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ABSTRACT Expression of the structural proteins of hu-
man immunodeficiency virus type 1 requires the direct inter-
action of multiple copies of the viral Rev protein with its highly
structured RNA target sequence, the Rev response element
(RRE). Nucleotides critical for Rev monomer binding have
been mapped by chemical interference to a single site flanking
the base of an RNA helix (stem HB) located within the
234-nucleotide RRE. Binding of additional Rev molecules to an
RRE probe did not require any RNA primary sequence infor-
mation detectable by modification interference beyond that
required for binding of a single Rev protein molecule. A
synthetic 29-nucleotide RNA molecule designed to incorporate
nucleotides identified as critical for Rev binding retained the
ability to bind Rev specifically and, therefore, represents a
minimal Rev-binding site. We propose that Rev binding to the
RRE initiates with the direct interaction of a Rev monomer
with a high-affinity binding site located at the base of the IIB
stem of the RRE. The subsequent formation of Rev multimers
on the RRE appears, in contrast, primarily driven by specific
protein-protein interactions.

The Rev gene product ofhuman immunodeficiency virus type
1 (HIV-1) is an RNA-sequence-specific nuclear regulatory
protein essential for HIV-1 replication in culture (1-6). The
target sequence for Rev, the rev response element (RRE),
was initially defined as a complex 234-nucleotide (nt) RNA
stem-loop structure located within the viral env gene (7). At
least two, and possibly as many as eight, Rev molecules have
been shown to bind specifically to the full-length RRE in vitro
(3-5, 8-10). Footprinting experiments suggest that these Rev
protein molecules occupy discrete sites on the RRE (10).
Although we and others have argued that the formation of
Rev multimers on the RRE reflects the sequential binding of
multiple Rev monomers (8, 9), it has also been suggested that
the formation of multimers may be a prerequisite for Rev
binding (11).

Mutational analysis of the 116-amino acid Rev protein has
shown that an arginine-rich stretch of amino acids is critical
for sequence-specific binding to the RRE, whereas flanking
sequences are important for the formation of Rev multimers
on the RRE (8, 11, 12). It has therefore been proposed that
this Rev "multimerization" is mediated, at least in part, by
protein-protein interactions (8, 9, 11, 12). Rev mutants that
have lost the ability to form multimers on the RRE in vitro
display a recessive negative phenotype in vivo (8, 11).

Mutational analysis of the RRE has defined a 66-nt sub-
domain, termed stem-loop II (SLII) (Fig. 1A), that is both
necessary and sufficient for high-affinity Rev binding in vitro
(4, 5) and that displays at least partial RRE function in vivo
(16). This RRE subdomain can bind up to three Rev mole-
cules in vitro (9, 10). More recently, a 40-nt sequence

contained within SLII has been proposed as a minimal RNA
substrate based on its ability to bind a single Rev monomer
(9). Here, we identify several noncontiguous nucleotides
located within SLII that mediate Rev binding to the RRE. A
29-nt RNA oligomer that contains the minimal Rev-binding
site predicted by this analysis retains the ability to bind Rev
specifically.

MATERIALS AND METHODS
Preparation of RNA Substrates. We have described (4) a

plasmid, based on the in vitro transcription vector pGEM-
3Zf(+) (Promega) that contains the complete RRE SLII
sequence. Unlabeled SLII RNA was synthesized by using
SP6 RNA polymerase and purified as described (4). Oligo-
ribonucleotides were synthesized by the solid-phase method
on an Applied Biosystems model 391 DNA synthesizer using
2'-silyl-5'-dimethoxy-trityl phosphoroamidites (ChemGenes,
Needham, MA). Synthesis and deprotection protocols were
done essentially as described (17-19). Denaturing PAGE was
used to purify full-length material. RNAs were 5' end-labeled
by using [Iy-32P]ATP (3000 Ci/mmol, Amersham; 1 Ci = 37
GBq) and T4 polynucleotide kinase (New England Biolabs)
or 3' end-labeled by using [5'-32P]pCP (3000 Ci/mmol, New
England Nuclear) and T4 RNA ligase (New England Bio-
labs). End-labeled RNAs were subsequently repurified by
electrophoresis through denaturing polyacrylamide gels.
RNA-Binding Assays. The recombinant 116-amino acid

