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The significance and location of sequence-specific information in the CAR/RRE, the target sequence for the Rev
protein of the human immunodeficiency virus type 1 (HIV-1), have been controversial. We present here a
comprehensive experimental and computational approach combining mutational analysis, phylogenetic compar-
ison, and thermodynamic structure calculations with a systematic strategy for distinguishing sequence-specific
information from secondary structural information. A target sequence analog was designed to have a secondary
structure identical to that of the wild type but a sequence that differs from that of the wild type at every position.
This analog was inactive. By exchanging fragments between the wild-type sequence and the inactive analog, we
were able to detect an unexpectedly extensive distribution of sequence specificity throughout the CAR/IRRE. The
analysis enabled us to identify a critically important sequence-specific region, region IIb in the Rev-binding
domain, strongly supports a proposed base-pairing interaction in this location, and places forceful constraints on
mechanisms of Rev action. The generalized approach presented can be applied to other systems.

Human immunodeficiency virus type 1 (HIV-1), the etio-
logic agent of AIDS, is a complex retrovirus whose life cycle
is characterized by a period of regulated latency that under-
lies the clinical course of the disease and its insidious spread
throughout the population (for reviews, see references 18
and 72). In tissue culture, the key viral mediator of the
emergence ofHIV from latency and the transition from early
to late viral synthesis following acute infection is the rev axis
of HIV autoregulation (for a review, see reference 8). As this
apparatus regulates the cytoplasmic accumulation of virion
genomic and structural mRNAs (2, 17, 20, 35, 38, 44, 52) and
is required for completion of the virus life cycle (62, 65), it
represents both a window onto the workings of critical
cellular processes and a legitimate therapeutic target.

Central to the rev axis of viral regulation is the RNA target
sequence for the viral Rev protein called CAR (cis anti-
repressor [12, 14, 55, 62]) or RRE (Rev-responsive element
[20, 23, 44]) located in an approximately 220-bp region of
env, just 3' to the amino terminus of the gp4l coding region
(2, 12, 23, 24, 29, 44, 55). Computational and mutational
analysis has determined it to &onsist of a long central stem,
I/I' (Fig. 1A), from which branches a series of stem-loops, II
through VI (14, 40, 44, 45). Interaction of the CAR/RRE with
the Rev protein in the nucleus (9, 44, 51, 68) overcomes the
constitutive repression of viral genomic and structural RNA
expression mediated by the viral cis repressor sequences
(55) to directly stabilize and promote export to the cytoplasm
of viral genomic and structural mRNAs or to directly inhibit
splicing of viral messages (5, 17, 19, 20, 24, 38, 44).
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The extent and significance of sequence information in the
CAR/RRE have been controversial. In theory, the informa-
tion content of the CAR/RRE should be partitioned between
sequence and higher-order structure. Suggestions that the
CARIRRE is sequence-specific have frequently been based
on findings that antisense CAR/RRE RNA neither binds Rev
protein in vitro nor functions in vivo (6, 10, 26, 49, 73).
Antisense RNA may adopt a structure different from that of
sense RNA. RNA folding utilizes non-Watson-Crick base
pairing that is not conserved in the conversion from sense to
antisense. Even when the antisense molecules adopt the
same set of secondary structures as the sense, the secondary
structures will differ in their disposition with respect to the
5'-3' orientation of the molecule, except for the degenerate
case in which they lie symmetrically distributed about a
dyad. In fact, antisense RNA structures often retain much of
the sense sequence-specific information content in the heli-
cal stem regions but present it in a location different from
that of the sense molecule. On the other hand, the consid-
erable tolerance the CAR/RRE shows to sequence alter-
ations has suggested a lack of sequence specificity in the
recognition events (6, 49). Whether this tolerance derives
from a lack of sequence recognition or from the presence of
sequence redundancy has not previously been addressed.
The ability of Rev to oligomerize with itself and with
CAR/RRE RNA in vitro (6, 10, 28, 45, 47-49) suggests the
possibility of multiple Rev-binding sites and underscores the
possibility of redundancy. To date, only one structure-
conserving sequence-altering mutation has been reported to
strongly inhibit CAR/RRE function. This is a mutation of the
entire stem Ila (28), which also inhibits Rev binding. A
systematic examination of the rest of the molecule has not
yet been reported.
The structure requirements for CAR/RRE function are

only partly understood. Disruption of any of the stem
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structures of the CAR/RRE severely impairs function, al-
though individual removal of many of them is often without
effect (3, 6, 12, 14, 28, 45, 49). The element retains consider-
able in vivo function in the absence of the stem-loop IV
through VI regions. Under most circumstances, it does not
retain function in the absence of either stem-loop region II or
III (3, 6, 12-14, 28, 45, 49). These latter stem-loop regions
are the predominant, if not exclusive, locus ofRev binding in
band-shift and protection assays (3, 6, 10, 26, 28, 45, 49, 69,
73).
To assemble a coherent picture of the interactions among

the CAR/RRE and the proteins it binds, Rev and (presum-
ably) cellular factors, it is necessary to analyze the distribu-
tion of sequence-specific information as well as the location
of structure-specific information in the molecule. Towards
this end, we present here a comprehensive experimental and
computational approach combining mutational analysis,
phylogenetic comparison, and thermodynamic structure cal-
culations with a systematic strategy for distinguishing se-
quence-specific information from secondary structural infor-
mation. This generalized approach can be applied to other
systems.
(D.M.P. contributed to this work in partial fulfillment of

the Ph.D. requirements of the Graduate Genetics Program at
the George Washington University.)

