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ABSTRACT A structure-based approach was used to de-
sign RNA-binding zinc fingers that recognize the HIV-1 Rev
response element (RRE). An arginine-rich a-helix from
HIV-1 Rev was engineered into the zinc finger framework, and
the designed fingers were shown to bind specifically to the
RRE with high affinity and in a zinc-dependent manner, and
display cobalt absorption and CD spectra characteristic of
properly folded fingers. The results indicate that a monomeric
zinc finger can recognize a specific nucleic acid site and that
the a-helix of a finger can be used to recognize the major
groove of RNA as well as DNA. The RRE-binding zinc fingers
demonstrate how structure-based approaches may be used in
the design of potential RNA-binding therapeutics and provide
a framework for selecting RNA-binding fingers with desired
specifications.

Zinc fingers are compact protein domains composed of an
a-helix and b-sheet held together by a single zinc ion (1–4).
Tandem arrays of zinc fingers are commonly used to recognize
specific DNA sequences through insertion of a-helices into the
DNA major groove (3, 5–9), and novel DNA-binding fingers
have been designed by using the structures of DNA-protein
complexes as guides (7, 10–13). Some zinc finger proteins also
bind specific RNA sites (14–18) but relatively little is known
about their modes of recognition. TFIIIA is a nine-finger
protein that binds specifically to both DNA and RNA but uses
different sets of fingers and different features of the major
groove in each case (16, 19). Other zinc fingers have been
identified that bind to DNA-RNA hybrids (20).

To learn more about zinc finger-RNA interactions and to
test our ability to use structural information to design RNA-
binding proteins, we sought to create a zinc finger that
specifically recognizes the Rev-binding site (Rev response
element, RRE) of HIV-1. The Rev protein contains an
arginine-rich RNA-binding domain that, as an isolated pep-
tide, forms a marginally stable a-helix that binds the RRE with
an affinity proportional to its helical content (21). We rea-
soned that placing the helix within a zinc finger scaffold would
substantially enhance its stability and thereby its RRE-binding
affinity, because isolated zinc fingers can fold into stable
metal-dependent structures (2, 22, 23). Here we demonstrate
that hybrid zinc finger-Rev (ZF-Rev) peptides fold in a
zinc-dependent manner and bind specifically to the RRE. The
results provide evidence that monomeric zinc fingers can
recognize specific nucleic acid sites and that, as for DNA, zinc
finger a-helices can bind in the major groove of RNA provided
that the groove is sufficiently wide to accommodate an a-helix.

MATERIALS AND METHODS

Metal Binding, Folding, and RNA Binding in Vitro. Peptides
were synthesized on an Applied Biosystems model 432A peptide

synthesizer, capped with an acetyl or succinyl group at the N
terminus and an amide group at the C terminus, and purified by
reverse-phase C4 HPLC. Molecular weights were confirmed by
laser desorption MS, and concentrations were determined from
amino acid analysis (University of Michigan Protein and Carbo-
hydrate Structure Facility, Ann Arbor). Peptides were: ZF1-Rev,
ac-RPYACPVESCDRRFSTRQARRNHRRRHRRG-am;
ZF2-Rev, ac-KPFQCRICMRNFSTRQARRNHRRRHRRG-
am; ZF2-Rev (C5,8S), ac-KPFQSRISMRNFSTRQARRNHR-
RRHRRG-am; Rev14 (helical), suc-AAAATRQARRNRRR-
RRRRAAAAR-am; and Rev14 (H21,H25), suc-AAAATRQ-
ARRNHRRRHRRAAAAR-am.

Cobalt absorption spectra were measured on an Aviv model
14DS spectrophotometer at 25°C in 20 mM TriszHCl buffer
(pH 7.0) degassed with argon. For each peptide, three sets of
spectra were recorded from 800 to 300 nm at 5-nm intervals
with a recording time of 2 sec at each interval, and data from
the three scans were averaged. Baseline spectra of the reduced
peptide and CoCl2 were subtracted. CD spectra were measured
on an Aviv model 62DS spectropolarimeter at 4°C in degassed
10 mM TriszHCl buffer (pH 7.5) in the absence or presence of
ZnCl2. Five sets of spectra were recorded from 300 to 200 nm
at 1-nm intervals with a recording time of 1 sec at each interval,
and data from the five scans were averaged. Mean molar
ellipticity (u) was calculated per amino acid residue, and helical
content was estimated from the value at 222 nm after baseline
subtraction (21).