form of the HIV-1 Rev protein purified from Escherichia coli
has been described (3, 4, 8). Wild-type and mutant (M4) forms
of Rev were also expressed in E. coli as GST fusion proteins
and were purified as described (8). The conditions for in vitro
complex formation between HIV-1 Rev and its target RNA
and their visualization by native gel electrophoresis have
been described (4, 8). A standard binding reaction contained
10 mM Hepes (pH 7.6), 0.5 mM EGTA, 2 mM MgCl2, 10%YO
glycerol, 25 mM NaCl, 150 mM KCl, 1 mM dithiothreitol,
bovine serum albumin at 7.5 ,ug/ml, and RNA guard at 100
units per ml (Pharmacia LKB). Each incubation (10 ,ul) also
included 500 ng of yeast tRNA as a nonspecific competitor,
except where additional specific or nonspecific competitor
was added, as indicated in the text.
Chemical Interference Assays. End-labeled purified SLIT or

SLIIB RNA samples were modified under denaturing con-
ditions by using DEPC (15). Approximately 5 x 105 cpm (0.5
pmol) of chemically modified RNA was incubated with
sufficient Rev protein to bind -25% of the RNA probe into
higher-molecular-weight complexes. These complexes were
resolved by using nondenaturing PAGE and visualized by
autoradiography (4, 8). The "bound" and "free" RNAs were

Abbreviations: HIV-1, human immunodeficiency virus type 1; RRE,
Rev response element; DEPC, diethylpyrocarbonate; SLII, stem-
loop II; nt, nucleotide(s); GST, glutathione S-transferase.
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FIG. 1. The RRE SLII domain contains a high-affinity Rev binding site. (A) Computer-predicted secondary structure of the SLIT domain
(7). Nucleotides and RNA stem structures are numbered according to Malim et al. (7). The general validity of this secondary structure prediction
has been confirmed both by mutational analysis and by analysis of in vitro nuclease sensitivity (4, 6, 10, 13, 14). Arrows are used to indicate
two additional base pairs predicted by the analysis of Dayton et al. (13). Individual nucleotides shown by chemical interference analysis as
important for Rev binding are indicated: dark circles indicate strong interference (>80%o), light circles indicate substantial interference (50-80%6),
and interrupted circles indicate mild interference (20-500%o), as determined in Fig. 2. Lowercase letters indicate a 4-nt extension of the IIA stem
introduced during cloning (8). (B) Analysis of the interaction of the SLII probe with Rev. A constant level of a 5' end-labeled SLII RNA probe
(-104 cpm per lane), which had been chemically modified by diethylpyrocarbonate (DEPC) treatment (15), was titrated with increased levels
of recombinant glutathione S-transferase (GST)-Rev protein (8). Binding of the probe was visualized as slower migration upon electrophoresis
through a native polyacrylamide gel. As described (4, 8), at least two distinct specific protein-RNA complexes, termed CI and CII, are detected.
Lanes: 1, 625 ng of GST-Rev protein; 2, 125 ng of GST-Rev; 3, 25 ng of GST-Rev; 4, 5 ng of GST-Rev; 5, no added protein.

excised, electroeluted with a Hoeffer GE 200 gel elutor,
phenol-extracted, and ethanol-precipitated. The purified
RNA samples were then subjected to aniline scission fol-
lowed by three rounds of lyophilization (15). The cleaved
RNA was analyzed by electrophoresis through denaturing
12% or 20%o polyacrylamide gels. An alkaline hydrolysis
ladder, as well as T1 and U2 RNase cleavage ladders gener-
ated from the unmodified test RNA, were run alongside the
chemically cleaved RNAs to permit identification of individ-
ual bands after autoradiography.

