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Multiple modes of RNA recognition by zinc finger proteins

Traci M Tanaka Hall

Zinc finger proteins are generally thought of as DNA-binding
transcription factors; however, certain classes of zinc finger
proteins, including the common C,H, zinc fingers, function as
RNA-binding proteins. Recent structural studies of the CoH»
zinc fingers of transcription factor IlIA (TFIIA) and the CCCH
zinc fingers of Tis11d in complex with their RNA targets have
revealed new modes of zinc finger interaction with nucleic acid.
The three C5H, zinc fingers of TFIIIA use two modes of RNA
recognition that differ from the classical mode of DNA
recognition, whereas the CCCH zinc fingers of Tis11d
recognize specific AU-rich sequences through backbone atom
interaction with the Watson—Crick edges of the adenine and
uracil bases.
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Introduction

The classical C,H; ‘zinc finger’ proteins were identified
20 years ago as modular nucleic acid recognition elements
[1]. Although most noted for their role as DNA-binding
transcription factors, C,H, zinc fingers were identified in
transcription factor IITA (TFIITA), which was first shown
to be the protein component that associates with 5S TIRNA
within a 7S particle in Xenopus oocytes [2]. Later, its
DNA-binding properties were suggested when TFIITA
was shown to regulate expression of the 5S rRNA gene
[3]. More recently, the CCCH class of zinc finger protein
has been shown to bind to RNA targets [4]. This review
will focus on recent structural work illuminating our
understanding of C,H, and CCCH zinc finger protein
interaction with RNA. Readers may also be interested in
the interaction of the CCHC zinc knuckle domain of a
retroviral nucleocapsid protein with a model RNA repre-
senting the packaged dimeric RNA genome. These
results, from D’Souza and Summers [5°°], suggest how

the nucleocapsid protein may interact with RNA bases
that become unpaired when the genomic DNA forms
dimers.

RNA binding by C5H, zinc finger proteins
TFIIIA in Xenopus oocytes acts as an essential RNA
polymerase III transcription factor for the expression of
the 5S rRNA gene, binds to 5S rRNA to form a 7S
ribonucleoprotein particle that stabilizes the RNA until
it is needed for ribosome assembly and facilitates nuclear
export of the 5S rRNA [2,3,6]. TFIIIA contains nine C,H,
zinc fingers, which are used to recognize RNA and DNA
targets — 5S rRNA and the 5S rRNA gene [1]. The C,H,
zinc finger is a module of approximately 30 amino acid
residues, with two cysteine and two histidine residues
that coordinate a zinc ion. It folds into a small domain
comprising two 3 strands followed by an a helix [7].

Biochemical and structural studies have shown that bind-
ing to the 5S rRNA gene internal control region utilizes all
but the fourth and sixth zinc fingers of TFIIIA (see, for
example, [8-11]). TFIITA binds to three elements within
the 5S rRNA gene internal control region: an 11 base pair
‘box A’ sequence, a 3 base pair ‘intermediate element’
(IE) sequence and a 10 base pair ‘box C’ sequence
(Figure 1a). These elements are distributed pseudo-sym-
metrically, with approximately one double-helical turn
between each of the elements. Perturbation of the
distance between the elements reduces transcription
activity, suggesting that the spacing is important for
recognition [12]. However, the distance between the
recognition elements was perplexing; if one assumes that
the TFIIIA zinc fingers wrap around the major groove, as
seemed typical of C,H; zinc fingers, nine zinc fingers
would not be sufficient to span the expected binding site.
"The crystal structure of the first six zinc fingers of TFIIIA
in complex with a DNA sequence containing the IE and
box C sequences provided insight into how TFIITA
recognizes the widely spaced elements and why the
spacing is important [11]. The first three zinc fingers
were observed to bind to the box C sequence, wrapping
around the major groove of the DNA, and the fifth zinc
finger was bound to the IE element, but zinc fingers 4 and
6 did notinteract with the DNA. Instead, they acted as non-
DNA-binding spacers to allow recognition of the separated
elements. Finger 4 traversed the region between the 1E
and box C sequences. With finger 6 acting as another
spacer, zinc fingers 7-9 could be modeled to interact with
the box A element.

