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FIG. 2. gag expression from the different vectors. (A) HLtat
cells were transfected with plasmid p17, pl7R, or p17M1234 in the
absence (-) or presence (+) of Rev. The transfected cells were
analyzed by immunoblotting with serum from an HIV-1-infected
patient. (B) Plasmids pl9(sd+), pl9R(sd+), p19, and pl9R were
transfected into HLtat cells in the absence or presence of Rev, as
indicated. The transfected cells were analyzed by immunoblotting
with a rabbit anti-RSV p19"ag serum. HIV-1 (A) or RSV (not shown)
virion proteins served as markers in the same gels. The positions of
p179a9 and pl9gag are indicated.

generate the RSV env mRNA, which is located downstream
of the gag AUG. This 5' splice site has been mutated in the
expression vectors shown in Fig. 2B from GTG to ATA.
Comparisons of gag expression from the two vectors, one
containing the splice site and the other not, revealed that the
presence or absence of this splice site did not significantly
affect p199a9 expression (Fig. 2B). On the other hand, the
HIV-1 p17 expression plasmid did not contain any known
splice sites and yet was not expressed in the absence of Rev
(Fig. 2A). These results further indicate that sequences other
than inefficiently used splice sites are responsible for inhibi-
tion of HIV gag expression.

Inhibitory element acts in cis to decrease the levels ofmRNA
and protein in the absence of Rev. We next asked whether the
inhibitory effect of the pl79a9 coding sequence was also
detectable at the mRNA level. Northern blot analysis of
cytoplasmic RNA extracted from HLtat cells transfected
with p17 or pl7R demonstrated that they produced low
mRNA levels (Fig. 3). An increase in p17R mRNA levels
was observed in the presence of Rev. Similar levels of
expression of a cotransfected RSV-luciferase gene were
measured. As an additional control, the levels of actin
mRNA were also measured (Fig. 3, bottom). These results
established that the inhibitory element ingag also affects the
mRNA levels and are in agreement with our previous
findings (33). Quantitations of the mRNA and protein levels
produced by p17R in the absence and presence of Rev were

FIG. 3. Cytoplasmic mRNA analysis. HLtat cells were trans-
fected with the indicated plasmids in the absence or presence of
Rev. Twenty micrograms of cytoplasmic RNA prepared from the
transfected cells was analyzed by Northern blotting. The filter was
hybridized with the HIV-specific probe (top) and reprobed with the
,-actin probe (bottom).

performed by scanning densitometry of appropriate serial
dilutions of the samples; the difference was greater at the
level of protein (60- to 100-fold) than at the level of mRNA
(less than 10-fold). This result is compatible with previous
findings of effects of Rev on mRNA localization and poly-
somal loading of both gag and env mRNAs (1, 5, 8, 9, 22).
Northern blot analysis of the mRNAs produced by the RSV
gag expression plasmids revealed that p19 produced high
mRNA levels (data not shown). This confirmed that the
pl9gag coding sequence of RSV does not contain inhibitory
elements. Together, these results established that gag
expression in HIV-1 is fundamentally different from that in
RSV. The HIV-1 p179a9 coding sequence contains a strong
inhibitory element, while the RSV p199a9 coding sequence
does not.

Inhibitory element can be inactivated by multiple nucleotide
substitutions that do not alter the amino acid composition of
p179a9 protein. To investigate the exact nature of the inhib-
itory element in HIV-1 gag, we performed site-directed
mutagenesis of the p179a9 coding sequence with four differ-
ent oligonucleotides, as indicated in Fig. 4. Each oligonucle-
otide introduced several point mutations over an area of 19
to 22 nucleotides. These mutations did not affect the amino
acid sequence of the pl7?ag protein because they introduced
silent codon changes. First, all four oligonucleotides were
used simultaneously in mutagenesis with a single-stranded
DNA template, as described before (19, 34). This allowed
the simultaneous introduction of many point mutations over
a large region of 270 nucleotides in vector p17. A mutant
containing all four oligonucleotides, as determined by se-
quence analysis, was isolated and named p17M1234. Com-
pared with p17, this plasmid contained a total of 28 point
mutations, distributed primarily in regions with high AU
content.
The phenotype of the mutant was assessed by transfec-

tions into HLtat cells and subsequent analysis of p175a5
expression by immunoblotting. Interestingly, p17M1234 pro-
duced high levels of p1785a protein, similar to those pro-
duced by pl7R in the presence of Rev (Fig. 2A). This result
demonstrated that the inhibitory signals in pl7gag mRNA
had been inactivated in plasmid p17M1234. The presence of
Rev protein did not increase expression from p17M1234.
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INACTIVATION OF INHIBITORY HIV-1 SEQUENCE 7179