RESULTS
To identify specific nucleotides within RRE SLII that are
required for the interaction of Rev with the RRE, we exam-
ined the effect of limited chemical modification of bases
within the SLII RNA probe on its ability to bind Rev. The
modifying agent chosen, DEPC, carboxyethylates the N7
position of adenosine and, to a lesser extent, guanosine
residues (15); this modification results in the opening of the
purine imidazole ring and can interfere with protein-RNA
interactions dependent upon the integrity of that base. A 5'
end-labeled SLII RNA probe modified with DEPC was
incubated with sufficient recombinant, 116-amino acid Rev
protein to bind -3Wo of the input probe. The bound SLII
RNA probe was then separated from free probe by nonde-
naturing PAGE. Subsequently, the free and bound RNA
probe was recovered from the gel and treated with aniline, a
reagent that cleaves the RNA adjacent to purine residues
modified by DEPC (15), before electrophoresis through a
12% acrylamide/urea sequencing gel (Fig. 2). Purine resi-
dues, the modification of which interferes with the formation
of Rev-RRE complexes, are identified by the absence of
nucleotide-specific bands in the samples derived from the
bound RNA (lanes 1) that are present in the free probe (lane
2). Inspection of Fig. 2 revealed several purine residues that
play a role in Rev binding by the RRE. These purine residues,

indicated in Fig. 1A, can be roughly divided into three classes
by whether their modification by DEPC leads to complete
interference (GI, G70, G71, A73), substantial interference
(G47, G', G50), or mild interference (A52, G53, A75).
As noted above, the HIV-1 Rev protein can multimerize on

the viral RRE to form a series of distinct protein-RNA
complexes (3-5, 8-10). These complexes, which contain
increasing numbers ofRev molecules bound to a single RRE
(8, 9), can be resolved by nondenaturing gel electrophoresis.
We therefore asked whether additional RNA sequence in-
formation is required for the binding of a second Rev mole-
cule to an SLII RNA probe that is dispensable for the binding
of a single Rev monomer. To identify the optimal ratio ofRev
protein to SLII RNA for the formation of mono- and dimeric
complexes, a constant level of the DEPC-modified, 5' end-
labeled SLII probe was incubated with increased amounts of
recombinant GST-Rev fusion protein (Fig. 1B). This fusion
protein binds the RRE with high specificity and affinity, and,
by virtue of its increased molecular weight, greatly enhances
the resolution ofRev-RRE complexes (8). In agreement with
previous reports (8-10), this titration (Fig. 1B) demonstrated
the sequential appearance of complexes CI and CII as the
relative level of the GST-Rev protein was increased. The CI
complex has been shown to contain a single Rev monomer
bound to a single SLII RNA molecule, whereas CII contains
two Rev monomers bound to the SLII RNA (8, 9).

Preparative gel-retardation analysis, under the conditions
visualized in Fig. 1B, lane 2, was used to isolate SLII RNA
molecules present in the CI and CII complexes, as well as free
SLII RNA. As predicted, the GST-Rev fusion protein gave
rise to a pattern ofmodification interference indistinguishable
from the pattern observed with the 116-amino acid Rev
protein (Fig. 2, lanes 1 and 4). More importantly, comparison
of the interference pattern seen in the CI and CII Rev-RRE
complexes with either 5' end-labeled (Fig. 2, lane 4 vs. lane
5) or 3' end-labeled (data not shown) probes revealed no
detectable additional sequence requirement for formation of
the CII complex beyond that seen for the CI complex.

Biochemistry: Tiley et al.
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FIG. 2. Chemical interference analysis of Rev binding to the SLI1
RRE probes. A DEPC-modified, 5' end-labeled SLII RRE probe was
incubated with sufficient 116-amino acid Rev protein (lane 1),
GST-Rev protein (lanes 4 and 5), or GST-M4 protein (lane 7) to bind
between 20%o and 30%o of the input probe. Free probe (lanes 2, 3, and
6) and either total bound probe (lane 1) or probe present in the CI
(lanes 4 and 7) or CII (lane 5) protein-RNA complexes were isolated
by native gel electrophoresis (Fig. 1B) and cleaved by treatment with
aniline. A total of 4 x 103 cpm derived from each RNA sample was
subjected to electrophoresis through a denaturing 12% polyacryl-
amide gel, and the cleavage products were visualized by autorad-
iography. Nucleotides that displayed chemical interference are com-
piled in Fig. 1A.