The recent crystal structure of zinc fingers 4-6 of TFIITA
in complex with a minimal 5S rRNA has provided
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Diverse roles of zinc finger proteins in nucleic acid recognition. (a) The C,H, zinc finger protein TFIIIA upregulates 5S rRNA transcription and
stabilizes 5S rRNA until it is required for ribosome assembly. TFIIIA binds to 5S rRNA promoter DNA sequences using zinc fingers 1-3, 5 and
7-9. Fingers 1-3 recognize box C sequences (yellow), finger 5 recognizes the |E sequences (red) and fingers 7-9 recognize box A sequences
(orange). Fingers 4 and 6 act as non-DNA-binding spacers to allow recognition of these extended elements. TFIIIA binds to 5S rRNA using
primarily zinc fingers 4-6. Finger 4 binds to sequences in loop E of 5S rRNA (green), finger 5 binds to backbone atoms in helix V (red) and finger
6 binds to sequences in loop A (blue). (b) TTP binds to UAUU sequences in the 3" UTRs of TNF-a and GM-CSF mRNAs via its tandem CCCH
zinc finger domains (blue), triggering their degradation. Black lines indicate sequential TTP-binding sites in the TNF-a and GM-CSF 3’ UTR
sequences. Red lines indicate additional overlapping sites. All figures were created using PyMol [31].

remarkable insight into how C,H, zinc fingers can be
used to recognize RNA [13°°]. Zinc finger 5 of TFIIIA
binds to DNA in typical C,H; zinc finger fashion, with
sidechains from the a helix binding to bases and back-
bone atoms in the major groove of the DNA (Figure 2a)
[11]. In the complex with 5S rRNA, however, zinc finger
5 is less intimately associated with the nucleic acid and
does not contact the bases, despite the presence of the
equivalent nucleic acid sequence. Instead, finger 5 uses
sidechains from the a helix to bind to the major groove
backbone of a double-helical region of the RNA
(Figure 2b), consistent with data suggesting that phos-
phate groups in helix V are important for recognition [14].
The sidechains that interact with the RNA backbone
include many that are also used for DNA recognition.
Thus, finger 5 is a bifunctional DNA- and RNA-binding
domain that uses overlapping sets of sidechains for
nucleic acid recognition.

As mentioned above, zinc fingers 4 and 6 of TFIIIA serve
as spacer regions in 5S rRNA promoter DNA binding, but
in 5S rRNA binding, they recognize focused elements in
loop regions of the 5S rRNA using the N-terminal ends of
their respective a helices. This represents a second mode
of C,H, zinc finger—RNA recognition, also different from
that typically observed for DNA recognition. Zinc finger 4
binds primarily to G75 in loop E of the 5S rRNA

(Figure 2c¢). This base is an ‘extra-helical’ base protruding
from a non-canonical base-paired region. Mainchain and
sidechain atoms of residues 117-120 of finger 4 contact
the base and backbone atoms of the RNA. These amino
acid residues are in the —2, —1, +1 and +2 positions of the
a helix and preceding loop, which overlap positions that
are commonly used for DNA recognition (typically the
—1, +2, +3 and +6 positions). However, the N-terminal
end of the a helix is directed toward the RNA, whereas
the side of the helix is typically directed toward the
nucleic acid in DNA recognition and as observed in zinc
finger 5 RNA recognition (Figure 2a,c). Similarly, resi-
dues 176178 in the —1, +1 and +2 positions of the a helix
of finger 6 contact mainly C10 and A1l in loop A of 5S
rRNA, including a stacking interaction between Trpl177
and A1l (Figure 2d). Despite the different modes of
interaction of fingers 4 and 6 with 5S rRNA, the impor-
tance of the —1 and +2 positions in RNA recognition
remains, and RNA recognition by these two fingers is
critical for tight binding, as RNA binding is reduced
markedly by alanine substitution of RNA-binding resi-
dues in fingers 4 and 6 [15].

