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ABSTRACT

Multifunctional proteins challenge the conventional
`one protein±one function' paradigm. Here we note
apparent multifunctional proteins with nucleic acid
partners, tabulating eight examples. We then focus
on eight additional cases of transcription factors
that bind double-stranded DNA with sequence
speci®city, but that also appear to lead alternative
lives as RNA-binding proteins. Exempli®ed by the
prototypic Xenopus TFIIIA protein, and more
recently by mammalian p53, this list of transcription
factors includes WT-1, TRA-1, bicoid, the bacterial
s70 subunit, STAT1 and TLS/FUS. The existence of
transcription factors that bind both DNA and RNA
provides an interesting puzzle. Little is known con-
cerning the biological roles of these alternative
protein±nucleic acid interactions, and even less is
known concerning the structural basis for dual
nucleic acid speci®city. We discuss how these
natural examples have motivated us to identify arti-
®cial RNA sequences that competitively inhibit a
DNA-binding transcription factor not known to have
a natural RNA partner. The identi®cation of such
RNAs raises the possibility that RNA binding by
DNA-binding proteins is more common than
currently appreciated.

INTRODUCTION

Reductionist approaches to understanding the complex
macromolecular partnerships in living cells involve the
application of biochemical and genetic assays to speci®c
macromolecules. These time-honored and focused strategies
have been tremendously successful and are taken to provide
the best evidence of molecular function, even in the face of
challenges from various new parallel methods. Despite this
power, one weakness of focused molecular assays is often the
informal but typically implicit assumption that each macro-
molecule possesses one biological function to be elucidated.
Once assigned, such functions allow categorization and frame
an understanding of the living cell.

On the other hand, living systems are presumably not
shackled by the notion that macromolecules serve single
functions. Because these molecules exist in a concentrated
environment with thousands of potential molecular partners, it
can be argued that the selective pressure to avoid illegitimate
partnerships must be at least as strong as that driving af®nity
for legitimate partners. It is in the context of this rich network
of potential interactions that biomolecules must function.
Thus, we might expect that individual molecules could
participate in multiple, perhaps super®cially unrelated regu-
latory pathways. These multiple functions may be dif®cult to
detect by traditional reductionist approaches. Nonetheless,
macromolecules with multiple functions have been identi®ed,
although such discoveries are typically unexpected.

Multifunctionality is an emerging feature of certain proteins
that bind nucleic acids. Table 1 provides eight illustrative
examples. This review will focus on eight additional cases of
proteins that were initially categorized as DNA-binding
transcription factors, but for which subsequent research has
shown apparent RNA-binding activities and functions
(Table 2). With the expectation that such `moonlighting' by
DNA-binding proteins might be more common than previ-
ously imagined, we highlight some old and new examples of
this phenomenon.

Besides illuminating the intricacy of biological systems, the
existence of transcription factors that can bind both DNA and
RNA raises at least three intriguing issues. The ®rst issue is
structural. How does a single polypeptide chain make
sequence-speci®c contacts with two nucleic acids whose
secondary and tertiary structures are likely to be very
different? Are distinct protein surfaces involved, or are the
same amino acids used to recognize the alternate targets? Are
the nucleic acids recognized competitively? Are there
examples where the RNA target mimics the structure of
double-stranded DNA (dsDNA)? This is not a trivial issue
since DNA and RNA strands of identical sequence are
expected to adopt very distinct folded structures. Even in the
case of double helical polymers, A-form RNA duplexes
present base functional groups in a three-dimensional context
that is very different from B-form DNA. The second issue is
evolutionary. When a single domain of a macromolecule
participates in two discrete (perhaps mutually exclusive)
regulatory interactions, which interaction represents the
`original' function of the molecule? The third issue is an
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engineering consideration that has motivated some of our own
research. How dif®cult is it to identify speci®c natural or
unnatural RNA ligands for DNA-binding proteins? Identi®-
cation of unexpected natural RNA ligands for transcription
factors might be undertaken by new systematic strategies. On
the other hand, the identi®cation of unnatural RNA ligands
for transcription factors might provide an interesting `decoy'
approach to selective RNA-based antagonism of gene
function.