For RNA-binding assays, internally labeled RNAs were
prepared by using T7 RNA polymerase, and gel shift assays
were performed by incubating peptide and RNA at 4°C in 10
ml of binding mixtures containing 10 mM Hepes-KOH (pH
7.5), 100 mM KCl, 1 mM MgCl2, 25 mM ZnCl2, 1 mM DTT,
50 mgyml competitor Escherichia coli tRNA (Sigma), and 10%
glycerol. To determine relative binding affinities, 1- to 5-nM
radio-labeled RNAs were titrated with peptide, peptide-RNA
complexes were resolved on polyacrylamide gels, and free
RNA and RNA-peptide complexes were quantitated by using
a Molecular Dynamics PhosphorImager.

RNA-Binding Assays in Vivo. ZF-Rev hybrids were fused to
HIV-1 Tat by cloning synthetic oligonucleotides into the EagI
and XhoI sites of pSV2tat72, creating fusions after amino acid
49 of Tat (24). Peptide sequences were: Rev14 (nonhelical),
TRQARRNRRRRRRR; Rev14 (helical), AAAATRQARR-
NRRRRRRRAAAAR; Rev14 (H21,H25), AAAATRQAR-
RNHRRRHRRAAAAR; ZF1-Rev, RPYACPVESCDRRF-
STRQARRNHRRRHRRG; ZF2-Rev, KPFQCRICMRNFS-
TRQARRNHRRRHRRG; and alanine-based ZF-Rev,
APFACAACAAAFSTRQARRNHRRRHRRG. Activation
was measured by cotransfecting 50 ng of an HIV-1 long
terminal repeat (LTR)-RRE IIB-chloramphenicol acetyl-
transferase (CAT) reporter plasmid (21) with 1–50 ng Tat
expression plasmids into HeLa cells by using Lipofectin. Total
plasmid DNA was adjusted to 1 mg with pUC19. CAT activities
were assayed after 48 hr by using an appropriate amount of cell

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

PNAS is available online at www.pnas.org.

Abbreviations: RRE, Rev response element; ZF-Rev, zinc finger-Rev;
CAT, chloramphenicol acetyltransferase; LTR, long terminal repeat.
*To whom reprint requests should be addressed. E-mail:

frankel@cgl.ucsf.edu.

9521



extract (21), and activities were quantitated by using a Mo-
lecular Dynamics PhosphorImager. ZF-Rev fusions to l N
were constructed by cloning synthetic oligonucleotides into the
BsmI and NcoI sites of pBRptacN* (25), creating fusions
before amino acid 20 of N and replacing the RNA-binding
domain. Peptide sequences were: Rev14 (helical), MATRQ-
ARRNRRRRRRRAAAA; Rev14 (H21,H25), MATRQAR-
RNHRRRHRRAAAA; ZF1-Rev, MARPYACPVESCDR-
RFSTRQARRNHRRRHRRAAAA; ZF2-Rev, MAKPFQC-
RICMRNFSTRQARRNHRRRHRRAAAA; and alanine-
based ZF-Rev, MAAPFACAACAAAFSTRQARRNHRRR-
HRRAAAA. Transcriptional antitermination was measured
by transforming plasmids into E. coli strain N567 containing a
pACYC-derived reporter plasmid in which the l nut site was
replaced by RRE IIB (25). Bacteria were grown at 34°C for
24–48 hr on tryptone agar plates containing 0.05 mgyml
ampicillin, 0.02 mgyml chloramphenicol, 0.08 mgyml 5-bromo-
4-chloro-3-indolyl b-D-galactoside, and 50 mM isopropyl b-D-
thiogalactoside, and blue color colony was estimated visually
by using several N-fusion proteins and corresponding reporters
as controls (25).