Tight binding of 5S rRNA by TFIIIA fingers 4-6 is
heavily dependent on the structural arrangement of the
individual finger recognition elements to allow simulta-
neous interaction with all three fingers. Thus, mutations
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DNA and RNA recognition by CoH, zinc finger proteins. (a) The fifth zinc finger of TFIIIA recognizes bases in the major groove of 5S rRNA
promoter DNA. The backbone of the fifth zinc finger of TFIIIA (Leu133-Gly161) is shown as a cartoon trace. Zinc-coordinating sidechains,
DNA-interacting sidechains and the DNA (C6-G14 and C51-G59) are shown as stick representations with blue nitrogen, red oxygen, orange
sulfur and magenta phosphorus atoms. (b) The fifth zinc finger of TFIIIA recognizes the phosphate groups of 5S rRNA. The backbone of the
fifth zinc finger of TFIIIA (Leu133-Gly161) is shown as a cartoon trace. Zinc-coordinating sidechains, RNA-interacting sidechains and the RNA
(G66-A74 and A101-U109) are shown as stick representations colored as in (a). Not shown are interactions of Lys144 and His155 with backbone
atoms of C10 in loop A of the 5S rRNA. (c) The fourth zinc finger of TFIIIA recognizes primarily an extra-helical base in loop E of 5S rRNA. The
backbone of the fourth zinc finger of TFIIIA (Met104-GIn131) is shown as a cartoon trace. Zinc-coordinating sidechains, RNA-interacting
sidechains and the RNA (U73-C79 and G97-U102) are shown as stick representations colored as in (a). (d) The sixth zinc finger of TFIIIA
recognizes loop A of 5S rRNA. The backbone of the sixth zinc finger of TFIIIA (Gly161-GIn189) is shown as a cartoon trace. Zinc-coordinating
sidechains, RNA-interacting sidechains and the RNA (C10-A13) are shown as stick representations colored as in (a). Trp177 also forms a
stacking interaction with A11. Consistent with this observation, an aromatic residue at this position was shown to be important for 5S rRNA
recognition [14]. In all panels, the zinc atom is a grey sphere, zinc coordination is represented by grey dashed lines, hydrogen bonds and salt
bridges with sidechain atoms are represented by black dashed lines, hydrogen bonds with mainchain atoms are represented by green dashed
lines and a transparent molecular surface is superimposed on the protein structure.

that perturb the structure of the RNA in a small region,
although not affecting the structure of any particular
recognition element, could affect the relative positioning
of those elements and hence be deleterious to binding.

RNA binding by CCCH zinc finger proteins
Tis11d is one of three closely related human proteins that
are part of the family of CCCH zinc finger proteins

(reviewed recently in [16]). These zinc fingers are char-
acterized by three cysteine residues and one histidine
residue that coordinate the zinc ion and form, in general, a
Cys-Xg-Cys-X5-Cys-X3-His  sequence. The prototypic
CCCH zinc finger protein is the related protein triste-
traprolin (T'TP), also known as Tis11, Nup475 or ZFP36.
In the zinc finger region, Tisl1d is closely related to
T'TP in sequence (49 out of 70 amino acid residues are
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identical) and is likely to be similar in structure to the
better-studied T'TP protein.

T'TP was first identified as a gene that is rapidly upre-
gulated following stimulation of cells with insulin, serum
or phorbol esters [17-19]. The presence of tandem copies
of the then-putative zinc-coordinating residues in this
36 kDa protein suggested that it functioned as a tran-
scription factor. However, astute detective work follow-
ing the generation of TTP knockout mice by Perry
Blackshear’s laboratory led to the identification of a role
for the tandem zinc fingers as an RNA-binding region
[4,20].

The T'TP knockout mice appear normal at birth, but
quickly develop a complex syndrome comprising arthritis,
wasting, dermatitis and early death. The Blackshear
laboratory recognized that this phenotype resembled
closely that observed in earlier models of tumor necrosis
factor (TNF)-a excess. Thus, they administered anti-
TNF-a antibodies to the T'TP knockout mice soon after
birth and this treatment prevented essentially all of the
abnormalities associated with T'TP deficiency [20].

Subsequent studies led to the discovery that 'T'TP is an
RNA-binding protein that binds to AU-rich elements
in the 3’ untranslated regions (UTRs) of TNF-a and

granulocyte-macrophage  colony  stimulating factor
(GM-CSF) mRNAs [4,21] (Figure 1b). These AU-rich
elements were discovered in the 3 UTRs of mRNAs
encoding certain proto-oncogenes, cytokines and lym-
phokines, and have been shown to mediate rapid degra-
dation of these messages [22,23]. Thus, TTP binding to
the AU-rich elements of TNF-a and GM-CSF mRNAs
induces the degradation of the messages and so regulates
the level of protein expression. AU-rich elements are, as
their name implies, rich in adenosine and uridine resi-
dues, and have been placed into categories based on the
presence or absence of particular subsequences [24].
T'TP binds to mRNAs that contain multiple, overlapping
AUUUA pentamers. The determination of the solution
structure of the tandem zinc fingers of Tis11d in complex
with AU-rich element RNA identifies the minimal bind-
ing sequence for a tandem zinc finger and provides insight
into the mechanism of mRNA degradation [25°°].