Many proteins that bind nucleic acids would be expected to
display at least modest non-speci®c af®nity for other nucleic
acids. For the present review, we have chosen to focus on
sequence-speci®c DNA-binding transcription factors that also
appear to bind RNA with at least some sequence speci®city.
The eight examples selected for this review (Table 2) are not
intended to be exhaustive, nor is the cited literature compre-
hensive. Interested readers are encouraged to consult the lead
references for broader background. The authors offer their
apologies in advance for oversights or cases of seminal work
that have been excluded to achieve brevity. Furthermore, two
of the interesting cases included in Table 2 will not be
reviewed in detail. These include the potential inhibition of
STAT1 transcription factor function by a non-coding RNA in
embryonic suppression of MHC expression (1,2) and RNA
and DNA binding by the TLS/FUS factor involved in
oncogenic chromosomal translocations (3,4).

ZINC FINGER PROTEINS THAT BIND DNA AND
RNA

Transcription factor IIIA (TFIIIA)Ðthe original
paradigm

TFIIIA in Xenopus oocytes acts both as an activator of 5S
ribosomal RNA (5S rRNA) transcription (5,6) and as a storage
partner for 5S rRNA as it accumulates to massive levels in the
oocyte prior to ribosome assembly during later stages of
oocyte maturation and early development (7,8). This remark-
able discovery immediately suggested the possibility of
autoregulation of 5S rRNA synthesis by product antagonism
of its transcription factor (Fig. 1). Such autoregulation was
initially suggested by in vitro experiments (7), but it remained
unclear if a functional feedback loop exists in vivo. More
recent studies in developing Xenopus embryos suggest that
this proposed mode of homeostatic control of ribosomal
assembly may indeed occur (9,10). Whether somatic auto-
regulation of 5S rRNA transcription occurs remains unknown.
Interestingly, p43, a structurally similar protein from Xenopus,
binds only 5S rRNA (11).

The notion that a DNA-binding transcription factor could
recognize a speci®c RNA raised interesting structural ques-
tions. The competitive nature of DNA versus RNA binding
suggested that overlapping surfaces of TFIIIA were involved
in recognition of the DNA double helix and the folded 5S

Table 2. Transcription factors that bind DNA and RNA

Protein Targeta Functionb Nucleic acid binding motif c References

TFIIIA 5S rDNA/5S rRNA Transcription factor/rRNA storage factor,
autoregulation of 5S gene expression?

cys2±his2 zinc ®ngers 1±3/
cys2±his2 zinc ®ngers 4±6

5±19

WT-1 DNA/RNA? Tumor suppressor transcription factor/
RNA splicing factor?

cys2±his2 zinc ®ngers/alternately
spliced cys2±his2 zinc ®ngers with KTS insert

20±22

TRA-1 Developmental genes/
tra-2 mRNA 3¢-UTR

Transcription factor/RNA nuclear export cys2±his2 zinc ®ngers 25,26

Bicoid Developmental genes/
cad mRNA 3¢-UTR

Transcription factor/suppressor of cad
mRNA translation

Homeodomain 27,28

p53 Cell cycle genes/p53,
Cdk4 mRNA 5¢-UTRs?

Transcription factor/anti-helicase?,
translational repressor?

? 52,58,59

s70 dsDNA/6S RNA Bacterial promotor speci®city factor/? ? 89
STAT1 dsDNA/TSU RNA Transcription factor/suppressor of

embryonic MHC gene expression?
? 1,2

TLS/FUS DNA?/RNA? Transcription factor?/splicing regulator Zinc ®nger 4

aPutative targets are indicated in the form: DNA target/RNA target.
bFunction is indicated in the form: function of DNA complex/function of RNA complex.
cIndication of the protein motif employed for DNA/RNA recognition, if known.

Table 1. Examples of multifunctional proteins that bind nucleic acids

Protein Targeta Functionb References

KU dsDNA/telomerase RNA? DNA end recognition/? 69,70
T4 gene 32 ssDNA/mRNA ssDNA binding/translational repression 71±75
T4 DNA polymerase DNA/mRNA DNA replication/translational repression 76±78
ADAR1 Z-DNA/dsRNA ?/adenosine deaminase 79,80
Thermus thermophilus phenylalanyl-tRNA synthetase tRNA/dsDNA tRNA charging/? 81
mdm2 p53 protein/RNA Inactivation of p53/? 82
Thymidylate synthase ±/mRNA Thymidylate biosynthesis/translational repression 83,84
Group II intron RT/maturases Group II intron RNA/dsDNA RNA splicing/DNA insertion 85±88

