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Abstract: Studies of RNA-binding peptides, and recent combinatorial library experiments in
particular, have demonstrated that diverse peptide sequences and structures can be used to
recognize speciﬁc RNA sites. The identiﬁcation of large numbers of sequences capable of binding
to a particular site has provided extensive phylogenetic information used to deduce basic principles
of recognition. The high frequency at which RNA-binding peptides are found in large sequence
libraries suggests plausible routes to evolve sequence-speciﬁc binders, facilitating the design of new
binding molecules and perhaps reﬂecting characteristics of natural evolution. © 2003 Wiley
Periodicals, Inc. Biopolymers 70: 80 – 85, 2003
Keywords: RNA-binding peptides; combinatorial library; sequence speciﬁcity

INTRODUCTION
The study of peptide–RNA complexes has been particularly enlightening to those interested in molecular
recognition of RNA. A number of peptide model
systems have been found to accurately reﬂect the
binding behavior of biologically important RNAbinding proteins, yet are small and simple enough to
allow extensive dissection of the intermolecular interactions and to provide insight into designing RNAbinding small molecules or drugs. Several recent reviews have deﬁned RNA-binding peptides as short
(⬍40 amino acids) polypeptides that often adopt
bound structures distinct from their free conformations, generally undergoing disorder 3 order transitions upon binding.1–3 Given the sequence simplicity
of many of these peptides, it is of interest to explore
the amino acid “sequence space” required to deﬁne a
speciﬁc RNA binder. The dimensions of this sequence
space appear quite large, made apparent over the past
few years by the identiﬁcation of many new RNACorrespondence to: Alan Frankel; email: frankel@cgl.ucsf.edu
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binding peptides, largely from combinatorial library
experiments. The recognition strategies and types of
structures involved also appear quite diverse, as revealed by the increasing number of structures of peptide–RNA complexes. Here we examine the boundaries of RNA-binding peptide sequence space, attempting to deﬁne characteristics that may aid in the
drug design process or help establish principles of
RNA recognition.
An early indication that a large number of peptide
sequences might be capable of recognizing a given
RNA site came from a study of methionyl–tRNA
synthetase.4 Extensive Ala and Ser substitutions were
introduced at several positions of a critical RNAbinding loop and those able to function as synthetases
in vivo were isolated. Nearly 200,000 amino acid
sequences, or ⬃1% of the library (⬃1.9⫻107 sequences), could recognize the tRNA anticodon loop.
Thus, it seemed clear that the particular peptide sequence chosen by nature was not unique, and that

RNA-Binding Peptides
Table I
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Secondary Structures of Some RNA Binding Peptides

RNA Target

 BoxB

P22 boxB
21 boxB
HIV-1 RRE

Rev aptamer I
5S RNA
Yeast tRNAPhe anticodon
HIV-1 TAR
BIV TAR

Rev aptamer II
Rex aptamer

Peptide

Structure

Ref.

N
Nun
 N (1–36)
P22 N
21 N
R6QR7
Rev
SFR1
ZF2-Rev
RSG-1.2
Rev
TFIIIA ZF4
TF2
(L)Lys(D)Lys(L)Asn
BIV Tat
JDV Tat
Cyclic BIV Tat
Rev
Rex

Bent ␣-helix
Bent ␣-helix
Bent ␣-helix
Bent ␣-helix
␣-helix
␣-helix
␣-helix
Zinc ﬁnger-stabilized helix
Zinc ﬁnger-stabilized helix
Extended-turn-helix
␣-Helix
Zinc ﬁnger
Possibly ␤ structure
Unnatural tripeptide
␤-Hairpin
␤-Hairpin
Cyclopeptide
Extended
S-shaped

8
11
12
10
10a
16
14
24
19
25–27
15
22,23
30
40
33,34
35
38
36
32

RNA-binding sequences in general might be highly
degenerate, perhaps facilitating the early evolution of
RNA-binding proteins from an “RNA world.” Extensive combinatorial library experiments summarized
here are consistent with the view that many peptide
sequences are compatible with recognition of a given
RNA site, at least for some structured RNAs. We
examine this sequence space in the context of peptide
secondary structure and the known structures of
RNA–peptide complexes (see Table I).

