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Human immunodeficiency virus type 1 regulator of virion
expression, rev, forms nucleoprotein filaments after
binding to a purine-rich “bubble’ located within
the rev-responsive region of viral mRNAs

(RNA-protein interaction/RNA stem-loop structure/regulation of splicing/filament assembly)

SHAUN HEAPHY*, JOHN T. FINCH, MICHAEL J. GAIT, JONATHAN KARN, AND MOHINDER SINGH
Medical Research Council Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, United Kingdom

Communicated by Aaron Klug, May 30, 1991

ABSTRACT The human immunodeficiency virus type 1
rev protein binds with high affinity (K4 < 1-3 nM) to a
purine-rich ‘“bubble’’ containing bulged GG and GUA resi-
dues on either side of a double-helical RNA stem-loop located
toward the 5’ end of rev-response element RNA. High-affinity
rev binding is maintained when the bubble is placed in heter-
ologous stem-loop structures, but rev binding is reduced when
either the bulged residues or flanking base pairs in the stem are
altered. Rev binding to the purine-rich bubble nucleates as-
sembly of long filamentous ribonucleoprotein structures con-
taining polymers of rev bound to flanking RNA sequences. It
is proposed that rev regulates human immunodeficiency virus
RNA expression by selectively packaging viral transcripts
carrying the rev-response element sequence into rod-like nu-
cleoprotein complexes that block splicing of the packaged
mRNAs.

Transcription of human immunodeficiency virus type 1
(HIV-1) begins with the production of short fully spliced
mRNAs encoding the regulatory proteins tat and rev. As the
infection progresses, the combined activity of the rev gene
product and a cis-acting RNA sequence called the rev-
responsive element (RRE) allows the expression of the
unspliced virion RNA and partially spliced mRNAs, includ-
ing the mRNA for the env gene (1-3). It is still unknown
whether rev blocks splicing directly (4) or whether it in-
creases the rate of transport of unspliced mRNAs from the
nucleus (3).

Recent experiments have shown that the interaction be-
tween rev and RRE RNA is due to direct binding (5-7). Here
we demonstrate that rev binds with high affinity to a purine-
rich ‘‘bubble’’ containing GG and GUA residues on either
side of a double-stranded stem-loop structure present in RRE
RNA. Additional rev molecules can then polymerize and
form long filamentous ribonucleoprotein structures in asso-
ciation with the RNA sequences that flank the high-affinity
binding site. These observations suggest that rev regulates
HIV mRNA expression by packaging unspliced mRNA pre-
cursors carrying RRE sequences into protein coats, thus
preventing access to the splicing machinery.

MATERIALS AND METHODS

Expression and Purification of Rev. Rev protein was ex-
pressed and purified as described (7) or further purified by
chromatography on heparin-Sepharose. Rev was applied to
heparin columns in a buffer containing 200 mM NaCl/50 mM
Tris*HCI, pH 8.0/1 mM dithiothreitol/0.1 mM EDTA/0.1%
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Triton X-100 and eluted in buffer containing 2 M NaCl. After
gel filtration on Superose 6 (prep grade) columns equilibrated
with 200 mM NaCl/50 mM Tris-HCI, pH 8.0/1 mM dithio-
threitol/0.1 mM EDTA, the rev protein appeared homoge-
neous on SDS/polyacrylamide gels and free of RNA con-
taminants. Rev concentrations were determined by amino
acid analysis of the purified protein.

RNA-Binding Assays. DNA inserts containing RRE-related
sequences were cloned between the EcoRI (5') and HindIII
(3') sites of pGEM-1, either by cloning PCR products or by
cloning hybridized pairs of synthetic oligonucleotides. RNA
transcripts for binding experiments were prepared by tran-
scription of HindIII-cut plasmids with T7 RNA polymerase
and purified by gel electrophoresis (7). These transcripts
carry a 5' extension of 15 nucleotides contributed by the
vector and an extra adenine residue at the 3’ end from the
HindIll site. Filter-binding reactions were done essentially as
described (7, 8) by using RNA, rev, and salt concentrations
as indicated in the figure legends.