MATERIALS AND METHODS

Plasmid design and preparation. The Rev-dependent indi-
cator plasmid, III-gag-CAR, described previously (14) con-
sists of a 367-bp CAR/RRE fragment of HXB-2 placed in a
"gutted" HXB-2 proviral construct in PTZ19R (U.S. Bio-
chemicals) to create a plasmid with the general structure
long terminal repeat (LTR)-gag-prot-CAR-LTR. A simian
virus 40 replication origin elsewhere on the plasmid drives
amplification in COS cells. As a source of rev, another
simian virus 40 ori-containing plasmid, pSV-CMV-rev-C,
was used. This vector is similar to pSV-CMV-rev previously
described except for the insertion of a 21-base sequence
from upstream of the tat initiation codon, GTCGACAGAG-
GAGAGCAAGAA, to boost translation efficiency (58). A
polymerase error during this cloning introduced a single
extra C-terminal Cys on the Rev protein. All of the plasmids
used in this work were isolated on Qiagen columns, by using
the kits provided by the manufacturer. Their concentrations
were determined spectrophotometrically and confirmed by
agarose gel electrophoresis of restriction digests of carefully
measured aliquots.

Construction of mutants. Mutants were constructed by
either the polymerase chain reaction assembly and ligation
of short oligodeoxynucleotides or site-directed mutagenesis
in the context of the entire expression vector, III-gag-CAR,
as described previously (14). To avoid the potential artifact
of unanticipated second-site mutations outside of the CAR/
RRE, all mutant CAR/RRE fragments made by direct muta-
genesis of III-gag-CAR were eventually transferred by sub-
cloning into a virgin III-gag-CAR vector which had never
been through in vitro mutagenesis. All of these transferred
mutations were tested to confirm the results of the initial
transfections of untransferred mutations. The proviral mu-
tants were made by first mutagenizing a short BglII-HindIII
proviral fragment containing the CAR/RRE. This short frag-
ment was then transferred into the provirus by a series of
subcloning steps. The sequence of the entire mutagenized
fragment was confirmed after its transfer into the provirus,

as were the sequences across each restriction site used in the
transfers.
Sequence confirmation of mutations. The sequence of the

entire minimal CAR/RRE region, as determined previously
(14), of each mutant was confirmed by dideoxy sequencing.
The identity of each plasmid preparation was also checked
by sequencing to avoid inadvertent switches.

Cells, transfections, and assays. COS-1 cells in six-well
plates were transfected as described previously (14) with 0.5
,ug of indicator plasmid with or without either 0.25 or 0.5 ,ug
of SV-CMV-rev-C as a source of Rev. For this series of
experiments, 5 x 105 cells were plated per well. Cell
monolayers were harvested and tested for p249ag by en-
zyme-linked immunosorbent assay as described previously
(14). The results presented have not been normalized to
either cotransfected CAT expression plasmids or recovered
protein. Attempts to do so consistently resulted in greater
variability of the results of replicate cultures (data not
shown). In our hands, variability was most effectively re-
duced by careful technique and multiple experiments.

Statistical analysis of Rev response ratios. Wild-type values
determined on each of 13 different days were centered at
100%, and corresponding shifts were made in the experimen-
tal data. Control values were then pooled, and normality was
confirmed by the Shapiro-Wilk test (60). Data collected for
each mutant were pooled, and the mean value was compared
with the control (wild type) mean by a one-tailed t test.
Comparisons between pairs of mutants also utilized the t
test.

