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IN THE SEARCH for new therapeutic
targets within the human Immuno-
deficiency virus (HIV) - the ‘Achilles

heel’ against which effective drugs may "

be developed ~ much recent attention
has focused on the viral regulatory pro-
teins Tat and Rev. These two proteins
are unique to HIV and closely related
lentiviruses, where they play comp-
lementary roles in the virus life cycle.
Tat stimulates transcription from the
viral long terminal repeat (LTR), where-
as Rev is required for the efficient ex-
pression of the late mRNAs encoding
the structural proteins of the virus.

Tat and Rev both achieve their ei-
fects by binding to cis-acting regulatory
elements encoded by the viral mRNAs;
All other retroviral regulatory proteins
studied previously interact with DNA
sequences. Studies of the interactions
of Tat and Rev with RNA are providing
new insights into the chemistry of
nucleic acid recognition. There are sev-
eral examples of RNA binding proteins
that recognize bases displayed in apical
loop and bulge structures'. By contrast,
both Tat and Rev interact with functional
groups on Watson-Crick base pairs that
are exposed within the major groove of
a distorted double-stranded RNA. This
new principle of RNA recognition is likely
to extend to many other proteln-RNA
interactions.

Regulatory circults

Several recent reviews have described
the genetic organization of HIV**, To
summarize briefly, Tat activity requires
the trans-activation-responsive region
(TAR), a stem-loop structure found at
the 5’ terminus of all the mRNAs tran-
scripts (Fig. 1). Recent evidence sug-
gests that Tat acts largely to stimulate
elongation by RNA polymerase II, rather
than the initiation of transcription. In
the absence of Tat, most of the RNA
polymerases engaged in transcription
stall near the 3' end of the TAR RNA
stem. Tat relieves this transcriptional po-
larity and stabilizes RNA polymerases
downstream of the promoter.

Transeription of the HIV genome s
also characterized by a progressive shitt
from the synthesis of short, multiply
spliced mRNAs, which encode the viral
regulatory proteins, towards the pro-
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The human immunodeficiency virus (HIV-1) regulatory proteins, Tat and
Rev, are important potential targets for the development of new drug thera-
pies against HIV infection. Both proteins are highly specific RNA-binding
proteins that recognize cis-acting regulatory elements in the viral mRNAs.
These interactions are fascinating paradigms of a new principle of RNA
recognition in which the protein makes contact with functional groups dis-
played in a distorted major groove of an RNA duplex,

duction of late mRNAs which encode
the virion proteins. Several distinct
mechanisms of action have been sug-
gested for Rev, including the coupling
of Rev activity to splicing itself, but it
now seems most likely that Rev acts
either to stimulate the export of partially
spliced viral mRNAs from the nucleus,
or to Increase the stability of viral
mRNAs in the cytoplasm of infected
cells. Rev activity requires binding to
the Rev-response element (RRE), a
region of extensive RNA stem-loops
located within the coding sequence of
the env gene (Fig. 1),

Tat binding to the TAR RNA ‘bulge’

Highly purified recombinant Tat ex-
pressed in Escherichia coli forms one-to-
one complexes with TAR RNA with X, ~
3 nm (Refs 5-7). The binding site for Tat
on TAR RNA is defined by a U-rich tri-
nucleotide bulge in the upper stem (Fig.
2). Essentlal residues for Tat recognition
are U23 and the two base patrs immedi-
ately above the bulge, G26:C39 and
A27:U38%. The other residues in the
bulge, U or C24 and U25, appear to act
predominantly as spacers and may be
replaced by other nucleotides, or even
by non-nucleotide linkers'®. The two base
pairs below the bulge make only a small
contribution to Tat binding specificity
and are probably not points of direct
contact with the protein. Similarly, se-
quences in the apical loop of TAR RNA
are not required for Tat binding even
though this region of the RNA is es-
sential for efficient trans-activation®s3, A
likely role for the loop is to act as a
binding site for cellular cofactors of Tat.
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Recognition of specific bases in the major
groove .