aPutative targets are indicated in the form: initially discovered target/second target.
bFunction is indicated in the form: function of complex with initially discovered target/function of complex with second target.
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rRNA. Although the same nucleotide sequences are present in
both targets, the folded structures of these nucleic acids are
presumably very different. This conjecture was supported by
the results of structural probing (12±14). TFIIIA contains nine
classical cys2±his2 zinc ®ngers (each approximately 30 amino
acids in size) arranged consecutively (15). These zinc ®ngers
interact with ~50 bp of dsDNA in the internal control region of
the 5S gene, largely contacting one face of the DNA (16). This
observation suggested that the zinc ®ngers did not form a
spiral arrangement that tracked steadily along the major
groove, but that linkers skipped across the DNA backbones at
intervals. This prediction was eventually validated by an
X-ray co-crystal structure of the six N-terminal zinc ®ngers of
TFIIIA bound to duplex DNA (Fig. 2) (17).

Biochemical analysis has also provided insight into the
basis for zinc ®nger recognition of DNA versus RNA. A series
of zinc ®nger deletions was created and analyzed in vitro by
Clemens et al. (18) to study the domains within TFIIIA
responsible for af®nity and speci®city for 5S DNA and RNA,
respectively. These authors concluded that ®ngers 1±3 (num-
bered from the N-terminus of TFIIIA) contribute most of the
DNA af®nity, while ®ngers 4±6 are responsible for RNA
binding. This analysis also suggested that the presence of a
linker with the amino acid sequence TGEKP distinguishes the
DNA-binding ®ngers from those speci®c for RNA.
Complementary experiments have provided insight into the
aspects of nucleic acid sequence and structure required for
recognition (19). Three sequence blocks in the 5S gene re¯ect
the linear engagement of TFIIIA along its surface. Mutations
in 5S RNA suggest the roles of a key RNA bulge and base
triple in TFIIIA binding. A detailed understanding of RNA
recognition by TFIIIA must await a high-resolution X-ray
co-crystal structure.

WT1

The notion that different zinc ®nger modules can preferen-
tially recognize RNA or DNA targets is also supported by
studies of the Wilms' tumor protein. This protein is encoded

by the WT1 gene and contains an N-terminal proline- and
glutamine-rich regulatory domain followed by four C-terminal
zinc ®ngers (20). Loss of this tumor suppressor protein is
associated with pediatric kidney malignancies in Wilms'
tumor patients. Interestingly, the primary WT1 transcript is
alternatively spliced such that the amino acids KTS are either
present or absent between zinc ®ngers 3 and 4 (21). Protein
isoforms lacking the KTS insert bind DNA sequence-
speci®cally. In contrast, isoforms containing the KTS insert
localize to regions of nuclear RNA splicing (22), and an RNA
target is implied though not yet identi®ed. In vitro RNA
selection experiments with the form of the Wilms' tumor
protein lacking the KTS sequence show that even this isoform
can bind both RNA and DNA in vitro (21).

TRA-1

The two sexes of Caenorhabditis elegans, hermaphrodite and
male, are determined by a genetic network involving the tra-1
and tra-2 genes (23,24). Expression of tra-1 promotes tra-2
activity required for proper development of the female
features of the hermaphrodite. TRA-1 protein contains ®ve
zinc ®ngers and, like GLI family members in other organisms,
binds a de®ned DNA sequence and regulates transcription of
developmentally important genes (25,26). Genetically, tra-2
acts upstream of tra-1, but tra-1 positively feeds back on tra-2,
perhaps to reinforce the female developmental switch
(Fig. 3A). In elegant genetic and biochemical studies to
understand the regulation of tra-2 by tra-1, Goodwin and co-
workers (25) demonstrated that, unexpectedly, TRA-1 protein

Figure 2. Molecular structure of a portion of TFIIIA bound to dsDNA. The
six N-terminal zinc ®ngers of TFIIIA are shown in this rendering of the
crystal structure (17). No high resolution structure of TFIIIA with 5S rRNA
is available. (A) Side view of the complex. Protein (cyan backbone trace)
N-terminus is at the right. DNA atoms are indicated as spheres of conven-
tional colors (white, carbon; blue, nitrogen; red, oxygen; gold, phosphorus).
(B) View of the complex from the N-terminus of the protein.