We have described (8) a phenotypically negative mutant of
Rev, termed M4, that binds the RRE with essentially normal
affinity to form the monomeric CI complex but is then
incapable of multimerizing on the RRE-i.e., no CII complex
is formed. To address the RNA sequence specificity of this
Rev mutant, we analyzed complex formation by M4 mutant
on the modified SLII RNA probe in parallel with the wild-
type Rev protein. The pattern of interference in the single CI
complex formed by M4 mutant (Fig. 2, lane 7) was indistin-
guishable from that seen with wild-type Rev.
The data of Fig. 2 suggested that the RRE residues directly

involved in binding Rev are clustered at the base of the IIB
stem in SLIT. This hypothesis predicts that a short RNA
oligonucleotide that retained the IIB stem and flanking se-
quences might also retain the ability to bind Rev. Conversely,
these chemical modifications could also have resulted in
changes in RNA structure that indirectly interfered with
RNA binding and, therefore, did not, in fact, map a binding
site for Rev. In an attempt to distinguish between these two
possibilities, we chemically synthesized (17-19) a 29-nt RNA,

extending from residue 45 to residue 75 within the RRE but
lacking residues 56 and 62 (Fig. 3A) and tested the ability of
this SLIIB sequence to bind Rev specifically. Fig. 3B shows
that this 29-mer retained the ability to bind both the wild-type
GST-Rev protein as well as the GST-M4 protein. However,
the SLIIB probe differed from SLII and from the full-length
RRE in that only a single protein-RNA complex was de-
tected, even at very high levels of input GST-Rev protein.
This protein-RNA interaction was specific, as it could be
inhibited by unlabeled specific competitor (either SLIIB or
SLII RNA) but not by similar levels of a nonspecific com-
petitor, yeast tRNA (Fig. 3C). The observation that SLII
RNA competed significantly more effectively than SLIIB
RNA in this assay suggests that Rev has a higher affinity for
SLII than for the minimal SLIIB oligonucleotide (see below).
To more completely determine the degree to which this

SLIIB probe reproduced the interaction of Rev with the
complete RRE SLII RNA, we performed a modification
interference analysis on this RNA oligomer after end-labeling
at either the 5' (Fig. 4, lanes 1 and 2) or 3' (lanes 3 and 4) end.
The results of this analysis, summarized in Fig. 3A, revealed
a pattern of interference similar to that seen with the full-
length SLII sequence. Minor differences noted include a
significant level of interference at residue G67 and an apparent
enhancement in Rev binding upon modification of residue
A68.

DISCUSSION
The interaction of Rev with its cis-acting RNA response
element, the RRE, is essential for the activation of HIV-1
structural gene expression and, hence, for viral replication
(1-6). Although the full-length 234-nt RRE element is re-
quired for maximal RRE function in vivo, it has also been
demonstrated that a 66-nt subdomain of the RRE, termed
SLII, is both necessary and sufficient for high-affinity binding
to Rev in vitro (4, 5). In this report, we have attempted to
define specific nucleotides within SLII required for Rev
binding. These experiments identified 10 purine residues
clustered at the base of the SLIIB helix that, when modified,
interfered with Rev binding (Fig. 1A). The hypothesis that
these residues map the primary binding site of Rev on the
RRE is supported by previous mutational analyses of the
RRE (4, 6, 13, 14). In particular, the SLIIB stem has been
shown to be required for Rev binding and RRE function,
whereas the SLIIC stem is essentially dispensable (4, 6, 9).
Also the structural integrity of the IIB stem has been shown
to be critical, rather than its specific sequence (4, 6). This
result is consistent with our observation that Rev sequence
specificity lies primarily at the base of the SLIIB stem and in
the immediately flanking RNA sequence, rather than in the
central helical portion of the stem. Our identification of RRE
residues G4-G48 as important for Rev binding (Fig. 1A) is
also consistent with a previous report that substitution of
these three guanines with pyrimidine residues disrupts RRE
function (14). The importance of these purine residues in
RRE function is further supported by their conservation
among cloned HIV-1 proviruses, including the highly diver-
gent Zairian isolates (20).
Our analysis of Rev sequence specificity suggested that