Filament Formation. Protein filaments were grown from
solutions containing 20-100 ug of rev protein per ml in 20 mM
Tris"HCl, pH 7.4/50 mM NaCl/1.0 mM dithiothreitol by slow
warming from 4°C to 25°C for a period of several hours.
Protein filaments are not formed with rev exposed to Triton
X-100. Complexes between rev protein and RNA transcripts
carrying an RRE sequence at the 5’ end were formed using
RNA at 0.01-0.1 ug/ml, and rev protein at 22-110 ug/ml in
20 mM Tris*HCI, pH 7.4/50 mM NaCl/0.1 mM EDTA/1.0
mM dithiothreitol/RNasin at 20 units/ml at 30°C for 1 hr.
Complex formation was monitored by gel-mobility shift as-
says (7), sucrose gradient centrifugation, and electron mi-
croscopy. Filaments were negatively stained with uranyl
acetate and photographed at a magnification of =50,000.

RESULTS

RRE RNA Contains a High-Affinity Rev-Binding Site. In our
previous paper we reported that as the concentration of rev
increases, progressively larger complexes with RRE RNA
are formed, whereas rev is unable to form stable complexes
with anti-sense RRE and other RNA sequences (7). This
experiment, which has recently been repeated by others (9),
strongly suggested that rev binds initially to a high-affinity
site on the RRE and that subsequently additional rev mole-
cules occupy adjacent sites. We have now shown that these
additional rev molecules bind to the RRE RNA with lower
affinity. As shown in Fig. 1, the Scatchard plot for rev binding
to RRE RNA is nonlinear, whereas a protein that forms

Abbreviations: HIV-1, human immunodeficiency virus type 1; RRE,

rev-response element.
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Fi1G.1. Scatchard analysis of rev binding to a 225-nucleotide-long
RRE RNA sequence. Binding reactions were done in buffers con-
taining 50 mM Tris‘HCI (pH 8.0), 1 ug of sonicated salmon sperm
DNA, 0.45 pug of yeast tRNA, 20 units of RNasin (Promega), and
either 200 mM (@) or 50 mM (m) KCl. Reactions at 200 mM KCl
contained 9-10 nM rev and between 1 and 90 nM RRE RNA.
Reactions at 50 mM NaCl contained 30-34 nM rev and between 1 and
90 nM RRE RNA. Data are plotted as the stoichiometry, » (the ratio
of the concentration of bound RNA to rev protein; abscissa), versus
the ratio of » to the free RNA concentration (ordinate).

one-to-one complexes with RNA, such as tat, produces a
linear Scatchard plot (8).

We have estimated the K for high-affinity rev binding by
a linear regression analysis of the high-affinity data. At 50
mM KClI (» > 0.28) there is a site to which rev binds with an
apparent K4 of 2 = 0.6 nM (50 mM KCI). At 200 mM KCl (v
> 0.10) the K, for high-affinity binding is 4 = 1.0 nM. Both
these values are consistent with previous estimates of a K4 of
between 1.0 and 3.0 nM obtained from saturation-binding
experiments (5, 7). However, it should be noted that esti-
mates of Ky by any simple binding experiment that uses
labeled RNA as a probe will include the contributions of both
the high-affinity site and the adjacent lower-affinity sites (10).

The stoichiometry of rev binding to RRE RNA is highly
dependent on ionic strength. At 50 mM KCI between six and
eight rev monomers bind to the RRE RNA, whereas the
stoichiometry of binding is =~2:1 at 200 mM KCl (Fig. 1). In
agreement with previous reports (11), we have found that rev
elutes from gel filtration columns equilibrated with 200 mM
NaCl with an apparent mass of 60 kDa (data not shown).
These results suggest that rev exists in solution as a small
oligomer, most likely a tetramer (11, 12), that can bind to
RNA.