Figure 1. Schematic depiction of 5S rRNA autoregulation that is formally
possible because of the ability of Xenopus TFIIIA to bind both 5S rRNA
and the dsDNA encoding it. The 5S rRNA gene is indicated as duplex DNA.
In the absence of free TFIIIA (trapezoid), the gene is not transcribed (OFF).
Free TFIIIA leads to DNA binding and the assembly of an active complex
that recruits RNA polymerase III (ON). Accumulation of 5S rRNA has the
potential to titrate levels of free TFIIIA, inhibiting transcription activation.

4120 Nucleic Acids Research, 2002, Vol. 30 No. 19



binds a sequence element in the 3¢-untranslated region (3¢-
UTR) of tra-2 mRNA. This interaction induces cytoplasmic
localization of the tra-2 mRNA. In their model (Fig. 3B), these
authors suggest that the tra-2 mRNA is initially nuclear due to
interaction with a protein factor bearing a nuclear localization
signal. Binding of the tra-2 3¢-UTR by TRA-1 reverses this
nuclear targeting, and promotes nuclear export of both the
tra-2 mRNA and bound TRA-1 protein.

This model (Fig. 3B) suggests that clearance of RNA-bound
TRA-1 from the nucleus could reduce its activity as a
transcription factor. Such a mechanism would represent a
novel RNA-based inhibition of gene expression by changing
the subcellular localization of a transcription factor. It may be
important to consider this regulatory model in understanding
RNA binding by other transcription factors.

The detailed basis for TRA-1 recognition of both DNA and
RNA remains unclear. The presence of multiple zinc ®ngers in
TRA-1 raises the obvious analogy with both TFIIIA and WT1,
suggesting that subsets of these ®ngers may be responsible for
RNA and DNA binding. In vitro RNA binding was retained by
deletion mutants of TRA-1 that contained only the ®rst two of
®ve zinc ®ngers (25).

BINDING TO DNA AND RNA BY THE
HOMEODOMAIN

Bicoid

The homeodomain is a conserved sequence-speci®c dsDNA-
binding module of approximately 60 amino acids, ®rst
identi®ed in developmental transcription factors. Homeo-
domains specify helix±turn±helix protein motifs that make
sequence-speci®c contacts in the DNA major groove. In

Drosophila development, mRNA encoding the key homeo-
domain-containing protein bicoid (bcd) is deposited at the
anterior of the egg. Upon fertilization, the translation of bcd
mRNA results in a bcd anterior-to-posterior protein gradient.
Local bcd concentrations determine whether bcd-responsive
genes will later be activated by the protein, a key determinant
in segment pattern formation. In contrast to bcd mRNA, the
mRNA for a second key homeodomain transcription factor,
caudal (cad), is initially evenly distributed within the early
Drosophila embryo. However, in wild-type embryos, transla-
tion of cad mRNA is non-uniform, with cad mRNA translated
most where bcd protein concentrations are lowest. This
relationship gives rise to an inverse (posterior-to-anterior)
concentration gradient of cad protein. In mutants lacking bcd
protein, translation of cad mRNA leads to an abnormal,
uniform distribution of cad protein across the embryo.
Because this antagonistic relationship between bcd protein
and cad mRNA translation is established in unfertilized eggs
in the absence of transcription, a possible direct role of bcd
protein in cad mRNA translation suppression was suggested.

Genetic (27) and biochemical (28) experiments were
undertaken to elucidate the mechanism of cad mRNA
translation suppression by bcd protein. A control element in
the 3¢-UTR of cad mRNA was found to be responsible for bcd
suppression of cad mRNA translation (27). Further in vivo
studies showed that the homeodomain region of bcd was
needed for cad mRNA translational control. Remarkably,
these authors were then able to show that the bcd/cad mRNA
interaction was direct. Recombinant bcd protein in mamma-
lian cell extracts or puri®ed after expression in bacteria
directly bound radiolabeled cad mRNA in vitro (27).
Subsequent experiments demonstrated that binding of bcd to
the cad 3¢-UTR in heterologous transcripts was suf®cient to
block translation (27).

