to Immobilon-P (16 h, 60
V), and subsequently blocked with phosphate-buffered
saline containing 5% nonfat dry milk, 3% BSA, and 0.05%
Tween 20. Filters were incubated with serum of an HIV-
1-infected individual (patient H) for 1 h at room temper-
ature, washed, incubated with goat anti-human IgG-al-
kaline phosphatase conjugate (Bio-Rad), and developed
with the 5-bromo-4-chloro-3-indolylphosphate/nitroblue
tetrazolium protocol (Sigma).

Isolation and quantification of intracellular HIV RNA

C33A cells were transfected with the proviral clones.
Three days after transfection, the cells were washed with
phosphate-buffered saline and total cellular RNA was iso-
lated by the acid guanidinium thiocyanate–phenol–chloro-
form method (Chomczynski and Sacchi, 1987). RNA was
resuspended in 10 mM Tris–HCl (pH 7.5), 50 mM NaCl, 10
mM MgCl2, 1 mM dithioerythritol and incubated with 10 U
DNase I (RNase free, Boehringer Mannheim) per 100 ml at
37°C for 30 min, to remove any contaminating DNA. After
extraction with phenol:chloroform:isoamylalcohol (25:24:1),
the RNA was precipitated with 0.3 M Na-acetate and 70%
ethanol. The RNA was pelleted at 16,000 g for 20 min,
washed with 70% ethanol, and dried. Pellets were resus-
pended in water and stored at 220°C.

RNA was spotted onto nitrocellulose membranes
(BA-S 85, Schleicher & Schuell) using a slot-blot manifold
as previously described (Das et al., 1996). HIV RNA was
hybridized with an HIV-1 gag-pol probe (PvuII fragment of

pLAI, positions 1691 to 12881), which had been 32P-
labeled by the random-primer labeling method (Boeh-
ringer Mannheim). Hybridization was performed in 63
SSC (13 SSC is 150 mM NaCl, 15 mM Na-citrate), 0.1%
SDS, 23 Denhardt’s solution, and 50 mg salmon testis
DNA/ml at 68°C for 16 h. Membranes were washed for
20 min at room temperature in 13 SSC, 0.1% SDS, fol-
lowed by three washes of 20 min each in 0.23 SSC, 0.1%
SDS at 68°C. Hybridization signals were quantitated with
a PhosphorImager (Molecular Dynamics). To verify the
absence of contaminating DNA, RNA was incubated with
0.5 N NaOH at 55°C for 30 min prior to slot blotting. This
resulted in a complete loss of the hybridization signals,
indicating that the observed hybridization signals corre-
sponded exclusively to HIV RNA.
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Das, A. T., Salvadó, J., Boon, L., Biharie, G., Moorman, A. F. M., and

561FORCED EVOLUTION OF THE HIV-1 Env PROTEIN



Lamers, W. H.(1996). Regulation of glutamate dehydrogenase expres-
sion in the developing rat liver: Control at different levels in the
prenatal period. Eur. J. Biochem. 235, 677–682.

Das, A. T., Klaver, B., Klasens, B. I. F., van Wamel, J. L. B., and Berkhout,
B.(1997). A conserved hairpin motif in the R-U5 region of the human
immunodeficiency virus type 1 RNA genome is essential for replica-
tion. J. Virol. 71, 2346–2356.

de Ronde, A., Klaver, B., Keulen, W., Smit, L., and Goudsmit, J.(1992).
Natural HIV-1 NEF accelerates virus replication in primary human
lymphocytes. Virology 188, 391–395.

Edery, I. R., Petryshyn, R., and Sonenberg, N.(1989). Activation of dou-
ble-stranded RNA dependent kinase (dsI) by the TAR region of HIV-1
mRNA: a novel translational control mechanism. Cell 56, 303–312.

Fujita, K., Silver, J., and Peden, K.(1992). Changes in both gp120 and
gp41 can account for increased growth potential and expanded host
range of human immunodeficiency virus type 1. J. Virol. 66, 4445–
4451.

Futterer, J., Kiss-Laszio, Z., and Hohn, T.(1993). Nonlinear ribosome
migration on cauliflower mosaic virus 35S RNA. Cell 73, 789–802.

Geballe, A. P., and Gray, M. K.(1992). Variable inhibition of cell-free
translation by HIV-1 transcript leader sequences. Nucleic Acids Res.
20, 4291–4297.