RESULTS

Design of ZF-Rev Peptides. As an isolated peptide, the
arginine-rich RNA-binding domain of Rev forms a relatively
unstable a-helix that can be partially stabilized by adding
chemical blocking groups or alanine residues to the N and C
termini (21). Because specific RRE-binding affinity is pro-
portional to a-helix content, we wanted to lock the Rev peptide
into a fully folded state that would bind RNA with high affinity
and could be expressed in vivo. Because zinc fingers fold as
independent structural modules (2, 22, 23) and contain DNA-
binding a-helices, they appeared to provide an ideal scaffold
in which to engineer a stable RNA-binding helix. By using the
crystal structure of the Zif268 protein-DNA complex (3),
which contains three zinc fingers, and the NMR structure of a
Rev peptide complexed to the RRE IIB hairpin (a high-
affinity Rev binding site) (26), we aligned the sequences of the
two helices, initially by using finger 2 from Zif (Fig. 1A), to
determine whether the two histidines required for zinc binding
could be located within the Rev helix without changing the six
amino acids required for RRE recognition (21, 26, 27). An
alignment was found in which the N-terminal threonine of Rev
was placed at position 21 of the zinc finger helix, allowing
replacement of two nonessential arginines in Rev with histi-
dines. The backbone atoms of the two helices superimposed
with a rms deviation of 0.84 Å (Fig. 1B). When positioned in
the RRE site, the b-sheet portion of the finger was located
outside the RNA major groove, and no steric clashes were
observed (Fig. 2A). A similar arrangement was possible with
Zif finger 1 (not shown). The hybrid zinc fingers (ZF2-Rev is
shown in Fig. 2B) were designed with shorter helices than the
Rev peptide because the C-terminal alanines needed to sta-
bilize the isolated Rev helix were presumed to be unnecessary
in the zinc finger context.

Metal Binding and Folding of ZF-Rev Peptides. To test
whether the modeled ZF-Rev peptides fold into zinc fingers,
we measured absorption and CD spectra of synthetic peptides
in the absence and presence of metal ions. Upon addition of
stoichiometric cobalt, ZF2-Rev displayed a visible absorption
spectrum (Fig. 3A) characteristic of a tetrahedrally bound
cobalt complex coordinated by two cysteine and two histidine
ligands (2). Adding stoichiometric zinc, which produces no
absorbance in the visible region when complexed to a zinc
finger, eliminated the absorbance of the cobalt complex (Fig.
3A), as expected for competitive, high-affinity zinc binding.
Also as expected, a mutant peptide in which the two metal-
coordinating cysteines were replaced by serines (C5,8S)

showed no cobalt absorbance (data not shown). CD spectra
(Fig. 3B) indicated that ZF2-Rev has some a-helical content in
the absence of zinc ('9%) and increases helicity upon zinc
addition (to '19%), producing a CD spectrum similar to that
observed with other DNA-binding fingers (2, 22, 28). In
contrast, the C5,8S mutant displayed little helical content in
the absence of zinc ('3%) and no change upon zinc addition
(Fig. 3B). The presence of some helix in the absence of zinc is
somewhat unusual for zinc finger peptides and may reflect an
unusually high helical propensity of the Rev sequence (21).
Nonetheless, CD difference spectra showed clear zinc-
dependent helix formation for ZF2-Rev but not for the
double-cysteine mutant (Fig. 3C). Cobalt absorption and CD
experiments with ZF1-Rev produced similar results (data not
shown), further indicating that the ZF-Rev peptides have
metal-binding and structural characteristics of correctly folded
zinc fingers.

Metal-Dependent RNA Binding in Vitro. We next measured
the RNA-binding affinities of synthetic peptides for the RRE
IIB site by using gel shift assays. In the presence of zinc,
ZF2-Rev bound with an affinity similar to that of an a-helical
Rev peptide containing flanking alanines that stabilize the Rev
helix (apparent Kds were 330 6 40 versus 330 6 20 nM; Fig.

FIG. 1. Design of ZF-Rev peptides. (A) The sequence of Rev14
(24) was aligned with the a-helix of Zif268 zinc finger 2 (boxed) such
that the histidines required for metal binding and the amino acids
required for RRE recognition (shown in bold and indicated by lines)
did not overlap. The numbering above the Zif268 a-helix indicates
positions (21, 12, 13, and 16, relative to the start of the helix)
typically used for DNA binding, and the b-strands of the finger are
indicated by open triangles. The putative a-helix in the hybrid ZF2-
Rev is boxed. Positions of cysteine-to-serine mutations and an aspar-
agine-to-alanine mutation are shown. A similar alignment was used to
construct a fusion to Zif zinc finger 1 (ZF1-Rev; not shown). (B)
Overlap between the a-helical segment of Zif finger 2 (magenta) (3)
and residues 34–47 of the Rev peptide (yellow) (26). Backbone heavy
atoms were superimposed from Ser-47 to Thr-58 of the finger and from
Arg-35 to Arg-46 of the Rev peptide by using INSIGHT II software
(Biosym Technologies, San Diego) on a Silicon Graphics workstation.
The rms deviation between all 36 superimposed atoms was 0.84 Å, and
a similar rms deviation (0.93 Å) was obtained by using Zif finger 1 (not
shown). The metal-coordinating cysteine and histidine residues and
zinc ion in the finger are shown.
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4A). Previous experiments have shown that adding flanking
alanines to the Rev sequence increases helical content to
'50% (21). Both peptides bound with '5-fold lower affinity
to a C46-G74 mutant (which reverses a base pair critical for
recognition; refs. 21, 26, and 27), confirming that the designed
finger binds RRE IIB with an affinity and specificity similar to
a helical Rev peptide. Two experiments indicate that RNA
binding is zinc dependent. First, the affinity of ZF2-Rev was
'3-fold higher in the presence of zinc than in the absence of
zinc (Fig. 4B), correlating with the 2- to 3-fold increase in
helical content determined by CD. Second, the double-
cysteine mutant, which contains even less helix and shows no
zinc-dependent helix formation, bound RRE IIB '7-fold less
tightly than ZF2-Rev (Fig. 4B), further indicating that specific
RNA binding is coupled to zinc-dependent folding of the
finger and stabilization of the a-helix.