Similar approaches led Rivera-Pomar et al. (28) to identify
proteins from Drosophila embryo nuclear extracts capable of
binding to cad mRNA. These studies again led to the
conclusion that the homeodomain of bcd binds directly to
the 3¢-UTR of cad mRNA, resulting (by an unknown
mechanism) in the suppression of cad mRNA translation.
This ability of a single protein to execute both transcriptional
and translational control provides an ef®cient regulatory
circuit in pattern formation. Although it seems likely that the
bcd homeodomain would bind dsDNA or cad mRNA
competitively, this remains unproven. As for the zinc ®nger
examples discussed above, details of apparent homeodomain/
RNA recognition remain to be elucidated.

DNA AND RNA BINDING BY THE p53 TUMOR
SUPPRESSOR PROTEIN

Transcription factor biology of p53

Aptly termed the `guardian of the genome', the p53 tumor
suppressor protein plays multiple roles in facilitating growth
arrest or apoptosis in response to DNA damage. Its vital
function in growth control is evidenced by the fact that p53
mutations are among the most prevalent genetic abnormalities
in human cancer (29). Perhaps because p53 is one of the most
intensely studied proteins of recent years, reports continue to
surface describing previously unknown functions and binding

Figure 3. Schematic model for genetic and biochemical regulation of
C.elegans tra-1 and tra-2. (A) Genetic regulatory relationship (26).
(B) Biochemical model for post-transcriptional regulation of tra-2 mRNA
localization by TRA-1 protein (25).
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partners for this transcription factor. It is obvious that much
remains to be learned of p53 functions in addition to its
conventional role as a sequence-speci®c DNA-binding protein
and transcriptional activator.

p53 is unusual among transcription factors in having two
distinct binding domains for nucleic acids, each with a different
speci®city (Fig. 4A) (30). A sequence-speci®c DNA-binding
domain comprises the central core of p53. The core domain is
responsible for recognition of the p53 consensus sequence in
promoters of target genes, and most tumor-derived missense
mutations occur in this region of the protein (30). A second,
non-speci®c, nucleic acid-binding domain lies near the
C-terminus of p53. This highly basic domain appears to exhibit
little, if any, sequence preference and binds with high af®nity to
single-stranded DNA (ssDNA) and RNA, irradiated DNA,
four-way junctions, insertions, and deletions (30).

Binding of p53 to its cognate site in promoters activates
transcription of target genes involved in growth arrest or
apoptosis, thereby allowing adaptation to cellular insults.
DNA damage appears to induce additional post-translational
modi®cations of p53 that increase its promoter-binding
activity. Interestingly, modi®cation of the non-speci®c
C-terminal nucleic acid-binding domain of p53 by phos-
phorylation, acetylation, antibody binding, or deletion appears
to activate sequence-speci®c DNA binding by the core domain
in vitro (31). In contrast, it has been suggested that binding of
the C-terminal domain to nucleic acids sterically hinders the
ability of the core domain to recognize its speci®c DNA-
binding site (32). Thus, it appears that the C-terminal nucleic
acid-binding domain of p53 plays an important regulatory role
in speci®c DNA binding by the core domain. A more extensive
review of the regulation of p53 function by its C-terminal
domain is given by Ahn and Prives (30).

Unconventional nucleic acid interactions with p53

Beyond its well characterized transcription factor activity,
new potential roles for p53 have recently come to light. In the
late 1980s it was recognized that p53 can inhibit SV40

minichromosome replication by suppressing T-antigen DNA
helicase activity (33±35). In 1993, Oberosler et al. (36)
showed that p53 acts as a general anti-helicase in vitro,
inhibiting several unrelated DNA and RNA helicases.
Intriguingly, p53 was shown to have a much higher af®nity
for single-stranded rather than double-stranded nucleic acids,
and RNA was found to serve as a more ef®cient competitor for
p53 binding than ssDNA by one order of magnitude (36). The
anti-helicase activity of p53 increases the rate of RNA±RNA
renaturation by >200-fold, and this activity is not dependent
upon base composition or length of the RNA (36).