The Purine-Rich Bubble. A complicated stem-loop struc-
ture for RRE RNA has been proposed by Malim et al. (3)
based on the RNA-folding programs of Maizel (13). How-
ever, the RNA-folding programs of Zuker (14) predict that a
more stable structure could be formed by including the
pairing of U33 and G3* with C%2 and A% on one stem and G5
with U85, respectively, on an adjacent stem. As shown in Fig.
2, these base pairs create a purine-rich bubble.

The structure shown in Fig. 2 is more consistent with the
nuclease-protection and chemical-probing data reported by
Kjems et al. (9) than the model proposed by Malim et al. (3).
For example, G, G%, and G5 are strongly modified by
kethoxal, whereas the residues G*¢, G35, and G are only
weakly modified, and none of these residues is susceptible to
cleavage by ribonuclease T1. In the structure proposed by
Zuker (14), G**, G, and G6 are stacked on one side of the
bulge, whereas G*%, G%, and G% appear more accessible. In
the original model, all these residues appeared in a large open
loop. Furthermore, A3 and A%, which are readily modified
by diethylpyrocarbonate (9), now appear as bulged residues

Proc. Natl. Acad. Sci. USA 88 (1991) 7367

>

a ¢y
A C
AU
CG
130-AU -140
AU
éé
c A
G A
GC
8
VAL 160, y
Pt VAU
GUCUGGGGC A
120-g CGGACCUCG, A
A 1 AcG
\ gA
UA S
cG 180
GU
GC
110 Gg 190 o 200 209
1
AAYyuGcUG ** Bgougu®  AAAGAUACCUAAGGG
C o AGACGAC cc;.g\ceAG é;uucu -UGGG - UUCC
100 A & 10 1
\
A A8
cGA
GcC
90-UA
GC-30
AU 40
A 1 A
] q-cAsuGUCh,
A CIAGUCGCAG
UG 50
GC P
GC
UA
cG
80-YA-70
c
UA
A
WY

FiG. 2. (a) Secondary structure for the RRE region of HIV-
1ARv-2 (residues 7786-8010) predicted by the RN A-folding programs
of Zuker (14). Residue 1 of the RRE is the first nucleotide of the Sty
I site used originally to define the location of the RRE sequence (3).
This residue corresponds to residue 12 according to the numbering
system of Kjems et al. (9). Our model differs from that of Malim et
al. (3) because the pairings of U3, G*, and G5 with A%, C%2, and
U®, respectively, allow formation of the purine-rich bubble. Base
pairing between residues A!3 and U8 and between Al8! and U186
is allowed for the HIV-1,gy., sequence shown above, but this feature
is absent in the HIV-1yxp, sequence analyzed by Malim et al. (3). (b)
Structure of the purine-rich bubble sequence.

in the structure, whereas in the original proposal these
residues were base-paired.

Rev Binds to the Purine-Rich Bubble with High Affinity.
Truncated RRE RNA transcripts containing the rev-binding
site can bind to rev with a dissociation constant similar to that
of full-length RRE (i.e., K4 = 1-3 nM). We have previously
mapped the high-affinity rev-binding site to be between
residues A2 and A% by constructing a series of short RNA
sequences spanning the RRE (7). Continuing this approach,
we have now found that the shortest T7 transcript that can
bind rev with a K4 of 1-3 nM includes RRE sequences
beginning at U and ending at C% (R19). This sequence is
predicted to fold into the stable stem-loop containing the
purine-rich bubble shown in Fig. 3a. The structure is stabi-
lized by a 4-bp stem below the bubble, which contains CU
residues derived from the T7 leader sequence.