RNA-Binding Activities of ZF-Rev Peptides in Vivo. To test
whether the ZF-Rev hybrids are able to bind the RRE in the
environment of a mammalian cell, we fused ZF1-Rev or
ZF2-Rev fingers to the activation domain of HIV-1 Tat and
measured the ability of the Tat fusions to activate transcription
of an HIV-1 LTR-CAT reporter containing the RRE IIB site
in HeLa cells (21). The designed ZF1-Rev and ZF2-Rev
peptides displayed strong activities on the RRE reporter
whereas a Rev peptide containing the two histidines but
without the rest of the zinc finger framework [Rev14
(H21,H25)] showed little activity (Fig. 5A). For comparison,
the extent of activation by the hybrid fingers was similar to that
observed when the wild-type Rev helix was stabilized by the
addition of flanking alanine residues [compare Rev14 (non-
helical) and Rev14 (helical); Fig. 5A]. It is interesting that the
Rev14 (H21,H25) peptide is inactive when not in a finger
context even though it contains flanking alanines and likely has
some helical content. Indeed, CD experiments indicate that
the histidine-containing and wild-type peptides have similar
a-helical content when placed in the alanine context ('18%;
data not shown), yet the histidine peptide requires the zinc
finger context for RRE binding in vivo.

The activity of the ZF-Rev peptides in vivo requires a
specific RNA-binding site, an intact zinc finger structure, and
specific RRE-binding residues. ZF-Rev peptides were inactive
on reporters containing a mutant RRE IIB site (the C46-G74
mutant that reverses a critical base pair) or heterologous
RNA-binding sites (Fig. 5B), indicating that the interaction is
highly specific. Substitution of a single cysteine residue re-
quired for zinc binding, or an asparagine that makes an
essential contact to a G:A base pair, eliminated activity (Fig.
5A), indicating that both the finger structure and RRE-binding
residues are required. The Rev helix also was placed in the
context of a simplified zinc finger containing alanines at all
positions not essential for finger folding (29) and weak but
measurable RRE-binding activity was observed (data not
shown), further indicating that the Rev helix can be accom-
modated by different finger frameworks.

We constructed an additional series of fusion proteins in
which ZF-Rev peptides were fused to the N terminus of the
bacteriophage l N protein and measured the ability of the N
fusions to antiterminate transcription of an RRE IIB-lacZ
reporter in bacteria (25). Results virtually identical to those
obtained in the mammalian system were seen with ZF1-Rev,
ZF2-Rev, and the mutant peptides in bacteria (Fig. 5A),
indicating that the designed ZF-Rev peptides fold correctly
and specifically recognize the RRE IIB site in vitro, in eu-
karyotic cells, and in prokaryotic cells.

