
Zinc finger proteins: getting a grip on RNA
Raymond S Brown
C2H2 (Cys-Cys-His-His motif) zinc finger proteins are members

of a large superfamily of nucleic-acid-binding proteins in

eukaryotes. On the basis of NMR and X-ray structures, we

know that DNA sequence recognition involves a short a helix

bound to the major groove. Exactly how some zinc finger

proteins bind to double-stranded RNA has been a complete

mystery for over two decades. This has been resolved by the

long-awaited crystal structure of part of the TFIIIA–5S RNA

complex. A comparison can be made with identical fingers in a

TFIIIA–DNA structure. Additionally, the NMR structure of

TIS11d bound to an AU-rich element reveals the molecular

details of the interaction between CCCH fingers and

single-stranded RNA. Together, these results contrast the

different ways that zinc finger proteins bind with high

specificity to their RNA targets.
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Introduction
Many DNA-binding proteins have multiple copies of

small independently folded domains that contain con-

served cysteines and histidines coordinated to zinc; such

proteins are commonly called zinc finger proteins. Several

different types of Cys-Cys (CC) or Cys-His (CH) motifs

are present in zinc finger proteins from a wide variety of

organisms [1��]. In the past few years, we have seen a

steady trickle of reports on zinc finger proteins that show

RNA binding activity. These include viral proteins, such

as the HIV-1 nucleocapsid (CCHC) [2,3], reovirus s3

(C2H2) [4] and barley stripe mosaic virus gb protein

(C4C/H) [5]. Examples also come from a plant, Arabi-
dopsis HUA1 nuclear protein (CCCH) [6], and parasites,

such as trypanosome tcZFP1 (CCCH) [7] and leishmania

mitochondrial RET1 uridylyl transferase (C2H2) [8]. The

mammalian zinc finger proteins wig-1 (C2H2) [9] and JAZ

(C2H2) [10] are localized to the nucleolus, whereas
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others, such as hZFP100 (C2H2) [11] and tristetraprolin

TTP (CCCH) [12], are involved in histone pre-mRNA

processing and the degradation of tumor necrosis factor

a mRNA, respectively. In addition, there are reports of

dual RNA/DNA-binding proteins, such as the thyroid

hormone receptor (CCCC) [13] and the trypanosome

poly-zinc finger PZFP1 pre-mRNA processing protein

(CCHC) [14]. Whether their interactions with RNA are

based on the same mechanisms as protein–DNA binding

is an intriguing structural question that has remained

unanswered until now.

What follows is an attempt to expose both similarities

and differences between C2H2 zinc finger protein bind-

ing to RNA and DNA based on recent X-ray structures.

Examples of ssRNA and dsRNA sequence recognition in

are also examined and discussed at the molecular level.

DNA sequence recognition
The structural details of how zinc fingers bind to dsDNA

are well understood. Zinc fingers typically follow a right-

handed helical path as they wrap around the outside of a

double helix. Several protein–DNA complexes show that

multiple contacts are made in particular with nucleotide

bases in the major groove [15]. A single C2H2 zinc

finger, composed of a b hairpin and an a helix held

together by a tetrahedrally coordinated zinc ion, will span

a DNA sequence of three or four consecutive base pairs.

Frequently, the contacts are made by the sidechains of

amino acids located at positions �1, +2, +3 and +6 of the a

helix. Strong preferences are observed, for example, argi-

nine bonding to guanosine, aspartic acid to adenosine or

cytidine, and leucine to thymidine. At present, these

observations are insufficient to define a set of coding rules.

TFIIIA and DNA
TFIIIA is necessary for the transcription by RNA poly-

merase III of the genes encoding eukaryotic ribosomal 5S

RNA. It is the essential core component of the initiation

complex required for the start of transcription. We know

that not all of the nine C2H2 fingers in TFIIIA bind to

DNA base pairs. Some have a passive role as spacers that

allow the protein to span a long DNA sequence [16]. In

this way, TFIIIA interacts with the separate transcription

signals located within the 55 base pairs of the ribosomal

5S RNA gene internal promoter region.

TFIIIA also binds to 5S RNA
A large amount of TFIIIA protein is found associated

with ribosomal 5S RNA in cytoplasmic 7S storage parti-

cles from the oocytes of amphibians and spiny fish. How

can TFIIIA use its zinc fingers to bind specifically to

DNA and RNA, two quite distinct forms of the double
www.sciencedirect.com
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Figure 1
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Dual nucleic acid binding by zinc fingers of TFIIIA. (a) Interaction of

fingers 4–6, from right to left, with 5S DNA [16]. (b) Endwise view of (a).