␣-HELICES
The boxB hairpin of bacteriophage  has been the
target of extensive mRNA–peptide fusion library experiments, some utilizing libraries of ⬎1013 peptide
sequences.5–7 BoxB is normally bound by an N-terminal arginine-rich peptide of the  N antiterminator
protein, in which the peptide binds as a bent ␣-helix to
the widened major groove of an A-form helix and
adjacent 5-nucleotide loop.8 A large number of boxB
binding peptides were found from libraries in which
10 amino acids of the  N peptide were randomized,5–7 and their sequences were generally enriched
in helix-forming amino acids and showed covariation
patterns that appeared to preserve or stabilize the
helix. Speciﬁc amino acids were required at only four
positions. Like some of the HIV-1 Rev response element (RRE)-binding peptides described below, the

boxB binders appear to present base-speciﬁc residues
on one broad face of a positively charged ␣-helix.
Other experiments by Roberts and co-workers9
demonstrate how sequence information can be used to
design a speciﬁc RNA-binding peptide. The boxB
hairpins from phages  and P22 are both capped by
stable tetraloops with an extra extruded base, and are
recognized with high selectivity by their cognate N
peptides.8,10 Austin et al.9 found that substituting
three residues in the  peptide with corresponding
residues from P22 enhanced RNA-binding afﬁnity by
⬃100-fold yet retained speciﬁcity for the  loop. One
substitution added a positive charge, consistent with
observed sequence preferences from the selection experiments described above, and resulted in an increased salt dependence of binding. The two other
substitutions did not affect the electrostatic component but rather may inﬂuence hydrophobic or van der
Waals interactions, such as the stacking of aromatic
amino acids with loop nucleotide bases.8,10
The NMR structures of additional boxB–peptide
complexes further underscore the diversity of peptide
sequence and recognition properties. A 21 N peptide
binds to its cognate boxB as a straight, rather than
bent, ␣-helix yet recognizes its RNA loop, with differs from the other boxB sequences, in a manner that
mimics the other N complexes.10a An arginine-rich
peptide from the phage HK022 Nun protein, which
competes with  N for binding to boxB and causes
transcription termination rather than antitermination,
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binds RNA in a bent ␣-helical conformation and with
an afﬁnity similar to N.11 However, the Nun helix is
more amphipathic, creating a solvent-exposed hydrophobic surface upon RNA binding that probably mediates a protein–protein interaction. It seems evident
that the solvent-exposed face of the helix is relatively
free to evolve, even between polar and nonpolar surfaces, whereas the RNA-binding face largely maintains polar amino acids with high helical propensity,
characteristics required for boxB recognition. Another
recent NMR structure of a  N peptide– boxB complex examined the role of residues C-terminal to the
arginine-rich motif.12 The structure of a peptide encompassing amino acids 1–36 showed that only the
ﬁrst 18 residues, corresponding to the arginine-rich
motif, were involved in RNA binding, conﬁrming the
modular nature of the RNA-binding domain and further validating the analysis of sequences and structures derived from these short peptides.
Like boxB recognition, binding of an HIV-1 Rev
peptide to the high-afﬁnity IIB hairpin of the RRE or
to a related aptamer involves an ␣-helical argininerich domain, with about two-thirds of the peptide
surface in contact with the RNA.13–15 One combinatorial library experiment performed in a mammalian
cell transcription reporter assay used an arginine-rich
peptide library (⬃20,000 sequences), largely constrained to ␣-helical conformations, to isolate peptides that bound the RRE with even higher afﬁnities
than Rev.16 The consensus sequence revealed that a
single Gln positioned within a polyarginine helix was
likely to hydrogen bond to a G 䡠 A base pair in the
RNA, replacing an Asn interaction that occurs in the
Rev complex. In a larger library experiment utilizing
a bacterial antitermination reporter assay, helical
binders related to the Rev peptide sequence were
identiﬁed,17 and in an even larger library experiment
utilizing a high-throughput kanamycin reporter version of the antitermination assay, even higher afﬁnity
RRE binders, also likely to be helical, were found.18
In the latter experiments, the ﬁrst 10 residues of a
19-amino acid peptide were randomized with
charged, polar, alanine, proline, or glycine residues,
followed by ﬁve ﬁxed arginine residues and then four
alanines to stabilize a helical conformation. Many of
the highest afﬁnity binders contained acidic residues
that could form potential salt bridges with arginine
residues and thus further stabilize a helical conformation, as observed with the boxB-binding peptides described above. Interestingly, most of these peptides
also contained a single Gln residue, positioned similarly to the Gln residue found in the previous mammalian cell-based polyarginine library experiment,16
again suggesting the importance of a Gln–G 䡠 A

interaction. The high success rate in identifying highafﬁnity boxB- and RRE-binding arginine-rich ␣-helical peptides from large combinatorial libraries underscores the utility of the sequence and structural motif
for designing novel RNA binders.