Design of mutants. The HIV-1 wild-type sequence and all
the mutants presented here, both base-switched and point
mutants (though not the substitution mutants denoted by
SUB), were studied in detail for features present in their
secondary structures. Optimal and suboptimal foldings of
the sequences were calculated through minimization of free
energy by using the algorithm described by Zuker (74). For
each sequence, large sets of suboptimal foldings were gen-
erated with different window sizes (i.e., distance of struc-
tural difference between subsequently generated suboptimal
foldings) ranging from 0 to 10, including all structures having
a folding energy within 10% of the minimum. The consider-
ation of suboptimal foldings is essential in terms of checking
for possible alternative configurations, from both a method-
ological and a biological point of view. This analysis was
performed by using the improved set of free-energy values
given by Jaeger et al. (33). The design of the base-switched
CAR/RREs followed in principle the forward complement of
the wild type. However, this way of designing mutants needs
additional alterations for the occurrence of new, undesirable
base-pairing schemes possible in the forward complement
sequences. New base-pairing interactions can be due to G-U
pairings in the wild type which would be changed to the
nonpairing C-A or to new potential G-U pairings from C's
and A's in the wild type. The G-U base pairings present in
the CARIRRE were switched to either a C-G, U-A, or U-G
pair, depending on the required stability and potential inter-
ference elsewhere at each location, to prevent undesired
interactions. Base switching only limited regions of the
molecule can similarly present extensive new pairing inter-
actions. All such potential alternatives detected were able to
be eliminated by changing essential parts of single-stranded
regions to nucleotides other than their Watson-Crick pairing
partners, the final purpose of these mutants being to pre-
serve structure but change base order. It should be noted
that by studying optimal and suboptimal folding of designed
mutants by free-energy minimization, one at least can eval-
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uate the most likely base-pairing schemes with reference to
those of the wild-type sequence. All potential base-pairing
interactions of a particular mutant that are certainly not
desired can subsequently be avoided by modifying the
sequence within the limits of the planned mutational test.

Phylogenetic analysis of structure. For the phylogenetic
comparison of the multi-stem-loop regions II and III, CAR/
RRE sequences of primate immunodeficiency viruses
present in the data base were compared by the multiple-
sequence alignment method TRIALS (27) and by individual
minimal-energy folding (as described above). Similarity pat-
terns obtained with the two independent analyses, the one of
primary structure and the other of secondary structure, were

then compared. The comparison included 25 HIV-1 (40), 6
HIV-2, and 13 simian immunodeficiency virus (SIV) CAR/
RRE sequences.

RESULTS

Sequence-specific information is widely distributed through-
out the CAR/RRE. Considering reports that attributed only a

minor functional role to sequence specificity in the CAR/
RRE (6, 49), we first asked if there were any sequence-

specific information at all by analyzing a target sequence

analog, base-switched CAR/RRE. "Base switching" is a

term we propose to represent the following procedure. First,
every base pair is switched and every unpaired base is
changed to its Watson-Crick pairing partner according to the
secondary structure predicted by previous analyses (14, 40,
45) (Fig. 1B). This results in a sequence which differs from
the forward complement of the wild type only at the posi-
tions of atypical base pairs. Second, extensive computa-
tional analysis (see Materials and Methods) is performed to
search for new alternative conformations which might result
from new sequence patterns. Additional base substitutions
are then introduced to eliminate alternative structures which
might compete with the wild-type secondary structures.
Thus, base switching retains the same secondary structure
as that of the wild type yet presents a new base at every

position. Alterations in function caused by base switching
thus can result only from alterations in information other
than secondary structure. Accordingly, we operationally
define sequence-specific information as any kind of non-

secondary structure information.
The base-switched CAR/RRE has a predicted secondary

structure identical to that of the wild-type CAR/RRE but a

sequence that differs from that of the wild type at every

position. This base-switched CAR/RRE, BS(CARJRRE),
was inserted into our gag expression plasmid and tested for
rev responsiveness in COS cells. The levels of gag expres-
sion supported in the absence and presence of Rev are

presented in Table 1, and the ratios of expression (as a

percentage of the wild-type ratio) are summarized in Fig. 1
and Table 1. The base-switched CAR/RRE was almost
totally inactive (Fig. 1B and Table 1). This is consistent with
the presence of sequence specificity in the CAR/RRE.
To localize the sequence specificity, we then instituted a

systematic exchange of fragments between the wild-type
CAR/RRE and the inactive base-switched CAR/RRE. Each
of the exchange mutants presented was also computationally
analyzed and altered, if necessary, to eliminate potential
alternative structures which might compete with the wild-
type structures. The logical first step, a reciprocal exchange
of the Rev-binding domains (II and III) produced two
analogs, each with impaired function. Base switching every-
where but domains II and III, BS(I/I', IV, V, & VI) (Fig.

TABLE 1. p249ag production by base-switched and substitution
mutants of the CAR/RRE in the absence and presence of Rev

p24gaR
Mutation ~productiona RevMutation productiona response ± SEb PC

-Rev +Rev

Wild type 3 100 100 ± 2.3
BS(CAR/RRE) 2 2 1 ± 0.4 <0.001
BS(I/I', IV, V, & VI) 3 37 31 ± 2.1 <0.001
BS(II+III) 3 4 5 ± 2.2 <0.001
BS(I/I') 2 137 157 ± 3.2 NSd
BS(V) 4 111 80 ± 5.0 <0.001
BS(VI) 5 126 58 ± 3.6 <0.001
BS(IIa) 3 62 48 ± 2.0 <0.001
BS(IIc+III) 3 20 16 ± 2.5 <0.001
BS(IIc) 4 89 63 ± 6.5 <0.001
BS(III) 4 61 50 ± 4.6 <0.001
BS(IIc&III-tips) 7 234 136 ± 18 NS
SUB7391-7393 2 2 2e <0.001
SUB7394-7395 3 3 3 ± 0.2 <0.001
SUB7413-7421 4 2 1 ± 0.1 <0.001

a Production is expressed as a percentage of p24gag synthesized by the wild
type stimulted by Rev and represents the averages of multiple experiments.
This is appropriate for assessing whether baseline values (i.e., -Rev) are
changed by the mutations.