Gibbs, J. S., Regier, D. A., and Desrosiers, R. C.(1994). Construction and
in vitro properties of HIV-1 mutants with deletions in ‘‘nonessential’’
genes. AIDS Res. Hum. Retroviruses 10, 343–350.

Harrowe, G., and Cheng-Mayer, C.(1995). Amino acid substitutions in
the V3 loop are responsible for adaptation to growth in transformed
T-cell lines of a primary human immunodeficiency virus type 1.
Virology 210, 490–494.

Honda, M., Brown, E. A., and Lemon, S. M.(1996). Stability of a stem-
loop involving the initiator AUG controls the efficiency of internal
initiation of translation on hepatitis C virus RNA. RNA 2, 955–968.

Keulen, W., Boucher, C., and Berkhout, B.(1996). Nucleotide substitution
patterns can predict the requirements for drug-resistance of HIV-1
proteins. Antiviral Res. 31, 45–57.

Klaver, B., and Berkhout, B.(1994). Evolution of a disrupted TAR RNA
hairpin structure in the HIV-1 virus. EMBO J. 13, 2650–2659.

Kozak, M.(1986a). Point mutations define a sequence flanking the AUG
initiator codon that modulates translation by eukaryotic ribosomes.
Cell 44, 283–292.

Kozak, M.(1986b). Influence of mRNA secondary structure on initiation
by eukaryotic ribosomes. Proc. Natl. Acad. Sci. USA 83, 2850–2854.

Kozak, M.(1989a). Circumstances and mechanisms of inhibition of
translation by secondary structure in eucaryotic mRNAs. Mol. Cell
Biol. 9, 5134–5142.

Kozak, M.(1989b). The scanning model for translation: An update. J. Cell
Biol. 108, 229–241.

Kunkel, T. A., Roberts, J. D., and Zakour, R. A.(1987). ‘‘Methods in
Enzymology’’ (R. Wu, and L. Grossman, Eds.), pp. 367–382. Academic
Press, San Diego.

Miele, G., Mouland, A., Harrison, G. P., Cohen, E., and Lever,
A. M.(1996). The human immunodeficiency virus type 1 59 packaging
signal structure affects translation but does not function as an
internal ribosome entry site structure. J. Virol. 70, 944–951.

Miller, M. D., Warmerdam, M. T., Gaston, I., Greene, W. C., and Feinberg,
M. B.(1994). The human immunodeficiency virus-1 nef gene product:
A positive factor for viral infection and replication in primary lympho-
cytes and macrophages. J. Exp. Med. 179, 101–113.

Myers, G., Korber, B., Hahn, B. H., Jeang, K.-T., Mellors, J. H., Mc-
Cutchan, F. E., Henderson, L. E., and Pavlakis, G. N.(1995). ‘‘Human
Retroviruses and AIDS: A Compilation and Analysis of Nucleic Acid
and Amino Acid Sequences.’’ Theoretical Biology and Biophysics
Group, Los Alamos National Laboratory, Los Alamos, New Mexico.

Parkin, N. T., Cohen, E. A., Darveau, A., Rosen, C., Haseltine, W., and
Sonenberg, N.(1988). Mutational analysis of the 59 noncoding region
of human immunodeficiency virus type 1: Effects of secondary struc-
ture. EMBO J. 7, 2831–2837.

Peden, K., Emerman, M., and Montagnier, L.(1991). Changes in growth
properties on passage in tissue culture of viruses derived from
infectious molecular clones of HIV-1LAI, HIV-1MAL, and HIV-1ELI. Vi-
rology 185, 661–672.

SenGupta, D. N., Berkhout, B., Gatignol, A., Zhou, A. M., and Silverman,
R. H.(1990). Direct evidence for translational regulation by leader
RNA and Tat protein of human immunodeficiency virus type 1. Proc.
Natl. Acad. Sci. USA 87, 7492–7496.

Spina, C. A., Kwoh, T. J., Chowers, M. Y., Guatelli, J. C., and Richman,
D. D.(1994). The importance of nef in the induction of human immu-
nodeficiency virus type 1 replication from primary quiescent CD4
lymphocytes. J. Exp. Med. 179, 115–123.

Vagner, S., Waysbort, A., Marenda, M., Gensac, M.-C., Amalric, F., and
Prats, A.-C.(1995). Alternative translation initiation of the Moloney
murine leukemia virus mRNA controlled by internal ribosome entry
involving the p57/PTB splicing factor. J. Biol. Chem. 270, 20376–
20383.

562 DAS ET AL.