What can be said about the struc-
tural basis for the Tat-TAR interaction?
Gel retardation studies have shown that
the bulge causes bending of the RNA
duplex". Weeks and Crothers? have
postulated that the U-rich bulge also
creates a distortion that opens the
otherwise narrow major groove of the
TAR RNA duplex. This important insight
was based on the observation that both
G26 and A27 show increased reactivity
to diethylpyrocarbonate (DEPC) when a
bulge of three uridine residues was pres-
ent'’, Functional group mutagenesis
studies have also provided strong evi-
dence in support of the hypothesis®.
Tat binding is considerably reduced by
methylation of the O* or N°H of U23 or
by removal of either of the N nitrogen
atoms of G26 or A27 from the major
groove'™3, By contrast, removal of the
exocyclic amino group of G26 from the
minor groove does not affect Tat bind-
ing®. Thus, hydrogen bonding in the
major groove of the RNA duplex is
essential for Tat binding.

Phosphate contacts :

Precisely how many Tat-TAR con-
tacts are base-specific and how many
invoive phosphate and sugar contacts
remalns unclear’, Tat has a very low
affinity for RNAs that lack a suitable
bulge structure. For example, Tat-TAR
binding is 1000fold stronger that Tat
bound to tRNA. However, the variation
in the binding energies between wiid-
type TAR RNA and the TAR RNA
mutants that do not respond to Tat in
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Location of the TAR and RRE elements in the HIV genome and their proposed secondary
structures. Highlighted residues are those which are implicated in specific recognition by

the Tat and Rev proteins, respectively,

pivo is comparatively small ~ only 1.25
keal mol™ or approximately the energy
assigned to one hydrogen bond. This
suggests that base-specific Interactions
between Tat and TAR RNA contribute
oniy a small amount of binding energy
on top of the high overall affinity of Tat
for an RNA with the correct bulge struc-
ture. This view is supported by recent
mapping of the phosphate contacts
between Tat and TAR RNA by chemical-
modification interference experiments’,
Ethylation of P23 or any one of five
phosphates (P36-P40) located on the
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strand opposite the U-rich bulge caused
substantial interference with Tat bind-
ing. Similarly, removal of the negative
charge at the phosphate between A22
and U23 (P23) by methylphosphonate
incorporation, also strongly interferes
with Tat binding®,

Both ‘basic’ and ‘core’ reglons required for
specific binding

Which residues in the Tat protein are
important for binding to TAR RNA?
Notable features of the 86-residue Tat
proteln from HIV-1 include a cysteine-
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rich region (residues 22-31) and a
‘core’ sequence (residues 32-47) which
are highly conserved between immuno-
deficiency viruses. The cysteines allow
Tat to bind two molecules of zinc®¥,
but the suggestion that Tat exists as a
zinc-bound dimer' Is now discounteds's.
Towards the carboxyl terminus of Tat is
a highly basic region (residues 48-57)
which appears to be involved in RNA
binding as well as in directing Tat to the
nucleus,

Purification of Tat from genetically
engineered £ coli is difficult, since its
seven cysteines oxidize readily and Tat
tends to associate with bacterial RNA,
To circumvent these problems, several
groups used peptides as models of the
Tat protein. Initially this approach
looked quite promising. Weeks et al.”
found that a proteolytic fragment of Tat
carrying the basic region and carboxyl
terminus was able to bind to TAR RNA.
Even shorter basic peptides are able to
bind to TAR RNA with affinities ap-
proaching that of Tat™®"®, and like the
protein, the peptides bind selectively to
molecules carrying a bulge and the G26
and A27 bases in the stem’®®®_{jpfor.
tunately the binding specificities of
basic peptides for TAR RNA only super-
ficially resemble that of the Tat protein.
Recent detalled comparisons of peptide
and protein binding have shown that
there are important differences which
were originally overlooked™,