The structure reveals that each zinc finger module binds
to the sequence UAUU; thus, the tandem zinc fingers
bind to UAUU-UAUU. This sequence is remarkably
similar to the nonamer (UUAUUUAUU) that was iden-
tified as the functional AU-rich element motif in bio-
chemical studies performed before TTP had been
identified as an effector of AU-rich element mRNA
degradation [26,27]. Zubiaga ez al. [27] demonstrated that
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Zinc coordination and an extensive hydrogen-bond network provide the framework for sequence-specific RNA recognition by Tis11d. A stereo
representation of the structure of Tis11d tandem CCCH zinc fingers (Ser151-Glu220) is shown. Secondary structure elements are presented

in ribbon form. Mainchain atoms of the remainder of the protein, and sidechain atoms of zinc-coordinating residues and positions forming
sidechain to mainchain hydrogen bonds are shown as stick representations with blue nitrogen, red oxygen and orange sulfur atoms. Grey dashed
lines represent zinc coordination. Black dashed lines represent hydrogen bonds. Backbone positions that contact the RNA are indicated with
black spheres. A transparent molecular surface is superimposed on the protein structure.
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AU-rich element potency is increased by combining
multiple copies of the nonamer sequence, suggesting
that binding of multiple copies of T'TP to a target mRNA
may potentiate the destabilization.

The RNA is recognized by the CCCH zinc finger mod-
ules through a familiar combination of hydrogen bond and
stacking interactions with the bases, as seen with many
RNA-binding proteins. However, the mode of RNA
recognition is quite extraordinary: sequence-specific
recognition is moderated mainly by protein mainchain

Figure 4
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atom hydrogen bonds to the Watson—Crick edges of the
bases (Figures 3 and 4a). The backbone architecture must
therefore be very important for specificity. With only
limited secondary structure elements, the zinc coordina-
tion, sidechain to mainchain hydrogen bonds and main-
chain to mainchain hydrogen bonds form a network of
interactions that produces the framework for sequence-
specific RNA interaction (Figure 3). The sidechains that
contact mainchain atoms in the Tislld structure are
relatively well conserved among the three human
T'TP-like proteins (eight out of eight identical in Tis11b;

@
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A
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Modular recognition of RNA by CCCH zinc finger proteins and Pumilio proteins. (a) The N-terminal zinc finger of Tis11d (Ser151-His178) bound to
RNA is shown in stereo. Secondary structure elements are presented in ribbon form. Mainchain atoms of the remainder of the protein, sidechain
atoms of zinc-coordinating residues and residues that contact the RNA, and the RNA (U6-U9) are shown as stick representations with blue
nitrogen, red oxygen, orange sulfur and magenta phosphorus atoms. Black dashed lines represent hydrogen bonds. A transparent molecular
surface is superimposed on the protein structure. (b) The second, third and fourth repeats of human Pumilio1 protein (Leu886-Leu986) bound

to RNA are shown in stereo. Secondary structure elements are presented in ribbon form. Sidechain atoms of residues that contact the RNA

and the RNA (A18 and U19) are shown as stick representations colored as in (a). A transparent molecular surface is superimposed on the

protein structure.
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six out of eight identical in T'TP), but are less well
conserved among all CCCH zinc finger proteins. It will
be interesting to see how sequence specificity is achieved
by other members of this class of zinc finger protein.

RNA recognition also appears to be modular, with each
zinc finger recognizing a UAUU sequence. In fact, a
single CCCH zinc finger can bind weakly but specifically
to AU-rich element RNA [28°]. This modular recognition
is reminiscent of RNA binding by the Pumilio proteins
that our laboratory studies (Figure 4b) [29]. Similar to the
Tis11d structure, Pumilio recognizes its RNA partner
through a combination of stacking interactions with the
bases, and hydrogen-bond interactions with the Watson—
Crick edges of mainly adenines and uracils. However, in
Pumilio, two amino acid sidechains make sequence-spe-
cific interactions with the Watson—Crick edge and a single
repeat of approximately 36 amino acid residues recog-
nizes one RNA base. The Tis11ld CCCH zinc finger
modules are much more economical, with approximately
35 amino acid residues recognizing four bases. CCCH
zinc finger proteins come in many forms [30]. Some have
only one module, whereas others have up to six, and the
spacing between domains and the inclusion of interced-
ing domains with different functions can be quite vari-
able. The structure of the Tis11d—RNA complex has
provided a great leap in our understanding of this family
of proteins, but there remains much to be learned.

Conclusions

Zinc finger domains, although small, appear to be quite
versatile. The C,H, zinc finger scaffold can be used for
base-specific recognition of the DNA major groove, back-
bone recognition of the RNA major groove, and almost
customized RNA base and loop recognition. Our under-
standing of CCCH zinc finger—RNA recognition has just
begun with the Tis11d—AU-rich element RNA structure.
How versatile a protein backbone can be for RNA (and
perhaps DNA or protein) recognition remains to be dis-
covered.
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