ZINC FINGERS
Given the importance of ␣-helices in RNA recognition, investigators have been exploring the use of zinc
ﬁnger peptides to constrain the helix by metal coordination, thereby reducing the entropic cost of helix
folding upon RNA binding. Indeed, engineering the
␣-helix of HIV-1 Rev into a zinc ﬁnger framework
stabilized the helix and resulted in zinc-dependent
RRE–RNA binding.19 Several types of combinatorial
library experiments have provided some indication of
the sequence diversity of RNA-binding zinc ﬁngers.
In one study, a central zinc ﬁnger helix was randomized within the context of the three-ﬁnger, Zif268
DNA-binding protein, and phage display was used to
isolate binders to an RNA triplet that was ﬂanked on
each side by DNA helices to bind the surrounding
Zif268 ﬁngers.20 Zinc ﬁngers could only be found to
recognize RNA triplets containing G 䡠 A or C 䡠 A
mismatches, consistent with the hypothesis that an
␣-helix cannot ﬁt into the major groove of an A-form
helix without nearby bulges or mismatches to widen
the groove.21 One dominant sequence was found, with
four of the nine randomized residues in the ␣-helix
conserving the Zif268 sequence, and four of the remaining ﬁve residues being positively charged, suggesting that electrostatic interactions were highly enriched in this selection experiment.
Darby and co-workers used phage display to isolate zinc ﬁngers that recognize 5S rRNA or the
RRE.22–24 In an initial experiment with four randomized positions on one zinc ﬁnger helix of the nineﬁnger TFIIIA protein,22 24 peptides were found to
bind speciﬁcally the 5S rRNA, all preserving Lys at
position 1 and a majority preserving Ser at position 2.
Signiﬁcantly more diversity was observed at the remaining two positions, with a preference for hydrophobic amino acids. Next, ten positions on each of
two helices of a two-zinc ﬁnger fragment of TFIIIA
were randomized, with the library limited to polar and
charged residues having some helical propensity and
with a sequence complexity of ⬃1018.23 Just two
sequences were found to bind 5S rRNA, neither
showing homology to TFIIIA residues but again underscoring the diversity of sequence solutions to the
RNA-binding problem.

RNA-Binding Peptides

The same large, two-zinc ﬁnger library was used to
identify ten peptides that speciﬁcally bound to the IIB
hairpin of the HIV-1 RRE.23 Because only a small
fraction of the total library was screened (⬃108
phage), these binders were then further randomized
by DNA shufﬂing, resulting in six peptides that bound
with ⬃2-fold higher afﬁnities. Interestingly, the helix
of the second zinc ﬁnger showed some sequence
similarities to the Rev helix, including enrichment for
arginines and the presence of an asparagine. The helix
of the ﬁrst zinc ﬁnger was enriched in uncharged polar
and acidic residues. It was shown subsequently that
the arginine-rich zinc ﬁnger alone was sufﬁcient for
RRE IIB binding, but that binding afﬁnity actually
decreased when the IIB hairpin was placed in the
context of the entire RRE.24 The N-terminal zinc
ﬁnger made a small contribution to binding afﬁnity
and speciﬁcity, perhaps resulting from the selected
acidic residues within its helix.