b For the Rev response, the ratios of +Rev and -Rev for each mutant as a
percentage of the wild-type ratio were determined for each experiment. The
data presented are the averages of these ratios. This method of calculation is
more appropriate for analyzing the Rev response and differs slightly from
determining the ratio of the first two columns.

c P, probability that the mean is not less than that of the wild type.
d NS, not significant.
eResult of one experiment.

1C), reduced function to about 31% of that of the wild type.
Base switching just domains II and III, BS(II+ III) (Fig. 1D),
completely eliminated function. This is consistent with se-
quence-specific information lying both inside and outside the
Rev-binding domain.

Analysis of subregions outside the Rev-binding domain
has not yet localized the apparent sequence specificity. Base
switching domain I/I', BS(I/I') (Fig. 1E), or V, BS(V) (Fig.
1F), did not impair function. Base switching domain VI,
BS(VI) (Fig. 1G), partially impaired function.
A more detailed analysis of the Rev-binding domain sug-

gested it too contains considerable sequence-specific infor-
mation, much of which is redundant. Base switching either
all of domain Ila (Fig. 1H) or all of III (Fig. 1J) reduced
function to about 50% of normal. Base switching domain lIc
reduced function somewhat less, to 63%. However, simul-
taneous base switching of domains Ilc and III, BS(IIc+III)
(Fig. 1I), reduced function to approximately 16% of that of
the wild type. Simultaneously base switching the tips of the
stems, BS(IIc&III-tips) (Fig. 1L), caused no impairment of
function, confirming a lack of sequence specificity in the
loop regions. In contrast to the results of some previous
investigators (6, 45, 49), all multiple base substitutions
(SUB) of either the 5' side of domain Ilb, SUB7391-7393 and
SUB7394-7395, or the 3' side, SUB(7413-7421) (Fig. 1M),
eliminated function.

Phylogenetic conservation of base pairing in the lIb region.
To further analyze the apparent sequence specificity in the
rev-binding domain, it was necessary to understand as much
as possible about its in vivo secondary structure. Imperfec-
tions in the helix we originally suggested for the Ilb region
have promoted a widespread view of the Ilb region as being
mostly single stranded, not base paired (42, 44, 49). To
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FIG. 1. Structure and Rev response ofCAR/RRE mutants. (A through L) Individual mutants; (M) three separate mutants as indicated. Rev
response data were obtained from Tables 1 and 2. All mutants are diagrammed only from HIV-1 position 7363 to 7559 (53). The CAR/RRE
sequence used in all of the constructs started at position 7357. Wild-type 5' ends thus are preceded by UCCUUGG. Base-switched 5' ends
are preceded by AGGAACC. BS(CAR/RRE) and BS(I/I') terminated at position 7567. Thus, they are followed by GGUUUCCT. All wild-type
3' ends were at position 7723. The data presented are the results of multiple transfection experiments. + + + +,-80% function; + + +, 55 to
80%; ++, 35 to 55%; +, 15 to 35%; +/-, 5 to 15%; -, s5%. BS, base switched; SUB, substitution.

resolve this issue, we performed a phylogenetic analysis of
the conservation of base pairing in the Ilb region. Twenty-
five HIV-1 (40), 6 HIV-2, and 13 SIV CAR/RRE sequences
were compared by multiple sequence alignment (27) of
primary structure and by individual minimal-energy folding
by using the suboptimal RNA folding program of Zuker (74)
to consider a large set of alternative possible structures (39).

The summary of the comparison of these two independent
analyses for the Ilb region is presented in Fig. 2.
The overlap of the CAR/RREs with a highly conserved

domain of gp4l allowed for an unambiguous primary struc-
ture alignment. Two strikingly conserved sequence ele-
ments, AUGGG and CA, are shown in boldface in Fig. 2 to
serve as reference points in the phylogenetic comparison.

J. VIROL.
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The individual structures presented all represent the optimal
(minimal-energy) foldings of the depicted part of the CAR/
RRE except for the proposed G-A base pairings. These odd
base pairs are not treated as hydrogen bonded in the pres-
ently used free-energy rules. Taking into consideration the
other possible base pairings in the multi-stem-loop of HIV-1,
the base-pairing scheme proposed here for region Ilb clearly
fits both the phylogenetic data and the minimal-energy
folding of HIV-1 the best (Fig. 2).