When peptide and protein binding
were compared using a sensitive dual-
label filter-binding assay and refined gel
mobility shift assays, it was found that
a short peptide spanning the basic
region (residues 48-72) failed to exhibit
much discrimination between wild-type
and mutant TAR sequences™®, By con-
trast, a longer peptide (residues 37-72)
containing additional residues from the
conserved ‘core’ region had a higher
affinity for TAR RNA and was able to
discriminate between TAR RNA mu-
tants with a specificity that closely
resembled that of the Tat protein’.
These binding differences are also
apparent In comparisons between the
DEPC and ethylation interference pat-
terns for peptide and protein binding,
Peptides with reduced specificity for
TAR RNA show reduced numbers of
contacts with the bases and backbone
phosphates’,

What role could the core sequence
play in TAR recognition? The data sug-
gest that small basic Tat peptides prob-
ably do not make the same contacts as
the Tat protein, even though both the
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protein and the peptides appear to
align in the major groove of TAR RNA.
One possibility is that the core region
contributes to Tat binding specificity
by orienting the basic region within the
major groove. Alternatively, it is poss-
Ible that critical amino acid residues in
the core reglon, such as Lys41, could
form base-specific contacts in the major
groove of TAR while the basic region
forms electrostatic contacts with the
surrounding phosphates.

How does the basic region of Tat par-
ticipate in TAR RNA recognition? Many
RNA binding proteins, including the
bacteriophage A N protein?, carry argi-
nine-rich regions which appear to par-
ticipate in RNA binding. On the basis of
peptide experiments, Frankel and col-
leagues proposed that a single arginine
is all that is required for specific TAR
recognition’, In their original hypoth-
esis'® called the ‘argininefork’, it was
proposed that the arginine formed
bifurcated hydrogen bonds with only
two phosphate residues in TAR (P22
and P23). Nuclear magnetic resonance
studies of a complex between the amino
acid derivative argininamide and the
top 31 residues of TAR RNA have led
Puglisi ef al® to a refinement of the
‘arginine-fork’ model. The NMR data
suggest that in the presence of the
modified amino acid a base triple is
formed between U23 and A27: U38. This
creates a binding pocket which allows
the argininamide to insert into the
major groove by forming two hydrogen
bonds with G26 and electrostatic con-
tacts with P22 and P23. To achieve this
structure, the TAR RNA is dramatically

-

rearranged, with the U-rich bulge
forced out of the RNA duplex.

Although the data for the TAR-argt-
ninamide structure Is strong, we (the
authors) are still unconvinced that this
Interaction obeys the same rules as
Tat-TAR recognition. Tat binding is
achieved at nanomolar concentrations,

Flgure 2
() Three-dimensional representation of the Tat-binding site on TAR RNA. The structure is
based on a model proposed by Loret et a/.2 and is similar to that proposed by Weeks and
Crothers®® and the model for free TAR described by Puglisi et 22 Residues In black are

e

whereas argininamide binds only at
millimolar concentration, a difference
in binding constant of 10°. Additional
contact between Tat and RNA must be
responsible for this enormous differ-
ence. Basesubstitution experiments
have shown that the same base
residues are required both for argi-
ninamide binding and for Tat recog-
nitien™%, but such experiments cannot
determine whether the type of recog-
nition is identical. However, one of our
recent functional group mutagenesis
experiments suggests that the specifici-
ties of argininamide and protein binding

may be different. The Tat protein binds
with high affinity to TAR RNA carrying
Nemethyl-A27, a modified base that
would be unable simultaneously to
form a base triple with U23 and make a
contact with Tat”. The second central
feature of the Puglisi et af, model is that
the RNA is rearranged upon argi-
ninamide binding, It is unclear whether
Tat induces a similar conformational

shift in TAR RNA since Tat-derived pep-

tides do not produce a substantial
change in the CD spectrum of TAR RNA
upon binding®. We will have to await a

full structure determination of the
RNA-protein complex for the definitive
answer as to how Tat recognizes TAR.