Only the boxed sequences in the bubble region are required
for rev binding. Deletion of the bulged A, at residue 56 (R22,
Fig. 3b), or replacement of the entire upper stem sequence
with the stable RNA hairpin-loop sequence CUUCGG [R38,
Fig. 3¢, (15)] produced transcripts that bound rev with K4 =
1-3 nM. Normal rev binding was also seen when the purine-
rich bubble was inserted into an elongated RNA stem-loop
structure (Fig. 3d, R33).
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Fic. 3. Representative RNA stem-loop structures assayed for rev-binding. The sequences shown represent the full transcripts including
residues derived from vector sequences. The optimal structures predicted by the method of Zuker (14) are shown, with the purine-rich bubble
boxed. (a) Transcript R19, containing RRE sequences 33-66. (b) R22, residue A% is deleted from R20. (c) R38, the stem-loop structure C3*
to A% is replaced by the stable loop sequence CUUCGG (15). (d) R33, the stem-loop formed by residues 33-63, with residue A% deleted, was
inserted on top of a stem containing 9 base pairs (bp). (¢) R35, the purine-rich bubble is replaced by an altered sequence carrying a single bulged
guanine residue on the 5' side. (f) R34, the bulged residues G35 and G are deleted. (g) R36, the bulged residues G*-A! are deleted.

Sequence Requirements for Rev Binding. Because the R33
RNA isina very stable predicted conformation (AG® = —29.6
kcal/mol), we were able to introduce deletions and substi-
tutions within the purine-rich bubble region of R33 RNA
without disrupting its overall structure (Fig. 3 e—g; Table 1).

The bulged residues on both sides of the purine-rich bubble
are required for specific rev binding. Deletion of G*, U%, and
AS! created a structure with a GG bulge on one side of the

Table 1. Mutagenesis of the rev binding site
Ky, RNA bound, %

Mutation nM (10 nM rev)
A. Normal rev binding
R7 wild type 3 50
R33 wild type 3 40
RS57 G3.C7 - AU 3 40
B. Reduced rev binding
R35 AG* 4 35
RS0 G¥-> A 5 20
RS2 U%->C 5 18
R39 U3.A® - AU 8 15
R54 U3A8 - CG 6 17
RSS G3.C82 - AU 4 21
R42 G3C7 - CG 8 18
C. Nonspecific rev binding
R49 AG*® 2
R45 AU® 6
R46 AAS 1
R34 AG¥-G36 3
R36 AG%-A% 4
RS8 G¥—> A 6
RS53 A8l > G 5

R37 GH* > A;C¥ 5 A;

C¥ > A;C25 U 5
R4T G A 6
R40 G#C®2 - CG 3
R56 C7.G% - U-A 6
R41 C¥.G%® — G-C 2

Filter binding assays contained 20 pg of uniformly labeled RNA
probe (500 dpm per pg of RNA), 1 ug of salmon sperm DNA, 0.45
ug of yeast tRNA, and 40 units of RNasin (Promega) in 500 ul of
buffer containing 43 mM TrissHCl, pH 8.0, and 50 mM KCl.
Mutations in the purine-rich bubble sequence (numbered as shown in
Fig. 2) were introduced into the R33 stem-loop structure (Fig. 3d) by
site-directed mutagenesis.

helix (R36, Fig. 3g) and resulted in loss of rev binding.
Deletion of G** and G*¢ from the other side of the helix (R34,
Fig. 3f) or replacement of these residues with bulged adenine
residues (R37, Table 1) also abolished specific rev binding.
Nucleotide substitutions (Table 1) are tolerated at the U%®
residue (R52) and at G* (R50), but deletions or substitutions
affecting the other bulged residues resulted in complete loss
of specific rev binding. For example, replacement of G35 with
adenine (R47) or AS!' with guanine (R53) abolished rev
binding. Deletion of G** alone only reduced rev binding
slightly (R35).

The 4 bp immediately adjacent to the bulged residues in the
purine-rich bubble are also important for rev binding (Table
1). Replacement of C37-G® with a G-C bp (R41) or replace-
ment of G**C% with a C-G bp (R40) abolished specific rev
binding. Alterations to the other base pairs in the bubble
region also reduced rev binding significantly (Table 1). The
only neutral mutation that we discovered was in R57, in
which the G*¥-C5 bp is replaced by an A-U bp.