DISCUSSION

We have demonstrated that the zinc finger motif can provide
an excellent scaffold for stabilizing a monomeric a-helix and
presenting the helix to an RNA major groove. This work also
demonstrates the feasibility of using structure-based ap-
proaches to design a sequence-specific RNA-binding protein.
It remains to be determined whether similar strategies can be
used to design zinc fingers that recognize RNA sites other than
the RRE, which has evolved to bind a monomeric helix. To
date, only two other examples have been reported in which

FIG. 2. (A) Proposed orientation of a zinc finger bound to RRE IIB. The a-helices of Rev (yellow) and Zif finger 2 (magenta) were superimposed
and the aligned zinc finger was docked against the RNA. The view down the a-helical axes shows that the b-sheet portion of the finger emerges
from the major groove and can accommodate the peptide backbone and side chains without steric clashes to the RNA. (B) Comparison of the Rev
peptide- and ZF2-Rev-RRE complexes. The a-helix of Zif finger 2 was replaced by residues 34–47 of Rev, with two histidine substitutions (yellow).
The b-sheet portion of the finger and the two cysteine ligands are shown in magenta and the zinc ion in white.
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monomeric helices are used to recognize RNA. The bacterio-
phage l and P22 N proteins each contain an arginine-rich helix
that binds to the terminal loop of an RNA hairpin (30, 31), but
in both cases the helices are bent and are unlikely to be
accommodated within a zinc finger framework. Although it
may not be possible at this time to directly design other
RNA-binding zinc fingers, our results suggest that monomeric
fingers are likely to be good starting points for selection
experiments by using the RRE or other RNA sites. Recent
phage display experiments have identified two-finger se-
quences that recognize 5S rRNA and RRE IIB sites (17, 18),
highlighting the versatility of the zinc finger motif in RNA
recognition.

Recognition of the RRE by Rev requires two purine-purine
base pairs to help widen the RNA major groove, allowing deep
penetration of the arginine-rich a-helix (26, 27). Our results
are consistent with major groove binding of the zinc finger
helix, perhaps reflecting a general mode of zinc finger docking
to nucleic acids as previously suggested based on mutagenesis
of a-helical residues in the RNA-binding fingers of TFIIIA
(17). The structures of zinc finger-DNA complexes (3, 5–9)
show that the a-helices usually make base-specific contacts in
the major groove, but substantial differences are observed in
the orientation of the helices and some fingers bind outside the
groove through nonspecific interactions (5, 9). Most of the
canonical DNA-binding fingers use side chains located at
positions 21, 12, 13, and 16 of the helix to make base-specific
contacts (Fig. 1 A) whereas we presume that the residues
known to be important for Rev binding, located at positions
21, 11, 14, 15, 16, and 110, are used by the ZF-Rev
peptides. The orientation of the Rev helix in the major groove
is quite different from that observed in canonical zinc finger-
DNA complexes, with the helix buried deeply in the major
groove and forming an extensive RNA-protein interface (26,
27). This arrangement is likely to be preserved in the ZF-Rev
complexes, which show the same requirement for asparagine at
position 16 (Fig. 5A) and for the G46:C74 base pair (Figs. 4A
and 5B) as the Rev peptide-RRE IIB complex (21). NMR
structures of the Rev peptide complex (26, 27) show a clear
interaction between Asn-40 and the G:A base pair in the major
groove and a possible interaction between Arg-44 and G46.

In addition to likely differences in positioning of the helix in
the major groove, the results highlight other features that may
differ between zinc finger-DNA and zinc finger-RNA recog-
nition. To date it has been observed that multiple fingers are
required for sequence-specific DNA recognition, in part be-
cause side chains from adjacent fingers are used to contact a
single base pair and perhaps also because multiple fingers, as
well as the intervening linker, help establish the orientation of
helix binding (8). In contrast, the tertiary architecture of an
RNA can be sufficient to provide a defined framework for
orienting a monomeric helix within the groove, as in the case
of the RRE-helix interaction (21). Furthermore, given the
wide diversity of RNA tertiary structure, it seems plausible
that others parts of a zinc finger not typically used in DNA
binding can be used to contact RNA, either in conjunction with
the helix or perhaps even by using the b-sheet as the primary
binding surface. It will be instructive to engineer additional
contacts into our ZF-Rev-RRE complexes to further probe
which parts of a finger can contact RNA, and it will be
particularly interesting to test whether interactions can be
introduced from the b-turn, which is modeled to be close to the
RRE (Fig. 2 A and B).