RNA recognition by Rev

Rev from HIV-1 is 116 residues long
and, like Tat, it also carries an arginine-
rich sequence (residues 34-50) that
participates in both RNA binding and
nuclear localization, Indeed, the two
arginine-rich sequences can be ex.
changed without inhibiting the activity
of elther protein®. The RNA region
required for Rev activity is remarkably
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Figure 3
(a) Three-dimensional representation of the high affinity Rev binding site on the RRE RNA.
Residues in grey are thought to play a largely structural role whereas those In black are
implicated in recognition by Rev. US0 has been arbitrarily modelled stacked into the helix.
(b} Secondary structure of the region of RRE RNA involved with high-affinity Rev binding.
Open circles indicate the positions of phosphates where ethylation interferes with Rev

binding32,

large in comparison to the Interaction
. site for Tat on TAR RNA. The RRE RNA

as defined by deletion analysis is more
than 300 nucleotides long and has an
elaborate secondary structure (Fig, 1)%.
Virtually the entire RRE sequence is
required for the full biological activity
of Rev in vivo®, '

RNA transeripts containing the RRE
are specifically bound by Rev in vitro®=,
The binding reaction is complex and
involves an initial interaction with a
high-affinity site characterized by an
unusual ‘bubble’ structure® (Fig. 3).
Subsequently, additional Rev molecules
bind in a cooperative manner to lower
affinity sites on the flanking RNA se-
quences®. This oligomerization reaction
results in the production of a series of
discrete complexes that can be separ-
ated by non-denaturing gel electro-
phoresis®, The regular nature of the
secondary structure for the RRE (Fig. 1)
suggests that, after initial recognition of
the bubble on one arm, there is an
ordered recognition of the other five
arms. The precise detalls of Rev as-
sembly on the RRE are not yet under-
stood, although it is clear that between
six and eight Rev monomers bind to the
234 nt-long RRE RNAZZ, At high protein
concentrations additional Rev monomers
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are added and the RRE RNA Is packaged
into rod-like ribonucleoprotein fila-
ments®%,

Mutagenesis studies strongly suggest
that after nucleation at the high-affinity
Rev binding site, oligomerization at
flanking sites takes place in vivo. Rev
activity is abolished by deletion of the
high-affinity binding site, as well as by
the introduction of mutations into the
bubble that block high affinity binding
in vitro®, Similarly, mutations that dis-
rupt double-stranded regions in the
RRE invariably inactivate Rev function
in vivo™,

High affinity binding by Rev at the ‘bubbie’
structure

Recognition of the high-affinity bind-
ing site by Rev shows strong parallels
to the recognition of TAR RNA by Tat.
Both proteins recognize base pairs in a
distorted major groove of duplex RNA,
as well as making contacts with the
adjacent phosphates.

Synthetic RNA duplexes containing
the bubble structure and flanking base
pairs, are able to form a oneto-one
complex with Rev (K, - 3 nm; Rels 37, 38).
The two base pairs on either side of the
bubble are involved in basespecific
contacts with the protein. N'-Carboxy-

——ﬁ
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ethylation by DEPC of any of the
purines flanking the bulged bases®™, or
removal of N" from G34¥, biocks Rev
binding. However, the bubble sequence
is not sufficient for Rev binding. Short
RNA duplexes with less than six flanking
base pairs are unable to bind Rev with
high affinity, suggesting that the region
of duplex RNA covered by Rev must
extend beyond the bubble structure®.
Ethylation interference experiments
have shown that Rev makes contact with
phosphates located on both strands of
the duplex (P33-35 and P52-54)%,
Similarly, footprinting data show that
10-14 base pairs are covered by a Rev
molecule that is positioned asym-
metrically with respect to the bubble®,