The relative affinities of rev for the R33 transcript, mutants
in the rev-binding site, and full-length RRE were also com-
pared by competition experiments (Fig. 4). Unlabeled RRE
RNA was an effective competitor and reduced rev binding to

0.8
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FiG. 4. Competition for rev binding to RRE RNA. Filter binding
reactions contained 17 nM rev, 0.5 pM labeled RRE RNA (Fig. 2),
and between 0 and 100 nM unlabeled competitor RNA. 0, RRE RNA
competitor; ®, R33 RNA competitor; o, R34 RNA competitor; and
5, R35 RNA competitor.
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the labeled RRE RNA by 50% of the initial value at a
competitor concentration of 2 nM (Dy,). The short R33
transcript was also an effective competitor and reduced rev
binding with D1, = 8 nM.

The mutations in the bubble either reduce or abolish
specific rev binding. For example, R34, which carries a
deletion of the bulged G residues G35 and G36, does not bind
rev with measurable affinity and did not compete efficiently
for rev binding against the RRE (D: /, > 250 nM). R35, which
has a bulge containing a single res1due, and is typlcal of a
mutation with reduced rev affinity had a K4 of 4 nM and
showed intermediate competition behavior (Dl/ = 16 nM).

Filament Formation by Rev. At concentrations '>100 pg/ml
rev polymerizes in low salt buffers (50 mM NaCl) and forms
a gel (7). Electron micrographs show that these gels contain
large filaments ~14 nm wide and up to 1500 nm long (Fig. 5a).
Filament formation is temperature dependent, and the long-
est filaments are grown by slowly increasing the temperature
from 4°C to 25°C over a period of several hours, suggesting
that filament formation is an entropically driven process
dependent upon hydrophobic interactions between rev mol-
ecules. The structure of the rev-containing filaments is fairly
regular, with units spaced at =4 nm. A band of negative stain
runs down the middle of the filaments, suggesting that they
are hollow tubes.

When an excess of rev is mixed with the 238-long RRE-7
transcript, short rod-like ribonucleoprotein complexes with a
preferred filament length of 60 nm are formed (Fig. 5b).
Filaments as long as 500-700 nm have been detected when a
2.4-kilobase (kb) transcript of the env gene is used as a
template (Fig. Sc). The ratios of these two filament lengths
suggest the RNA molecules are coated throughout their
entire lengths. However, because the longer filaments are
highly convoluted and tend to aggregate, a preferred length is
not obvious, and we have not been able to determine accu-
rately a packaging ratio.

The samples examined by electron microscopy were also
analyzed by sucrose-gradient centrifugation and, for the 238
RRE RNA fragment, by nondenaturing gel electrophoresis
(7). All the RNA transcripts were bound by rev and produced
high-molecular-weight complexes that could be easily distin-
guished from free RNA and were protected from digestion by
micrococcal nuclease (data not shown).

DISCUSSION

RNA Binding by Rev. The complex binding behavior of rev
has led to some confusion as to whether rev recognizes a
secondary structure or a specific sequence feature in the RRE
RNA (9, 16, 17). The work reported here demonstrates that
the RRE contains a purine-rich bubble that acts as the
high-affinity rev-binding site. However, because of its ability
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to polymerize, rev is also able to bind RNA sequences
adjacent to the high-affinity site. The binding of rev to these
lower-affinity sites is responsible for the nonlinear Scatchard
plots as well as for the formation of progressively larger
complexes between rev and RRE RNA as rev concentrations
are increased. When rev concentrations are sufficiently high,
RNA is packaged into long ribonucleoprotein filaments,
which can easily be detected by electron microscopy. Thus,
rev binding to the high-affinity site within the RRE RNA may
be considered to be the nucleation event for an assembly
process during which RNA is packaged into filamentous
coats. An analogous process occurs in the packaging of the
RNA of tobacco mosaic virus and other RNA viruses by their
coat proteins (18, 19).

Rev recognition of the bubble structure involves both the
bulged nucleotides and the two adjacent base pairs on each
side. All mutations known to abolish rev activity in vivo (20,
21) are expected to either delete or disrupt the bubble
sequence. Residues within the bubble are highly conserved in
different HIV-1 strains, except for U®, which tolerates
cytosine or guanine substitutions (13). Changes at residue 60
are not expected to impair RRE function significantly, be-
cause we have shown that the U® — C substitution produces
only a 2-fold reduction in rev binding.