336
atg ggt gcg aga gcg tca gta tta agc ggg gga gaa tta gat cga tgg gaa aaa att cgg

396
tta agg cca gqg

Ml
aa aaa tat aaa tta aaa cat ata gta tgg
G G C G C G C C

aaa gag

456
cta gaa cga ttc gca gtt aat cct ggc ctg tta gaa aca tca gaa ggc tgt aga caa ata

516 M2
ctg gga cag cta caa cca tcc ctt cag aca qqa tca gaa gaa ctt aga tca tta tat aat

G G C C C C

576 M3
aca qta qca acc ctc tat tct qtq cat caa age ata gag ata aaa gac acc aag qgaa gct

C G C C C G

636
tta gac aag ata gag gaa

M4
gag caa aac aaa aat aag aaa aaa qca cag caa qca qca gct

G TCC G G C G

696
gac aca q a cac agc aat cag gtc agc caa aat tac

FIG. 4. Nucleotide sequence of the p179a9 region. The locations of the four oligonucleotides (Ml through M4) used to generate all mutants
are underlined. The nucleotide substitutions introduced by each mutagenesis oligonucleotide are indicated below the coding sequence.
Numbering starts from nucleotide + 1 of the viral mRNA.

Thus, p179a9 expression from the mutant p17M1234 dis-
played the same general properties as expression of the
p199a9 of RSV, that is, a high constitutive level of Rev-
independent gag expression. Northern blot analysis re-
vealed that the cytoplasmic levels of mRNA produced by
p17M1234 were higher than those produced by p17 (Fig. 3).
To further examine the nature and exact location of the

minimal inhibitory element, we mutated the p179a9 coding
sequence in plasmid p17 with only one of the four mutated
oligonucleotides at a time. This procedure resulted in four
mutant plasmids, named p17M1, p17M2, p17M3, and p17M4
according to the oligonucleotide each plasmid contains.
None of these mutants produced significantly higher levels
of p17'a9 protein than plasmid p17 (Fig. 5), indicating that
the inhibitory element was not affected. We next mutated the
p17 coding sequence with two oligonucleotides at a time.
The resulting mutants were named p17M12, p17M13,
p17M14, p17M23, p17M24, and p17M34. Protein production
from these mutants was minimally increased compared with
that from p17, and it was considerably lower than that from
p17M1234 (Fig. 5). In addition, a triple oligonucleotide
mutant, p17M123, also failed to express high levels of p179a9
(data not shown). These findings suggest that multiple inhib-
itory signals are present in the coding sequence of pl7?a8.
Alternatively, a single inhibitory element may span a large
region whose inactivation requires mutagenesis with more
than two oligonucleotides. This possibility is consistent with
our previous data, suggesting that a 218-nucleotide inhibi-
tory element in the p179a9 coding sequence is required for

, 11
It+N,'9 Q1 +I.1 99 9 9q Q " 9 I99 ,

pl7gag

FIG. 5. gag expression by different mutants. HLtat cells were
transfected with the plasmids indicated above the lanes. Plasmid
p17R was transfected in the absence (-) or presence (+) of Rev; the
other plasmids were analyzed in the absence of Rev. p179a9 produc-
tion was assessed by immunoblotting as described in the legend to
Fig. 2.

strong inhibition ofgag expression. Further deletions of this
sequence resulted in gradual loss of inhibition (33). The
inhibitory element may coincide with a specific secondary
structure on the mRNA. We are currently investigating
whether a specific structure is important for the function of
the inhibitory element.