Accumulating evidence suggests that the C-terminal
domain of p53 is both necessary and suf®cient for its nucleic
acid annealing activity. An antibody to the p53 C-terminal,
non-speci®c nucleic acid-binding domain (Pab421, recogniz-
ing amino acids 370±378) blocks DNA and RNA annealing
activity (36), while activating sequence-speci®c DNA binding
(31). Wu et al. (37) showed that a p53 C-terminal fragment
encompassing residues 311±393 is suf®cient to promote
annealing of nucleic acids in vitro. Furthermore, a p53 splice
variant has been detected in mice that utilizes an alternative
exon at the 3¢ end of the mouse p53 gene, resulting in the
substitution of 17 new amino acids for the 26 C-terminal
residues of the normal splice variant (38). Signi®cantly, the
p53 alternate splice variant lacks the nucleic acid annealing
activity of the p53 normal splice variant (37). The fact that the
two p53 splice variants appear to be expressed differentially at
different times in the cell cycle (39) implies a functional
relevance for the different p53 splice forms. Indeed, the p53
alternate splice form has been shown to exhibit enhanced
speci®c DNA binding (40) but an attenuated ability to induce
apoptosis (41,42).

How does p53 catalyze the annealing of complementary
nucleic acid strands? Filhol et al. (43) hypothesized that p53
monomers may bind to the complementary single-stranded
nucleic acids, and these are then brought in close proximity by
p53 oligomerization. However, the annealing activity of p53 is
separable from its ability to bind single-stranded nucleic acids,
since a p53 mutant protein isolated from a human liver tumor
[p53-mt276; (44)] showed reduced annealing activity
although its ability to bind nucleic acids was unaffected
(45). Binding of p53 does not cause major changes in RNA
secondary structure (45).

Nucleic acid annealing activity by p53 might function
during DNA replication, recombination, pre-mRNA splicing,
RNA transport, or translation and could counteract or regulate
DNA and RNA helicases (36). The fact that p53 nucleic acid
annealing activity and speci®c DNA binding appear to be
mutually exclusive suggests that p53 can exist in two very
different functional states, the distribution of which may be
tightly regulated. Indeed, phosphorylation of p53 at its
C-terminal serine by the ubiquitously expressed serine/
threonine kinase casein kinase 2 (CK2) completely inhibits
DNA annealing activity in vitro (43) while activating sequence-
speci®c DNA binding upon UV irradiation in vivo (46).

Speci®c RNA binding by p53

In addition to its apparent sequence-independent RNA/DNA
annealing activity, p53 has been increasingly implicated in the
translational control of speci®c mRNA transcripts. An unex-
pected link to translation was ®rst suggested by the fascinating

Figure 4. Protein biochemistry and putative regulatory interactions of p53.
(A) p53 protein domains. AD, activation domain; PRD, proline-rich SH3-
binding domain; TET, tetramerization domain; NLS, nuclear localization
sequence; P, phosphorylation sites. (B) Examples of genes regulated by p53,
and their relationships to DNA damage control and cellular responses.

4122 Nucleic Acids Research, 2002, Vol. 30 No. 19



discovery that 5.8S rRNA was found to be covalently bound to
phosphoserine-389 of puri®ed mouse p53 (47). It has since
been shown that p53 can exist in a complex with Mdm2 and
the large subunit-associated ribosomal protein L5 (48).
Furthermore, puri®ed Mdm2 or Mdm2/p53 binds 5S rRNA
(48), presumably via the speci®c L5±5S rRNA interaction
(49). Adding to the complexity, L5, 5S rRNA and 5.8S rRNA
can form a ternary complex in solution (50). Thus, a
ribonucleoprotein complex consisting of p53, Mdm2, L5
ribosomal protein, 5S rRNA and 5.8S rRNA may exist in the
cell by virtue of multiple protein±protein, protein-RNA, and
RNA±RNA interactions (48). This complex could conceivably
function in such processes as ribosome biogenesis, ribosome
transport from the nucleus, or translational regulation (48).

Fontoura et al. (51) further investigated the association of
cytoplasmic p53 with ribosomes in an elegant series of
cofractionation experiments. In this study it was found that
mammalian p53 associates with a subset of ribosomes that
comprises a small fraction of the total ribosome population
(51). However, the vast majority of p53 covalently linked to
5.8S rRNA associates with ribosomes (51). Puromycin
treatment blocked copuri®cation of p53 with ribosomes,
indicating that p53 is indeed associated with the translation
machinery (51). Furthermore, p53 mRNA coprecipitates with
ribosome-associated p53 polypeptide, indicating that p53
binds speci®cally to ribosomes bearing p53 mRNA and/or
directly to p53 mRNA (51). Fontoura et al. (51) concluded
from these studies that p53 may be involved in regulating
translation of a subset of mRNAs, including its own.