Further structure-based design may lead to the discovery of
ZF-Rev variants with RRE-binding affinities and specificities
higher than Rev. As observed for other types of RRE-binding
peptides, the evolution of tighter binders may enhance their

FIG. 3. Cobalt absorption spectroscopy and metal-dependent pep-
tide folding. (A) Absorption spectra of ZF2-Rev (140 mM) in the
presence of stoichiometric CoCl2 (F), or in the presence of 210 mM
CoCl2 plus 70 mM (E) or 140 mM (■) ZnCl2 competitor. The spectra
shown are characteristic of tetrahedral metal coordination in a mo-
nomeric zinc finger; red-shifted spectra have been observed with
misfolded zinc finger dimers (29) and we observed similar shifts at low
metal stoichiometries (data not shown), suggesting that incorrect
complexes may be populated initially. (B) CD spectra of ZF2-Rev and
a double-cysteine mutant (C5,8S): reduced ZF2-Rev in the absence of
metal (F), ZF2-Rev in the presence of stoichiometric ZnCl2 (E),
ZF2-Rev (C5,8S) in the absence of metal (■), and ZF2-Rev (C5,8S)
in the presence of stoichiometric ZnCl2 (h). Spectra were recorded at
4°C with peptide concentrations of 30–60 mM. (C) Difference CD
spectra of ZF2-Rev (F) and ZF2-Rev (C5,8S) (h), calculated by
subtracting spectra in the absence of zinc from spectra in the presence
of zinc (from B). The difference spectrum of ZF2-Rev shows two
minima (at 208 and 222 nm) characteristic of a-helix formation
whereas the spectrum of the cysteine mutant (see B) indicates little
structure and no metal-dependent folding. Because ZF2-Rev showed
some helix formation in the absence of zinc and had a higher helical
content than ZF2-Rev (C5,8S), we performed several experiments to
rule out the presence of adventitious zinc ions. We observed little
change in the CD spectra by using buffers extensively treated with
Chelex 100 chelating resin or in the presence of excess chelators
(EDTA or 1,10-phenanthroline). Furthermore, careful titrations with
cobalt and zinc showed no change in the visible absorption spectra
after addition of stoichiometric CoCl2 and competition with stoichi-
ometric amounts of ZnCl2, suggesting that little or no zinc was
prebound to the peptide. In addition, 1D and 2D proton NMR spectra
indicate that the peptide is unstructured in the absence of ZnCl2 and

becomes ordered upon titration of stoichiometric ZnCl2 (W. Gmeiner,
D.J.M., and A.D.F., unpublished data).
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FIG. 4. RRE IIB binding by ZF2-Rev in vitro. (A) Gel shift assays of ZF2-Rev and Rev14ala peptides with wild-type RRE IIB RNA and a
C46-G74 mutant (that reverses a base pair critical for recognition; refs. 21, 26, and 27) at the peptide concentrations (nM) indicated. ZF2-Rev binds
with a similar affinity and specificity as the helical Rev peptide; apparent binding constants are substantially tighter in the absence of competitor
tRNA (21, 33). (B, Left) Zinc-dependent RRE IIB RNA binding: ZF2-Rev in the presence of 25 mM ZnCl2 (■), in the absence of zinc and with
addition of 0.5 mM EDTA (h), and ZF2-Rev (C5,8S) in the presence of 25 mM ZnCl2 (F). (Right) Binding curves quantitated by PhosphorImager
analyses and apparent dissociation constants (nM) estimated by fitting to standard binding equations.

FIG. 5. ZF-Rev binding to RRE IIB in vivo. (A) ZF-Rev peptides were fused to the activation domain of HIV-1 Tat, and activation of an HIV-1
LTR-CAT reporter containing RRE IIB (21) was measured in HeLa cells (bars). ZF-Rev peptides also were fused to the bacteriophage l N protein
and transcriptional antitermination of an RRE IIB-lacZ reporter (25) was scored in E. coli (1 or 2 above bars). For CAT assays, 10 ng of each
Tat-fusion plasmid was cotransfected with 50 ng of IIB reporter plasmid, and fold activation refers to the ratio of activities generated by the Tat
fusion proteins to the activity in the absence of Tat. For b-galactosidase scoring, 1111 represents the darkest blue colonies and 2 represents
white colonies. (B) Activity of ZF2-Rev was determined by CAT assays as in A by using reporter plasmids containing the wild-type IIB RRE site,
a C46-G74 mutant that reverses a base pair critical for recognition (21, 26, 27), or the bovine immunodeficiency virus (BIV) or HIV-1 TAR hairpins.
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effectiveness as competitors of Rev binding and function in
vivo (32). Given the apparent facility of zinc fingers to fold in
different cellular environments, the zinc finger framework may
provide an excellent means to express peptide-based inhibi-
tors. It seems likely that future structure-based and combina-
torial experiments with monomeric and multimeric zinc fingers
will identify novel and interesting modes of RNA recognition
and perhaps provide new ways to target specific RNA sites for
therapeutic intervention.
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