(c) Interaction of fingers 4–6, from right to left, with a truncated 5S

RNA [18��]. (d) Endwise view of (c). Nucleic acids are shown in green.

Fingers 4–6 are represented as a backbone trace, with their a helices

in red and zinc ions as violet spheres. Figure generated using the

program RasMol [28].
helix with different conformations? What kind of struc-

tural arrangement would allow zinc fingers to bind to

both? This fascinating question has occupied many peo-

ple for more than 20 years. Early suggestions were made

involving DNA-like structures in the internal loops of 5S

RNA or an intermediate double-helical conformation of

5S DNA. Because base pairs in the major groove of RNA

are relatively inaccessible, recognition may involve

surface contacts, especially to negatively charged phos-

phates. It is now generally believed that subsets of zinc

fingers have adapted either to RNA binding or to DNA

binding. Thus, fingers 1–3 of TFIIIA bind strongly to

DNA and central fingers 4–6 bind to RNA [17].

Divide and conquer
Large single crystals of the Xenopus oocyte 7S complex

diffract only to about 8 Å resolution (RS Brown, E Lor-

entzen, FA Rey, unpublished). Lu et al. [18��] have

achieved a remarkable breakthrough by engineering a

smaller protein–RNA complex. They used a ‘divide-and-

conquer’ strategy [19] to custom design a truncated 5S

RNA that binds to zinc fingers 4–6 of TFIIIA. They

obtained crystals that diffract to 3 Å and used them to

successfully determine the X-ray structure. Their struc-

ture reveals the details of how fingers 4–6, which con-

tribute the most to RNA recognition, interact with a 61-

nucleotide RNA that correctly mimics Xenopus oocyte 5S

RNA, comprising loops A and E, as well as helix V and a

shortened helix IV. Finally we can admire the view and

see how a highly adapted DNA-binding zinc finger pro-

tein interacts with a folded RNA (Figure 1).

Similar but different
From these crystal structures, we can now see that fingers

4–6 are associated with identical sequences in their

respective RNA and DNA complexes. Surprisingly, the

a helices of fingers 4–6 are largely responsible for the

interaction with RNA, but are excluded from its deep and

narrow major groove. As expected, there are only a few

contacts to nucleotide bases, including two of the triple

base pairs found at junctions between helical stems and

internal loops in 5S RNA. His119 of finger 4 binds to

bulged G75 (numbering refers to the intact 5S RNA) and

possibly also to G99 in internal loop E. Finger 5 has no

direct interactions with the bases, whereas Trp177 of

finger 6 stacks onto A11 in loop A. This resembles the

hydrophobic stacking of Trp37 from the HIV-1 nucleo-

capsid (CCHC box) second zinc finger domain with a

guanosine base in the terminal loop of the SL3 RNA

hairpin [20]. Curiously, some residues in finger 5 (e.g.

Ser150, Lys144, Arg154 and His155) bind RNA and

DNA, but to different sites in each case (Figure 2a).

It is quite remarkable that the relative orientation of

fingers 4 and 5 remains the same regardless of whether

the fingers are bound to RNA or DNA. However, the a

helix of finger 4 now points into the major groove of loop
www.sciencedirect.com
E, close to phosphate 76, in complete contrast to its role as

a passive spacer over the minor groove of DNA. Surpris-

ingly, finger 5 has tightened its grip on the RNA and

contacts phosphates in helices 1 and 3. The a helix of

finger 5 lies across the major groove, binding to phos-

phates 68, 69 and 70 on one strand and to phosphate 101

on the other. However, in the complex with DNA, this

helix follows the major groove and interacts with nucleo-

tide bases G70 and G71. Thus, if fingers 4 and 5 of both

structures are superimposed, the RNA and DNA double

helices are orientated roughly perpendicular to each

other. Oddly, finger 6, which spans a minor groove of

the DNA, has rotated around its short Ala-Gly linker

connecting fingers 5 and 6 to interact with loop A and

phosphates 10 and 11 in the RNA complex. It is pre-

mature to rationalize the observed flexibility of finger 6, as

its correct positioning may actually require additional

fingers 7–9 to be present.

Zinc fingers and single-stranded RNA
The trafficking, activity and stability of eukaryotic

mRNAs are mediated by proteins containing a single

or combinations of distinct RNA-binding domains. Some

of these proteins recognize and bind to AU-rich

sequences in the 30-untranslated regions of mRNA.