Mosner et al. (52) discovered that murine p53 does in fact
appear to regulate the translation of its own mRNA. Murine
p53 preferentially binds the murine p53 mRNA 5¢-UTR and
inhibits translation of the p53 transcript in vitro (52). Stable
RNA stem±loop structures are predicted to form in the 5¢-UTR
of p53 mRNA (52). The disruption of such secondary
structures during translation is thought to require an RNA
helicase, e.g. eukaryotic translation initiation factor 4A [eIF-
4A; (53)]. Thus, the known, potent anti-RNA helicase activity
of p53 (36) may be functionally relevant to its ability to inhibit
the translation of certain mRNA transcripts. In accordance
with this hypothesis, it was found that the MethA mutant p53
protein (54), which is defective in RNA±RNA annealing,
binds p53 mRNA but does not inhibit translation (52). Thus,
p53 may stabilize secondary structures within its own mRNA
5¢-UTR, interfering with ribosome scanning. Direct auto-
regulation of the p53 transcript has not yet been observed in
humans, although a 40-kDa protein has been shown to bind an
Alu-like element in the human p53 3¢-UTR to inhibit
translation (55±57).

The Cdk4 mRNA provides a second example of possible
translation regulation by p53. Ewen et al. (58) and Miller et al.
(59) showed that wild-type p53 binds to a region of the human
Cdk4 5¢-UTR mapped to positions ±100 to ±64 upstream of the
start codon. The speci®c binding of human p53 to this region
represses human Cdk4 translation during TGF-b-induced G1

cell-cycle arrest in Mv1Lu cells (58,59). This ®nding provides
another mechanism for p53-mediated down-regulation of
Cdk4 in response to TGF-b1, in addition to the previously
known transactivation of the Cdk4 inhibitor p21WAF1/CIP1 (60).
p53 has a proline-rich domain (amino acid residues 61±94)
that can interact with the SH3 domains of signaling proteins,

possibly providing a linkage between p53 and the TGF-b
receptor. Indeed, p53 amino acids 43±80 were found to be
essential for translational regulation of Cdk4 (59). Cdk4
5¢-UTR RNA binding is necessary but not suf®cient for
translation inhibition by p53, since some p53 mutants
defective for translational regulation can still bind the CDK4
RNA transcript (59).

The previous examples provide compelling evidence that
p53 functions as an RNA-binding protein in addition to its
long-recognized role as a DNA-binding protein/transcriptional
activator. It is becoming increasingly evident that p53 can
regulate the translation of a subset of mRNA transcripts.
Possible mechanisms for this translation inhibition include
stabilization of RNA secondary structures via the anti-helicase
activity of p53, steric hindrance of ribosome entry, or direct
interaction with the translation machinery mediated by the
covalent linkage between p53 and 5.8S rRNA (61).

Although much has been learned regarding RNA binding by
p53 in recent years, many unanswered questions remain. For
example, how does p53 speci®cally recognize regions in
the 5¢-UTRs of certain transcripts to mediate translation
inhibition? Is such binding dependent upon sequence recog-
nition, or recognition of speci®c RNA secondary structures?
Interestingly, positions ±72 to ±53 in the CDK4 5¢-UTR are
84% identical among the human, mink, pig and rat sequences
(59), suggesting evolutionary conservation. Can p53 inhibit
the translation of other transcripts in addition to its own
(mouse) and that encoding Cdk4 (mammalian)? What
domain(s) of p53 are responsible for speci®c RNA binding
and translation inhibition? The p53 C-terminus appears to be
necessary but not suf®cient for speci®c translation inhibition.
Inhibition of translation of the murine p53 transcript by p53
polypeptide could be overcome by preincubation with
antibody PAb421 to the p53 C-terminus (52). The isolated
p53 C-terminal domain (amino acid residues 311±393) can
weakly inhibit translation of the Cdk4 transcript but binds
non-speci®cally to other RNAs as well, suggesting that
additional regions of p53 may provide speci®city in RNA
binding (59). Finally, does RNA binding by p53 function in
processes other than translation inhibition, e.g. ribosome
biogenesis, pre-mRNA splicing or RNA transport? The future
promises to hold further surprises with regard to the roles of
this versatile and multifunctional nucleic acid-binding
protein.