Non-Watson-Crick base pairs stabilize the
bubble

The nature of the distortion in the
bubble is clearly different from that
introduced by the bulge in TAR RNA
(Fig. 3). The bubble structure is be.
lieved to be stabilized by non-Watson-
Crick base pairs®® formed between the
bulged residues. Functional group muta-
genesis of G residues in the bubble has
shown that the exocyclic groups of all
three of G35, G356 and G59 can be re-
moved without loss of Rev binding”.
Thus the G36:G59 palr must form
hydrogen bonds via their respective 0
and N'-H positions. The structure of the
G35: A61 pair is not yet known; two
possible pairing schemes are consistent
with the data. The only truly single-
stranded residue in the bubble appears
to be U60, the identity of which seems
to be unimportant for Rev binding®™,
Model building suggests that there is
relatively little bending at the bubble,
but the non-Watson-Crick pairs plus
the presence of the U6D residue allows
sufficient opening of the major groove
for specilic recognition to take place at
G34 and other flanking base residues.

Low affinity binding by Rev

It seems likely that the low affinity
interactions of Rev with RNA sequences
flanking the bubble are very similar to
the high-affinity binding interactions.
Because the major groove is narrow in
the regular duplex RNA, Rev is unlikely
to form contacts with the bases, and
phosphate contacts, probably involving
the arginines, are expected to contrib-
ute much of the binding energy.

Proteln—protein contacts are also
used to stabilize Rev binding to the
lower affinity sites. The aggregation
properties of the Rev protein even allow
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filament formation in the absence of
RNA®® Mutations in the regions on
either side of the arginine-rich region
(residues 20-33 and residues 51-65)
cause defects in formation of multiple
complexes with RRE RNA™. A detailed
analysis of these ‘multimerization’ do-
mains should reveal much about the
packing of Rev on the RNA,

Biological impiications

How relevant are the in vitro mea-
surements of Tat and Rev binding to
the physiological situation? For both
proteins there Is a strict correlation be-
tween their ability specifically to recog-
nize RNA sequences and the efficiency
of the in vivo response. The RNA-bind-
ing properties of the two proteins also
make it likely that the distinct kinetic
phases of HIV transcription are a reflec-
tion of their intracellular levels, As-
suming a dlameter of 5-10 pm for the
nucleus of a typical human cell, the
presence of only 40-320 molecules of
Tat in the nucleus would correspond to
a concentration of 1 nM in the absence
of competitor RNAs. At these concen-
trations, approximately 30% of the
nascent transcripts from an integrated
provirus would be expected to be
bound by Tat". Since Tat is functional as
a monomer and has a catalytic effect on
transcription, this calculation suggests
how a strong stimulation of transcrip-
tion can be achieved early during the
virus growth cycle. As the rate of tran-
scription increases, the levels of Rev
rise. Once Rev concentrations are above
10 nm oligomerization of Rev on the
RRE is expected to occur and late
mRNA production can begin. Of course,
the in vivo situation is likely to be more
complicated than these simple cal-
culations suggest. Additional proteins
may participate in the formation of
complexes between Tat, TAR and the

RNA polymerase that may help to fur-

ther stabilize the Tat-TAR interaction.

Conclusions and future challenges

The detailed biochemical studies of
the HIV regulatory and maturation pro-
teins described above have revealed a
new principle for RNA recognition: both
proteins make specitic contacts at
Watson-Crick base pairs which become
accessible because of the structyral
perturbations introduced by buiged
bases or by non-Watson-Crick base
pairs. In addition to these base-specific
contacts, both proteins make phos-
phate contacts on both strands of the
flanking RNA duplexes. These obser-

vations raise the exciting possibility
that small molecules competing for
functional groups in the binding sites
on the RNA might be able to inhibit Tat
and Rev binding, and thus their bio-
logical activity. Biochemical assays for
RNA binding and trens-activation could
easily be adapted for the large-scale
screening of compounds with inhibltory
activity, There may even be some
prospects for specific drug design,
since the three-dimensional structures
of the binding sites on TAR and RRE
RNA should soon be known.
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