The bubble sequence is highly resistant to nuclease cleav-
age as well as to modification by chemical reagents (9),
suggesting that it forms a compact and rigid structure that
locally distorts a double-stranded RNA helix. Details of the
structure are still unknown, but the bubble could, perhaps, be
stabilized by a non-Watson—Crick G-A bp (22) between G3*
and A%, as well as by stacking interactions.

Regulation of Gene Expression by Rev. RNAs carrying RRE
sequences are efficiently packaged in vitro into rod-like
filaments that can extend over many hundreds of nucleotides
and coat the entire length of a template RNA molecule.
Filament formation is facilitated by the presence of an RRE
sequence. However, rev is also able to bind nonspecifically
to RNA molecules with =20-fold lower affinity (5, 7). The
nonspecific binding of rev allows RN A molecules that do not
carry RRE sequences, such as tobacco mosaic virus RNA, to
also be packaged into filaments in vitro, provided both the rev
and RNA concentrations are sufficiently high (data not
shown). The intracellular binding reaction is likely to involve
a competition between rev and heterogenous ribonucleopro-
tein particle proteins (23), and this may restrict filament
formation to the RRE-containing RNAs.

The RNA-binding properties of rev strongly suggests that
it blocks splicing simply by packaging unspliced RNA tran-
scripts containing the RRE sequence into inaccessible ribo-
nucleoprotein complexes. Confirmation of our proposal will
require the isolation of complexes containing rev and viral

b  *c
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Fic. 5. Electron microscopy of filament formation by rev. (a) Rev protein filaments. (b) Complexes between rev protein and the
225-nucleotide-long RRE RNA transcript. (c) Complexes containing rev protein and a 2.4-kb transcript corresponding to env mRNA. Samples

were negatively stained with uranyl acetate. (x120,000.)
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mRNAs from infected cells. However, there is already indi-
rect evidence in support of an RNA packaging model for rev
activity. Rev is able to influence splicing when the RRE is
placed either in an intron or in an unspliced exon and when
the RRE is placed at various distances from splice sites (3, 4).
In addition, rev is believed to disrupt splicing in vitro by
blocking spliceosome formation (4). Finally, the in vivo
activity of rev is believed to be highly concentration depen-
dent because rev-minus viruses can only be rescued by high
concentrations of transfected rev-expressing plasmids (24).

The packaging model also provides a simple kinetic expla-
nation for the delayed appearance of the virion RNA relative
to the 4.3-kb mRNAs, such as the env mRNA (1). Because
the RRE sequence is only 535 nucleotides from the splice
acceptor sequence for the second exons of the tat and rev
genes, only a short rev filament would be needed to block
splicing at this site and allow the production of the 4.3-kb
mRNAs. Protection of the additional unused splice donor and
acceptor sites located between 1.8 and 2.0 kb toward the 5’
end of the virion RNA would require either the formation of
longer ribonucleoprotein filaments or the nucleation of fila-
ment formation by rev on secondary sites. In either case,
these processes would be expected to be more efficient
toward the end of an infectious cycle when intracellular rev
protein concentrations might be expected to be maximal.

Although our proposal implies that the physical properties
of rev can account for its biological activity, it is possible that
cellular cofactor(s) are also required (25). Mouse cells in-
fected by HIV have a rev-minus phenotype that can be
reversed after fusion to human cells (25). However, in these
experiments rev protein levels in the different cell lines were
not measured, and it is possible that less rev was expressed
in the mouse cells than in the human cells. By contrast, rev
is functional in Drosophila melanogaster cells (26).

In conclusion we note that the assembly of rev protein on
viral mRNAs carrying RRE sequences is a primary event in
the HIV life-cycle and, therefore, constitutes an important
target for therapeutic intervention. Small molecules that
interfere with either rev binding to the bubble sequence or rev
polymerization can be expected to show anti-HIV activity.
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