UNNATURAL RNA LIGANDS FOR DNA-BINDING
PROTEINS: HOW DIFFICULT A QUEST?

The discovery of potential natural RNA partners for DNA-
binding transcription factors has motivated our own laboratory
to consider designing or selecting arti®cial partnerships of this
kind. Of particular interest is the notion that small, folded
RNAs might be encoded in designer transgenes and expressed
on demand to produce molecular `decoys' to competitively
inhibit speci®c DNA-binding transcription factors. Three
attractive aspects of this problem drew our attention. First,
DNA-binding proteins are expected to have a general
electrostatic af®nity for anionic polymers such as RNA.
Secondly, powerful in vitro selection methods are available
for screening massive combinatorial RNA libraries (>1013

100-nt RNAs) for candidate RNA decoys (62,63). Thirdly,
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powerful yeast genetic selection schemes have been
developed to detect and optimize novel RNA±protein
interactions in eukaryotic nuclei (64,65).

Armed with these tools, we have systematically asked
whether small decoy RNAs can be selected against an
arbitrary mammalian transcription factor. For this purpose
we have targeted the well studied p50 homodimer form of
transcription factor NF-kB. This protein and related com-
plexes bind dsDNA and activate key genes involved in
in¯ammation and the prevention of apoptosis. No natural
RNA ligand for NF-kB is known. We were therefore intrigued
that in vitro selection directly yielded a 31-nt RNA motif
capable of NF-kB binding in vitro with ~1 nM af®nity,
indistinguishable from the af®nity of the protein for its optimal
DNA-binding site (Fig. 5) (66). Binding was shown to be
competitive with DNA (66), and the stoichiometry of the
interaction appears to be one RNA per protein dimer (67).
These and other results suggest that the RNA binds in the
DNA-binding cleft of the protein dimer, perhaps as a structural
mimic of the normal DNA double helix target sequence. The
potential imperfect A-form RNA duplex structure of the RNA
aptamer may allow it to occupy a protein cavity optimized to
receive a B-form DNA duplex.

Our more recent efforts have focused on the question of
whether this unnatural RNA±protein interaction could be
made to occur in vivo, where the in vitro-selected RNA
encounters thousands of new potential protein partners and
new folding and localization constraints, not to mention
nucleases. Perhaps remarkably, the 31-nt RNA motif selected
for NF-kB binding in vitro was found to be recognized
selectively by NF-kB protein after the aptamer was engrafted
into a longer hybrid RNA and expressed together with NF-kB
in a sensitive yeast three-hybrid assay (68). Because the yeast
three-hybrid system offers a selection for enhanced reporter
expression driven by the RNA±protein interaction, this system

has afforded a powerful approach to screen various aptamer
variant libraries to identify RNA aptamers for NF-kB that
display improved function in vivo (L.A.Cassiday and
L.J.Maher III, unpublished results). Such RNA optimization
may re¯ect improved in vivo binding af®nity, or selection for
other parameters such as RNA accumulation, localization,
folding or avoidance of non-speci®c protein partners. A
further avenue of research is the design of direct yeast
selections for RNAs capable of disrupting DNA binding by the
target transcription factor. Overall, the availability of a
eukaryotic aptamer optimization strategy in the form of the
yeast three-hybrid system provides a systematic method for
linking the power of in vitro RNA selections to the eventual
testing of RNAs as decoys in mammalian cells.

CONCLUDING QUESTIONS

This survey highlights the interesting problem of RNA
binding by DNA-binding proteins and suggests at least two
key questions for future investigation. The ®rst question
relates to the structural basis for RNA recognition by DNA-
binding proteins. Does the folded RNA assume a structure that
mimics the three-dimensional array of charges and hydrogen
bond donors and acceptors presented to the protein-binding
surface by duplex DNA? Insight into this problem will be
gained through determination of high-resolution structures for
complexes of a given transcription factor bound alternatively
to RNA versus dsDNA.

A second question is more strategic: are there systematic
and ef®cient approaches to identifying previously unknown
RNA±protein interactions involving transcription factors?
Such searches will be valuable to provide an unbiased survey
of the kinds of unexpected RNA±protein interactions dis-
cussed above. Such a survey could reveal molecular partner-
ships that are now detected only by serendipity. Systematic
screens, such as those made possible by the yeast three-hybrid
system, now allow the contemplation of such studies (64).
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