RRE stem IIB, together with its flanking sequences, repre-
sents a minimal Rev-binding site. This hypothesis was con-
firmed by the observation that a 29-nt RNA oligomer (Fig.
3A) that incorporated these sequences retained the ability to
bind Rev specifically (Fig. 3 B and C) and displayed essen-
tially the same chemical interference pattern as the complete
SLIT probe (Fig. 4). We note that this 29-nt SLIIB probe is
completely contained within a 40-nt RRE sequence, extend-
ing from position 39 to 78 within SLII (Fig. 1A), which was
recently shown by Cook et al. (9) to bind Rev.

760 Biochemistry: Tiley et al.
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FIG. 3. The RRE SLIIB region represents a minimal Rev-binding site. (A) Computer-predicted (20-22) secondary structure ofthe 29-nt SLIIB
probe. This sequence is derived from nt 45-75 of the RRE (Fig. 1A) but lacks (A) nt 56 (uridine) and nt 62 (adenosine). Individual nucleotides
shown by chemical interference analysis (Fig. 4) to be important for Rev binding are indicated (see Fig. 1A for code). The + + adjacent to nt
A68 indicates that DEPC modification of this residue slightly enhances Rev binding (Fig. 4, lanes 3 and 4). (B) Analysis of the interaction of the
indicated SLIIB probe with wild-type GST-Rev protein (lanes 1-4) or with GST-M4 Rev mutant (lanes 5-8). A constant level of 32P-end-labeled
synthetic SLIIB probe was titrated with increased levels of the indicated Rev fusion proteins. Lanes 1 and 5, 1 ,ug of GST fusion protein; 2 and
6, 333 ng of protein; 3 and 7, 111 ng ofprotein; 4 and 8, 37 ng of protein. (C) A constant level ofthe 3' end-labeled SLIIB RNA probe was incubated
with 1 ,.&g of GST-Rev protein (except lane 1, which serves as a negative control) in the presence of increased levels of the indicated unlabeled
competitor RNAs. Lanes: 1, SLIIB probe only; 2, no additional RNA competitor; 3, 10 ng of SLIIB RNA; 4, 50 ng of SLIIB RNA; 5, 250 ng
of SLIIB RNA; 6, 1250 ng of SLIIB RNA; 7, 10 ng of SLII RNA; 8, 50 ng of SLII RNA; 9, 250 ng of SLI1 RNA; 10, 10 ng of tRNA; 11, 50
ng of tRNA; 12, 250 ng of tRNA; 13, 1250 ng of tRNA.

Although the minimal SLIM probe binds Rev specifically,
our data also indicate that the affinity of Rev for this probe
is significantly lower than that seen with the complete SLII
sequence (Fig. 3C). It therefore appears that the sequences
around SLIM could be constrained into a particularly favor-
able conformation by the remainder of SLII. Computer
analysis (20-22) of the SLIM probe (Fig. 3A) suggests that
this RNA could fold to form a guanine-rich bulge sequence
flanked on one side by the IIB stem and on the other by a
short RNA helix not predicted by our earlier analysis (10) of
the complete SLII RNA sequence (compare Fig. 1A). How-
ever, the formation of these two base pairs in the context of
the intact RRE has been predicted by others (13). The
observation that A75 is not accessible to DEPC modification
under native conditions (T. Critchley and P.G.S., unpub-
lished observations) but readily modified under denaturing
conditions (Fig. 2) may also suggest that this nucleotide is
base-paired in SLII (23). Recently, the formation of such a
second helical region adjacent to the base ofthe IIB stem was
proposed to be critical in Rev binding (9). Therefore the
relative instability of this short RNA helix in the context of
the minimal SLIIB RNA probe could contribute to the lower
affinity of this RNA for Rev, when compared with the
complete SLII RNA (Fig. 3C).