Demonstration of additional INS elements within thegag-pol
region. To examine the effect of removal of the inhibitory
sequence (INS) on the expression of the complete gag gene,
we introduced the 28 silent nucleotide substitutions of pl7gag
described above into a vector expressing p379ag protein,
which is the precursor of pl7&ag and p240ag, or in the
complete p55gag gene. The resulting plasmids, p37M1234,
p55M1234, and pcgagMl234 (Fig. 6), were transfected into
HLtat cells. pcgagMl234 contains a portion of the pol gene
in addition to the p55fag gene. The expressed proteins were
quantitated by a p249ag antigen capture assay and compared
with the levels of Gag produced by their wild-type counter-
parts (p37, p55, and pcgag, Fig. 6). This comparison showed
that p37M1234 produced high levels of Gag, indicating that
no major INS elements are contained within the p249ag
coding region (Fig. 6). In contrast, low levels of Gag expres-
sion from p55M1234 and pcgagMl234 were observed. These
results indicate the presence of an additional INS in the
gag-pol region, as was suggested earlier from deletion ex-
periments (33). Therefore, multiple independent INS ele-
ments are found within the HIV genome.

DISCUSSION

In this report, we demonstrate that mutational inactivation
of an inhibitory sequence in the p17'a coding sequence of
HIV-1 results in Rev-independent gag expression. Our ex-
periments demonstrate that the Rev-RRE interaction cor-
rects preexisting defects on the viral structural mRNAs
caused by specific RNA regions (INS) which inhibit expres-
sion. In the absence of INS, HIV-1 expression would be
similar to that of simpler retroviruses and would not require
Rev. Thus, INS elements are necessary components of Rev
regulation. Sequence comparisons suggest that the INS
element identified here is conserved in all HIV-1 isolates,
although this has not been verified experimentally. The
majority (25 of 28) of the mutated nucleotides in gag are
conserved in all HIV-1 isolates, while 22 of 28 nucleotides
are also conserved in HIV-2 (24). Functionally similar ele-
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FIG. 6. Quantitation ofgag expression by an antigen capture assay. HLtat cells were transfected with the indicated plasmids, and on the
following day, cell extracts were analyzed for gag expression with a commercial antigen capture assay for p249a9 (Coulter). Shaded areas
indicate the approximate locations of the INS elements in the gag region. The amount of p249ag produced is shown to the right of each bar.

ments may exist in cellular RNAs with short half-lives.
Recent reports suggest the presence of sequences affecting
mRNA levels within the coding regions of cellular mRNAs
(36). The successful elimination of coding-region elements
described for the first time here may provide a general
method for the elimination of such elements from coding
regions without alteration of the protein produced. Since
functionally similar cis-acting regulatory sequences may be
present in cellular mRNAs, further analysis of these HIV
regulatory elements should lead to a better understanding of
viral expression and of the posttranscriptional mechanisms
of gene regulation.
The accumulated experimental evidence suggests that

multiple INS or CRS elements exist within HIV coding
regions (3, 21, 33). Analysis of the multiple INS elements has
revealed that they may inhibit expression efficiently even
when found alone in an mRNA. This represents a significant
problem in designing experiments to demonstrate their elim-
ination, since subsets of these INS elements in various
combinations in general have severe effects on the overall
levels of mRNA and protein expression. The strategy we
chose to demonstrate the function of such elements has been
(i) identification of the minimal INS elements with appropri-
ate indicator vectors and (ii) elimination of the INS by
mutagenesis. Elimination of all regions with INS activity is
necessary for constitutive Rev-independent expression,
since elimination of only some INS elements does not
increase expression significantly (see Fig. 6).

Several lines of evidence indicate that all lentiviruses and
other complex retroviruses, such as the human T-cell lym-
photropic virus group, contain similar INS regulatory ele-
ments. We have identified strong INS elements in the gag
region of human T-cell lymphotropic virus type I and simian
immunodeficiency virus (unpublished data). This suggests
that these elements are found in all complex retroviruses and
may be responsible for some of the biological characteristics
of these retroviruses. Since INS elements inhibit expression,
it must be concluded that their presence is advantageous to
the virus, because otherwise they would be rapidly elimi-
nated by mutations. Thus, the presence of inhibitory se-

quences is a property specific to Rev-encoding complex

retroviruses and is required for regulation by the Rev pro-
tein. Therefore, the inhibitory sequences are important
determinants of the expression levels of HIV-1 and probably
of all complex retroviruses.
The p179a9 coding sequence has a high content of A and U