Analysis of point mutations in region Ilb supports the
proposed base-pairing scheme and demonstrates that se-

quence-specific information in region lIb is particularly criti-

cal. Consistent with the proposed region Ilb base-pairing
scheme, none of the mutants that retain full activity interrupt
the proposed region Ilb base pairing (Fig. 3A and Table 2).
This includes mutations at positions 7413(?), 7414, 7417,
7421, 7442, and 7443. The information at these positions is,
therefore, not base specific. Mutations 7392G-U, 7418A-U,
7419C-U, and 7420A-G conserve the proposed base pairing
yet impair function. This strongly suggests that the informa-
tion at these positions is base specific.

Also consistent with the proposed base pairing is the
finding that all mutants which cause major disruptions in the
pairing scheme severely impair function (Fig. 3B and Table
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2). This includes mutations 7391G-C, 7392G-C, 7393G-C,
7416G-C, and 7418A-G. These data alone do not distinguish
between sequence and structural specificity. However, we
note that mutations either conserving or disrupting the
7392G-7418A base pair inhibit function. This further sug-
gests that the information at these positions is base specific.

All of the mutations that were predicted to make only
minor disruptions of the pairing scheme (e.g., disruption or
weakening of only a single pair) reduce function, sometimes
severely (Fig. 3C and Table 2). Mutations 7394C-A and
7415G-A more severely impair function than do nearby

- mutations with major disruptive effects, such as 7392G-C or
7393G-C. This suggests that 7394C and 7415G should be
considered candidates for "probable" base specificity.
However, we note that from the present data, the secondary
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TABLE 2. p249aB production by point mutants of the CAR/RRE

p249aR production' Rev
Mutation

rsos SEb PC
-Rev +Rev response + SEb

Wild type 3 100 100 ± 2.3
7391G-C 3 5 4 ± 0.8 <0.001
7392G-U 3 45 51 ± 5.6 <0.001
7392G-C 2 27 39 ± 5.6 <0.001
7393G-C 3 17 16 ± 2.2 <0.001
7394C-G 1 1 6 ± 1.5 <0.001
7394C-A 3 7 6 ± 1.2 <0.001
7395G-A 3 54 47 ± 4.7 <0.001
7413A-G 3 86 80 ± 7.7 <0.001
7414C-T 2 92 105 ± 14 NSd
7415G-A 3 5 5 ± 0.5 <0.001
7415G-C 2 7 6 ± 1 <0.001
7416G-A 3 37 29 ± 5.6 <0.001
7416G-C 3 8 7 ± 0.8 <0.001
7417U-C 3 105 89 ± 6.4 <0.05
7418A-G 3 10 8 ± 2.4 <0.001
7418A-T 3 13 9 ± 1.8 <0.001
7419C-T 3 8 6 ± 0.5 <0.001
7420A-G 3 64 64 ± 7.2 <0.001
7421G-T 3 110 88 ± 20 NS
7442U-G 3 116 70 ± 5.1 <0.001
7443A-G 3 123 101 ± 12 NS

a See Table 1, footnote a.
b See Table 1, footnote b.
. P, probability that the mean is not less than that of the wild type.
c NS, not significant.

fine structure at these sites is not clear in terms of alternative
base pairings.
Impairment of viral replication by a CAR/RRE structure-

conserving point mutation in region Ilb. To assess the validity
of the HIV gag expression system used in our assays, we
constructed proviral derivatives of HXB-2 with single
(7418A-T), structure-conserving, or double nonreciprocal
(7418A-T + 7415G-T) point mutations in the CAR/RRE.
These point mutations were made in the third position of
degenerate codons so as not to alter any envelope amino
acids and were chosen to create new codons that are
frequently used by HIV. Mutant and wild-type proviral
clones were transfected into A3.01, a human CD4+ T-cell
line. Both proviral mutants exhibited major, though not
absolute, impairment of growth in this system (Fig. 4). Both
mutants also supported reduced levels of virion production
after transfection into COS cells (data not shown). These
data clearly validate the gag expression assay used in these
studies as being relevant to HIV biology.