Several groups have reported that Rev forms multiple
complexes with the RRE that can be resolved by nondena-
turing PAGE (3-5, 8-10). With the SLII RRE probe, it has
been shown that up to three discrete Rev-RRE complexes
can be detected and that these complexes represent one, two,
or three Rev protein monomers bound to a single SLII RNA
molecule (9). In this report, we have attempted to identify
specific nucleotides involved in the binding of more than one
Rev molecule to the SLII RRE probe. Although chemical
interference readily identified RRE nucleotides critically
important for binding a single Rev molecule, no additional

RNA sequence requirements were observed for binding a
second Rev monomer (Fig. 2).
Although this observation does not demonstrate that the

binding ofRev to secondary sites is nonspecific-it could, for
example, involve specific contacts with the RNA backbone
that might not be detected by DEPC interference-it does
suggest that such secondary binding is mechanistically dis-
tinct from the primary Rev-binding event. In this context, it
is of interest to note that the M4 mutant of Rev binds to the
primary Rev-binding site efficiently (Fig. 2, lane 7) but is
unable to bind to any of the hypothetical secondary sites
located in SLII (8). It is unlikely that M4 mutant has simply
lost the ability to bind to these secondary sites, as occupation
of the primary binding site by an M4 monomer also precludes
occupation of the secondary sites by the wild-type Rev
protein-i.e., M4 and Rev are unable to form mixed multi-
mers on the RRE (8). Particularly relevant, we believe, is the
observation that M4 mutant will not only not form multimers
with the RRE but has also lost the ability to spontaneously
form oligomers in the absence of RNA in concentrated
solution. Daly et al. (12) noted that this correlation strongly
suggests that the inability to participate in specific protein-
protein interactions underlies the inability of this Rev mutant
to form multimers on the RRE.

It is of interest to compare the RNA-binding properties of
Rev with those of Tat, a second essential HIV-1 regulatory
protein that also binds to a structured RNA target site, the
viral transactivation response element (1, 24-28). Tat, also an
arginine-rich RNA-binding protein, can bind with high affin-
ity to a 3-nt pyrimidine bulge in the context of two specific
adjacent base pairs (24-28). Detailed biochemical analysis of
this protein-RNA interaction has led to the proposal that
arginine-rich RNA-binding proteins may share the property
of binding specifically at the junction of single-stranded and
helical RNA regions (25, 28), a hypothesis consistent with the
binding site for Rev proposed here (Figs. 1A and 3A). In
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tional analysis rather than chemical interference, is essen-
tially identical to the primary Rev-binding site mapped in this
work.
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FIG. 4. Chemical interference analysis of Rev binding to the
SLIIB RRE probe. A DEPC-modified SLIIB RNA probe (Fig. 3A)
end-labeled at either the 5' (lanes 1 and 2) or 3' (lanes 3 and 4) end
was incubated with GST-Rev protein, and bound vs. free probe was
separated by electrophoresis (Fig. 3B). After cleavage with aniline,
-4 x 103 cpm of each RNA sample was subjected to electrophoresis
through a denaturing 20% acrylamide gel. Nucleotides that displayed
chemical interference are compiled in Fig. 3A.

addition to high-affinity binding to a discrete site in the
transactivation response element, Tat can also form a stable,
low-affinity complex with any RNA containing a bulged
helical region (25, 26). However, unlike the interaction with
its high-affinity site, these low-affinity interactions are not
detectable by modification interference (25, 26). It is there-
fore tempting to suggest that Rev, like Tat, may also interact
with low-affinity sites on the basis of their specific secondary
structure, independent of their primary sequence (25). This
hypothesis would explain our inability to detect such low-
affinity sites by modification interference-yet would also be
consistent with the detection of discrete secondary binding
sites for Rev on the RRE with footprinting assays (10).
However, Rev appears distinct from Tat in that the binding
of Rev to such secondary sites is both biologically significant
and is clearly mediated, at least in part, by specific protein-
protein interactions (8, 11, 12).

After completion of this work, Heaphy et al. (29) reported
the identification of a single, high-affinity Rev-binding site
within the RRE. This site, which was derived from muta-
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