nucleotides, unlike the coding sequence of p196a9 of RSV
(25, 33). Four regions with high AU content are present in
the p179a9 coding sequence and have been implicated in the
inhibition of gag expression in deletion mutagenesis exper-
iments (33). Lentiviruses have a higher AU content than the
mammalian genome. Regions of high AU content are found
in the gag-pol and env regions, while the multiply spliced
mRNAs have a lower AU content (25), supporting the
possibility that the inhibitory elements are associated with
mRNA regions with high AU content. It has been shown that
a specific oligonucleotide sequence, AUUUA, found at the
AU-rich 3' untranslated regions of some unstable mRNAs
may confer RNA instability (35). Although this sequence is
not present in the pl7gag sequence, it is found in many copies
within the gag-pol region. The association of instability
elements with AU-rich regions is not universal, since other
HIV regions which show a strong inhibitory activity in our
vectors are not AU rich. These observations suggest the
presence of more than one type of inhibitory sequence.

In addition to reducing the AU content, some of the
mutations introduced in plasmid p17 changed rarely used
codons to codons more favored for human cells. Although
the use of rare codons could be an alternative explanation for
poor HIV gag expression, this type of translational regula-
tion is not favored by our results, since the presence of Rev
corrects the defect in gag expression. In addition, we have
reported that, in other vectors, translation through INS
regions is not required for inhibition of expression (33).
The observations that the inhibitory sequences act in the

absence of any other viral proteins and that they can be
inactivated by mutagenesis suggest that these elements may
be targets for the binding of cellular factors that interact with
the mRNA and inhibit posttranscriptional steps of gene
expression. The interaction of HIV-1 mRNAs with such
factors may cause nuclear retention, resulting in either
further splicing or rapid degradation of the mRNAs. It has
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been proposed that components of the splicing machinery
interact with splice sites in HIV-1 mRNAs and modulate
mRNA expression (2, 3, 20). However, it is not likely that
the inhibitory elements described here are functional 5' or 3'
splice sites. Thorough mapping of HIV-1 splice sites per-
formed by several laboratories with the reverse tran-
scriptase-PCR technique failed to detect any splice sites
withingag (10, 13, 27, 30-32). The suggestions that Rev may
act by dissociating unspliced mRNA from the spliceosomes
(2) or by inhibiting splicing (17) are not easily reconciled with
the knowledge that all retroviruses produce structural pro-
teins from mRNAs that contain unutilized splice sites.
Splicing of all retroviral mRNAs, including HIV-1 mRNAs
in the absence of Rev, is inefficient compared with the
splicing of cellular mRNAs (16-18, 38). The majority of
retroviruses do not produce Rev-like proteins, yet they
efficiently express proteins from partially spliced mRNAs,
suggesting that inhibition of expression by unutilized splice
sites is not a general property of retroviruses. Experiments
with constructs expressing mutated HIV-1 gag and env
mRNAs lacking functional splice sites showed that only low
levels of these mRNAs accumulated in the absence of Rev
and that their expression was Rev dependent (8, 9, 22). This
led to the conclusion that Rev acts independently of splicing
(9, 22) and to the proposal that inhibitory elements other
than splice sites are present on HIV-1 mRNAs (9, 14, 29).
The inhibitory elements may be involved in the establish-

ment of a state of low virus production in the host. We have
proposed that HIV-1 has adapted a mode of expression
mimicking cellular genes that are rapidly up- and downreg-
ulated, such as c-myc, c-fos, and granulocyte-macrophage
colony-stimulating factor (7, 15, 35, 36, 41, 42). Like HIV-1
mRNAs, the mRNAs of these genes contain intragenic
inhibitory elements, which in some cases coincide with areas
of high AU content. These cellular mRNAs may be regulated
by factors similar in function to those affecting HIV-1
expression. Therefore, detailed analysis of the inhibitory
elements in HIV-1 may contribute to the understanding of
gene regulation in general.
HIV-1 and the other lentiviruses cause chronic active

infections that are not cleared by the immune system. It will
be interesting to examine the possibility that complete re-
moval of the INS elements from the lentiviral genome would
result in constitutive expression. This could prevent the
virus from establishing a latent infection and escaping im-
mune system surveillance. Our success in increasing expres-
sion of pl7?a8 by eliminating the INS indicates that, in the
future, we could produce lentiviruses without any negative
elements. Such lentiviruses may provide a novel approach to
the production of attenuated vaccines. The identification of
similar INS elements in simian immunodeficiency virus
indicates that this virus may provide a convenient model
with which to test this hypothesis.
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