DISCUSSION

Extensive distribution of sequence specificity. The data
presented here demonstrate that sequence specificity is
surprisingly widespread throughout the CAR/RRE. What is
the significance of this specificity? The base-switching ap-
proach used rigorously distinguishes between secondary
structural and nonsecondary structural information. For-
mally, the latter includes base-specific contact points for
both inter- and intramolecular interactions (e.g., regulatory
factor binding and tertiary structure formation, respective-
ly). Much of the sequence-specific information identified
here is quantitatively and possibly mechanistically redun-
dant and is located in base-paired helices. This information
is, therefore, relatively unlikely to make critical contribu-

tions to tertiary structure. More likely, the sequence speci-
ficity derives from sequence recognition by proteins. This
sequence recognition by proteins may involve direct contact
with specific bases or recognition of specific features of the
phosphate backbone which are determined by stacking in-
teractions.
The distribution of sequence-specific information in the

CAR/RRE Rev-binding domain, loosely considered regions
II and III (26, 28, 45, 49), was unexpected. The data
presented here suggest the existence of redundant informa-
tion roughly evenly distributed among stems Ila, Ilc, and III.
Although these stems are in the Rev-binding domain, some
of the sequence-specific information here may be required
for the binding of critical cellular factors prior to the occu-
pancy of the region by Rev. However, it is more likely that
the sequence specificity of this region derives from se-
quence-specific recognition by Rev. The work of Holland et
al. (28) showed that stem Ila is a critical binding site for Rev.
Their suggestion that the recognition site extends also into
stem IIb was, unfortunately, based on mutations that did not
distinguish between sequence alterations and secondary
structural alterations capable of disturbing neighboring bind-
ing sites. Furthermore, their failure to detect a requirement
for stems Ilc and III may derive from the existence of a 1-bp
mismatch (bulge) found at the base of stem III in the pNL43
CAR/RRE used in their studies. The existence of this
mismatch may render the pNL43 CAR/RRE partially defec-
tive to begin with. The protection data of Kjems et al. (37)
suggested three binding sites in this region, each binding site
consisting of one stem with additional material extending
into part of stem IIb. These data did not determine, how-
ever, the relative importance of the binding sites. Nor did
they distinguish between bases that were protected and
bases that were required for binding and presumably func-
tion. The data of Cook et al. (7) suggested the minimal
Rev-binding element consists of stems IIc and Ilb and the 5'
strand of stem Ila. The data presented here demonstrate in
vivo that stems IIa and IIc are roughly equivalent in signif-
icance and suggest that stem III may play a relatively
secondary role in CAR/RRE function. Previous data have
demonstrated that deletion of either stem IIc or III abolishes
function (13, 14). Our data also support previous work
suggesting that Rev needs to multimerize on the CAR/RRE
to have function (43, 48). Entirely unexpected was the
finding of sequence-specific information within bases in stem
IIb which by protection analysis are not bound by Rev. We
discuss this more fully immediately below.

Sequence specificity in the Ilb region is unusually critical.
The sensitivity of CAR/RRE function to structure-conserv-
ing mutations in the Ilb region clearly demonstrates that this
region is unique. Nowhere else in the molecule is sequence
information so crucial. At least four bases in this region,
7392G, 7418A, 7419C, and 7420A, contain critical base-
specific information (summarized in Fig. 5). Mutating any of
these bases to bases which either disrupt or conserve the
proposed base pairing reduces function. Interestingly, two of
these bases, 7392G and 7418A, pair with each other. The
information at positions 7418 and 7419 is particularly critical.
Consistent with the exquisite sequence specificity of 7418A
and 7419C, we note that with gag expression vectors, such
as the one used here, all previously reported deletions of
these bases in the CAR/RRE severely impair the Rev re-
sponse (14, 28) or Rev binding (7). Two bases in this region,
7394C and 7415G (which may pair with one another), are
listed as probably sequence specific (Fig. 5) because muta-
tions can be made at these positions which, while only mildly
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FIG. 2. Phylogenetic conservation of base pairing in the Ilb region of the CARIRRE of primate immunodeficiency viruses. All of the

individual base-pairing schemes shown represent optimal free-energy foldings, except for the proposed G-A base pairings (see Materials and
Methods and Discussion). The different pairing schemes of the HIV-2 and SIV strains shown represent the major variations of the theme of
sequence and base-pairing patterns within these strains. The conserved sequence elements AUGGG and CA are shown as reference points.
Dotted lines indicate alternative base pairings. On the basis of both phylogenetic data and known thermodynamic contributions, there is no
strong reason to favor one of the two alternative C-G pairings (positions 7394 to 7415 or 7394 to 7416 in HIV-1). Furthermore, the possibility
that in conjunction with a two-nucleotide bulge (positions 7414 and 7415 in HIV-1), the Ilc stem is extended by an additional G-A base pair
must be considered as another alternative conformation. This latter conformation is also reflected in the base-pairing schemes of the simian
immunodeficiency viruses.