NONHELICAL BINDING PEPTIDES
While ␣-helices provide good modules to ﬁt the
grooves of nucleic acid helices, it is evident that other
binding solutions are possible and can be even more
favorable. For example, another combinatorial experiment performed with the RRE IIB hairpin identiﬁed
a very different class of binders. In this case, nine
residues were randomized using only Arg, Ser, or Gly
(R, S, G) codons in the context of ﬂanking arginines,
and high afﬁnity binders were found using the antitermination reporter assay.17 These peptides did not
contain Asn or Gln residues previously seen in the
helical RRE binders, and contained Gly residues that
disfavored helix formation, consistent with CD experiments. Subsequent mutagenesis and reselection for
tighter binders yielded the RSG-1.2 peptide, which
introduced an acidic residue and a Pro residue that
actually stabilized some helix content.25 The selected
RRE binders preserved the arginine-rich character of
Rev but otherwise showed substantial sequence diversity that resulted in higher afﬁnity interactions than
with Rev itself.
The NMR structure of RSG-1.2 bound to the RRE
IIB hairpin conﬁrmed that the RNA is able to accommodate a nonhelical binding motif.26,27 The peptide
contains an extended region followed by a turn and a
short ␣-helix. The short helix crosses the major
groove, unlike most helices that bind along the
groove, whereas the extended N-terminus lies along
the groove. The RNA contains G 䡠 G and G 䡠 A base
pairs as in the Rev-bound form but the amino acid–
RNA contacts are quite different, suggesting that the
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RNA structure serves mainly to shape the binding site
rather than to provide speciﬁc contact points. In the
Rev complex, there are many hydrogen bonds to
arginines and polar side chains whereas in the RSG1.2 complex, van der Waals interactions involving
Ala and Pro likely contribute to the 15-fold higher
binding speciﬁcity of RSG-1.2. Given the diverse
sequences and RRE-binding modes of Rev, RSG-1.2,
zinc ﬁngers, and Gln-containing peptides, it seems
likely that the sequence space explored by these limited combinatorial libraries provides only a small
glimpse into the types of binding motifs possible for
the RRE site.
Most of the RNA binders described above involve
rather arginine-rich peptides, but it seems likely that
tight binders based on less highly charged sequences
are possible. Indeed, in vitro selection experiments
demonstrate that RNAs can form binding pockets
exclusively for hydrophobic residues.28 A phage display library experiment with a fully randomized 15amino acid peptide library (⬃3⫻1023 sequences)
identiﬁed U1 snRNA binders that were largely hydrophobic and generally lacked positively charged residues.29 Peptides from the same library selected to
bind the anticodon loop of yeast phenylalanyl tRNA
also identiﬁed binders largely composed of hydrophobic residues, perhaps reﬂecting recognition of the
triply methylated state of the anticodon.29 –31 Interestingly, two of these anticodon binders displayed ␤
structure even in the absence of RNA. Thus, it seems
likely that some RNA–peptide interactions will be
driven largely by hydrophobic interactions, particularly in the context of larger RNAs that can fold to
form discrete binding pockets, further expanding the
available sequence space for RNA binders.
The NMR structures of other peptide–RNA complexes further underscore the structural diversity of
RNA-binding peptides and their corresponding sequence diversity. The complex of an arginine-rich
peptide from HTLV-I Rex bound to an RNA aptamer
adopts an “S-shaped” fold in which extended stretches
of peptide are punctuated by two turns, ending in a
very short 310-helix.32 The peptide utilizes Pro to
form a turn, as does the RSG-1.2 peptide described
above, and ﬁts into an unusual “L-shaped” RNA
structure formed by three helices that meet at a twobulge junction. In another example, arginine-rich peptides from the BIV and JDV Tat proteins bind to TAR
RNA as ␤-hairpins, in these cases utilizing Gly residues to help form ␤-turns and to allow the peptides to
sit deeply in the RNA major groove.33–35 It is interesting that the JDV Tat peptide also can bind to HIV-1
TAR in an apparently extended conformation, utilizing different side chains to make speciﬁc contacts to
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the two RNAs.35 This “chameleon-like” behavior also
is observed with the arginine-rich domain of Rev,
which binds to the RRE as an ␣-helix and to an RNA
aptamer in an extended conformation.36 Thus, the
sequence space of RNA-binding peptides encompasses substantial conformational diversity and ﬂexibility in addition to diverse speciﬁc side-chain contacts.

NON-NATURAL PEPTIDES
Given that RNA-binding peptides generally do not
adopt stable conformations on their own, attempts
have been made to stabilize the folded state using
modiﬁed synthetic peptides. Cyclic versions of an
HIV-1 Tat arginine-rich peptide were generated utilizing methylene linkers of different lengths, and one
peptide, screened initially for nuclear localization,
was able to bind HIV-1 TAR but also bound RRE
RNA, perhaps as a result of the cyclic constraint.37 In
another study, a disulﬁde-linked cyclic BIV Tat
␤-hairpin peptide bound BIV TAR with 3-fold higher
afﬁnity than the noncyclized version,38 consistent
with the notion that prestabilizing peptide structure
can enhance binding afﬁnity, as described above for
␣-helical peptides.
In addition to the sequence space available to natural amino acids, it also has been possible to identify
RNA ligands using non-natural amino acids. HIV-1
TAR binders have been identiﬁed from tripeptide
libraries composed of both D- and L-amino acids and
15 possible side chains.39 The two highest afﬁnity
peptides showed a strong preference for (D)Lys at the
second position and (L)Asn at the third position, and
binding afﬁnity was higher than that of the argininerich domain of HIV-1 Tat. Thus, non-natural amino
acids can yield yet additional solutions to the RNAbinding problem.

CONCLUSIONS
Recent technological advances have enhanced the capacity of peptide library screens and, together with an
increasing knowledge of amino acid–RNA contacts
from structural studies, have brought us closer to the
design of libraries that more thoroughly encompass
RNA-binding sequence space. The ability to identify
RNA binders clearly depends on the nature of the
RNA target site, and some binding sites are able to
accommodate more diverse binding modes than others. The high frequency at which RNA-binding peptides can be found for some RNA structures suggests

that speciﬁc binders may have readily evolved from a
relatively small sequence space, perhaps reﬂecting the
early transition from an RNA world. Combinatorial
experiments to date indicate that polar, charged, and
hydrophobic contacts all can participate in sequencespeciﬁc interactions. The results also suggest that
stabilizing peptide structure, whether it be ␣-helix,
␤-sheet, or other conformations, can have a major
impact on the binding afﬁnity and speciﬁcity of short
peptides. The results of further screens and new advances in peptidomimetic chemistry ultimately may
be translated into novel RNA-directed therapeutics
and may be expected to provide new perspectives on
RNA–protein recognition.
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