disruptive of the proposed structure, seriously impair the
function. However, it is difficult to factor out sequence
specificity from structural specificity with the mutations
analyzed at these positions. Furthermore, the proposed fine
structure at these points is unclear with respect to alternative
base pairings. At least five positions, 7414, 7417, 7421, 7442,
and 7443, in and around stem lIb have no or minimal
base-specific information. Position 7413 may also lack sig-
nificant base specificity. Structure-conserving substitutions
can be made at these positions with no or minimal effect on
function. The presence or absence of base specificity at
positions 7390, 7391, 7393, 7395, 7413, and 7416 remains to
be determined.
The exquisite sequence specificity of the Ilb region forcefully

constrains mechanistic models of Rev action. The Ilb region is
centrally located with respect to the stem regions protected
by Rev protein bound to the CARIRRE in vitro (37). IlIb
sequences close to stems Ha, lIc, and III are protected by
Rev binding, but the functionally critical bases at positions
7418 and 7419 actually become hypersensitive to RNase T2
upon Rev binding (37). This hypersensitivity has an un-

known physical basis, but it should preclude the possibility
that Rev remains bound to these bases directly. This sug-
gests two testable alternative possibilities for the role of the
central Ilb region. One possibility is that it is a site for
sequence-specific recognition by critical cellular factors ei-
ther before or after Rev binding. In the latter case, Rev may
bind to regions hIa, lIc, and III, melt out the Ilb region, and
present it for cellular factor binding. In support of this
possibility, we note the following two observations: (i) the
lIb region is contained within a fragment of the CAR/RRE
reported to specifically recognize a nuclear cellular factor
(67) and (ii) upon binding Rev, CAR/RRE RNA undergoes a
conformational change consistent with a partial unfolding
(11). Another possibility is that the sequence-specific infor-
mation within region Ilb may serve a critical role in Rev
binding. For 7418 and 7419 to be critical Rev contact points,
however, rev would have to bind and then migrate away
from positions 7418 and 7419. The requirement that Rev
multimerize on the CARIRRE in order to function properly
(43, 48) suggests the attractive possibility that lIb might
nucleate Rev binding. A small number of sequence-specific-
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binding events in the contiguous regions could extend into a

nonspecific polymerization of Rev along an entire RNA
molecule, protecting it from the nuclear splicing machinery
(cf. references 34 and 70).

Conservation of sequence in region Ilb. Because the CAR/
RRE is in a conserved and functionally important region of
gp4l, it is often difficult to attribute sequence conservation in
this area to either protein-coding constraints or CAR/RRE
requirements. Conservation of base 7418A, however, is
unambiguously due to CAR/RRE requirements. This posi-
tion is the third base in a valine codon (Fig. 5). Regardless of
the significance of the proposed base pairing, valine could
readily be encoded by G (structure disruptive) or U (struc-
ture conserving) at this position. These mutations would still
use codons frequently used by HIV-1.

Conservation of secondary structure in region IIb. The
strongest evidence supporting the base-pairing scheme pro-
posed here for region IIb is that the base pairing is highly
conserved among all primate immunodeficiency viruses,
even in the presence of envelope coding sequence heteroge-
neity. The data presented support the proposed base pairing.
All mutations which preserve wild-type activity preserve the
region IIb base-pairing scheme. All mutations which disrupt
this base pairing impair function. The exquisite sequence
specificity in the IIb region has unfortunately prevented us

from obtaining functional double reciprocal mutants which
could prove the proposed structure (13). Although the con-

servation is proposed to include G-A base pairs, they are not
unusual. After the Watson-Crick and G-U base pairings
occurring in folded RNA structures, the G-A is considered to
be the most regular among the non-Watson-Crick base pairs.

B Ha
7446 . * 7387

0 n
4, C:~ 7391G-C -

> u 7392G-C++
IJII .:G G @ /7393G-C +
742400
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FIG. 3. Analysis of point mutations in and around the IIb region.
Dotted lines indicate G-A base pairings. All other proposed base
pairings are indicated by solid lines. (A) Mutations that conserve the
proposed base pairing in region Ilb; (B) mutations that cause major
disruptions in the pairing scheme; (C) mutations that cause only
minor disruptions without grossly altering the proposed base-pairing
scheme. Stability calculations were done as for the base-switched
mutants (see Materials and Methods). Quantitation is the same as
for Fig. 1.

G-A pairs have strong stacking properties and can show
hydrogen bonding (57, 64). They are frequently found both
flanking helical ends and closing internal loops (22, 66, 71).
The proposed helicity of this region is consistent with the
protection data reported by Kjems et al. (37), which show a
lack of reactivity of these nucleotides to single-strand-
specific reagents. The seemingly inconsistent poor reactivity
of this region with double-strand-specific reagents, such as
RNase CV, may derive from tertiary shielding by the sur-
rounding stems or by the bulges and imperfect base pairings
present in region Ilb. RNase CV is known to fail to recognize
documented RNA helices (50).

Sequence specificity outside of the rev-binding domain. At
present, the presence of sequence specificity outside of the
rev-binding domain is indicated primarily by the low level of
function remaining after base switching together all of do-
mains I/I', IV, V, and VI. Admittedly, however, computa-
tionally analyzing such a large and complex region is more
difficult than analyzing the effects of base switching a single
stem. Nevertheless, we note that base switching this large
region reduces function by about the same amount as
deleting all of domain IV-VI (14). None of the information
uniquely present in the I/I', IV, V, or VI domain seems
sufficient to account for all of the information present in the
region taken as a whole. Base switching domain I/I' may
actually boost Rev-responsiveness. However, the small
boost observed in this construct may derive from the lack of
sequences 3' to the minimal CAR/RRE, which sequences
have been deleted during the construction of this truncated
CAR/RRE analog (14) (see Materials and Methods). Vectors
similar to ours have been shown elsewhere to tolerate
deletion of domain IV with no loss of Rev responsiveness
(28). Base switching domain V has a minimal effect on
function. Base switching domain VI moderately impairs
function but not enough to account for the impairment in
BS(I/I', IV, V, & VI), P < 0.01. Furthermore, deleting all of
domain VI has no discernible effect on function (14). Al-
though more extensive mutagenic analysis of this region
needs to be done and is under way, the sequence information
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FIG. 4. Replication in T4+ cells of HXB-2 provirus clones with point mutations in the CAR/RRE. Two different concentrations of each
mutant (2.5 or 5 ,ug of DNA per 10 x 106 cells) were transfected into A3.01 cells at day 0. Aliquots were removed for reverse transcriptase
at the indicated times.

outside of the Rev-binding domain seems to be quantita-
tively redundant. This information could determine minor
binding sites for Rev as suggested by the protection assays of
Kjems et al. (37) or could determine binding by critical
cellular factors.
The interaction of the Rex protein of human T-cell leukemia

virus type I with the CAR/RRE supports the notion that

IIa
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N 7421 7394p

1420c 739
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FIG. 5. Sequence specificity and conservation in and around the

Ilb region of the CAR/RRE. Underlined bases are conserved among
all the HIV-1 strains analyzed. Selected envelope amino acids are

listed near their codons. S, strongly sequence specific; s, mildly
sequence specific; P, probably sequence specific; N, not sequence

specific; ?, presently undetermined.

critical cellular factors recognize regions outside the Rev-
binding domain. Rev and Rex share virtually no amino acid
homologies yet they are teleologically and mechanistically
almost identical (4, 15, 16, 21, 25, 30-32, 36, 59, 61).
Although both functionally interact with the CAR/RRE (21,
41, 54, 56, 63), they interact with different regions: Rev
interacts primarily with regions II and III and Rex interacts
primarily with regions IV(?), V, and VI, both seeming to
require various amounts of region I/I' for full activity (1, 3,
29, 63). It is likely that HIV has pirated via the CAR/RRE a

complex cellular system involved in RNA splicing and/or
transport. In this cellular system, the RNA target would
interact with multiple cellular factors, some of which are

presumably regulated to control the fate of the RNA to
which they are attached. We speculate (Fig. 6) that Rev and
Rex have each mimicked one set of cellular factors, sup-
planting their regulation but operating in conjunction with at
least some of the other factors. This suggests the existence
of at least two sets of cellular factors, of which one set is
Rev-like and binds in conjunction with Rex while the other is
Rex-like and binds in conjunction with Rev. According to
the model suggested in Fig. 6, the lack of synergy between
Rev and Rex (1) could be explained by an intermediate set of
proteins which bind to regions of the CAR/RRE falling
within both the Rev domain and the Rex domain if Rev and
Rex each mimic the intermediate proteins as well.
The impaired growth of proviral clones with point muta-

tions in the CAR/RRE validates the Rev-dependent gag

expression assay. Discrepancies in the literature concerning
the biological effects of mutating various regions of CAR/
RRE exist. In general, Rev-dependent expression systems
that use heterologous genetic material in the regulated tran-
scriptional unit, such as heterologous splice sites (44) or
bacterial indicator genes (55), are more tolerant of mutations
than are HIV-1 gag expression systems similar to the one
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Alternative protein complexes

4IV!

VI

CAR/RRE
FIG. 6. Protein-RNA interactions proposed for maximal Rev response. Only factors required for maximal response are diagrammed.

Presumably other cellular factors bind to undetermined locations, possibly region lIb. Suboptimal responses can presumably occur in the
absence of some of the diagrammed factors.

used here (12, 14, 28), which offer the advantage of contain-
ing only HIV genetic material in the regulated transcriptional
unit. Point mutations which impair the function of the
CAR/RRE in our assay system also impair viral growth in
tissue culture. This convincingly validates the use of the gag
expression assay as a measure of CAR/RRE function. The
various alternative assays are by no means invalid, however.
Rev is called upon to function at multiple points during the
processing of RNA in the nucleus. To rescue full-length
genomic RNA and gag-pol mRNA, Rev must intervene
before the first splicing event. To rescue intermediately
spliced RNAs, Rev must intervene at various points beyond
the first splicing event. The kinetic requirements of these
diverse events should be expected to differ from one an-
other. It is likely that the diversity of assay sensitivities
mirrors the diversity of roles for the Rev axis of autoregu-
lation.
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