Two copies of a CCCH finger domain are present in

the immediate early response gene products Nup475 and

TIS11d; these proteins bind to AU-rich elements of tumor

necrosis factor a mRNA, resulting in the destabilization
Current Opinion in Structural Biology 2005, 15:94–98
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Figure 2
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Molecular mechanisms of ssRNA and dsRNA recognition by zinc finger domains. (a) C2H2 finger 5 of TFIIIA makes contact with phosphates

in 5S dsRNA stems I and V [18��] using the sidechains of a-helix residues Ser150, Lys153, Arg154, Lys157 and His155 (green). (b) Novel intercalation

between ssRNA bases by conserved hydrophobic residues (green) in the 310-helix region of TIS11d CCCH zinc fingers [23��]. High-affinity

binding is dependent on aromatic stacks U8-Tyr170-U9 and U6-Phe176-A7.
of the mRNA [21]. The NMR structure of a single CCCH

domain from Nup475 reveals the presence of a short a

helix between the first and second cysteines that are

coordinated to zinc, but little or no other secondary

structure is present [22]. Wright and co-workers [23��]
have reported the first NMR structure of a complex

between tandem CCCH domains of TIS11d and the

ssRNA sequence 50-UUAUUUAUU-30. Surprisingly,

the zinc finger domains of Nup475 and TIS11d are folded

differently and have differing metal coordination. Per-

haps this discrepancy might be the result of unfavorable

conditions used to refold the recombinant proteins?

Recognition of the AU-rich element
As expected, each CCCH domain of TIS11d binds sepa-

rately to its own 50-UAUU-30 half-site. The predominant

interaction between the protein and ssRNA is the inter-

calation of a tyrosine sidechain between a UU dinucleo-

tide and a phenylalanine sidechain between the following

AU dinucleotide. This hydrophobic stacking of aromatic

rings and heterocyclic bases, and their locations provide

the basis of sequence recognition (Figure 2b). These

interactions interrupt the normal nucleotide base stacking

and the RNA chain is consequently kinked at each

adenosine position. The two finger domains squat neatly

above the exposed nucleotide bases and the intervening
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18 amino acid linker sequence runs parallel to the phos-

phodiester backbone. No contacts are described between

amino acids and the phosphates. There are additional

stabilizing hydrogen bonds between several of the

conserved N-terminal K/RYKTEL sequence mainchain

amides and carbonyl groups and the Watson–Crick edges

of the bases.

RNA-binding zinc finger proteins
Some NMR structures of zinc finger proteins without

their RNA targets are worthy of brief mention. Archaeal

30S ribosomal protein S27e contains a C4 (CCCC) finger

motif whose structure was shown by NMR to consist of a

b sandwich comprising two three-stranded b sheets [24].

The four metal-binding cysteine residues are located in

the proximal loops. Eukaryotic S27 proteins are involved

in the processing of damaged mRNA.

The U1C protein is a component of the U1 small nuclear

ribonucleoprotein particle of the spliceosome and recog-

nizes the 50 splice site of pre-mRNA. The NMR structure

reveals a TFIIIA-type C2H2 zinc finger, except that the

canonical a helix is interrupted by a five-residue inter-

vening loop between the two zinc-coordinating histidine

residues [25]. The finger domain of U1C is extended by

two C-terminal a helices.
www.sciencedirect.com
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TLS is involved in the nuclear export of spliced mRNA

and contains several motifs involved in RNA binding,

namely RGG (Arg-Gly-Gly) repeats, several RNA recog-

nition motif (RRM) domains and a C4 zinc finger domain

[26]. The structure of the C4 finger domain was solved by

NMR and homology model building. It has a b hairpin-

loop fold and cysteine residues coordinating zinc, and is

shown to bind to GGUG-containing RNA. TLS has 44%

sequence homology with the ZNF265 protein, which

binds to cyclin mRNA [27].

Conclusions
Our first glimpse into the world of RNA recognition by

zinc finger proteins reveals the existence of many differ-

ent kinds of amino acid–nucleotide interactions. The

mechanism of RNA sequence recognition is unlike the

mechanism commonly used for the recognition of

dsDNA, whereby a short a helix hydrogen bonds to major

groove bases. Binding to dsRNA depends heavily on

contacts with phosphates and there are also hydrophobic

stacking interactions with accessible nucleotide bases

that are fortuitously located to provide unique sequence

specificity. In TFIIIA, a dual RNA/DNA-binding pro-

tein, we may have a case of ‘one structure fits all’, whereby

individual C2H2 fingers make different contacts with

each of the nucleic acids. ssRNA binding involves the

intercalation of protein aromatic sidechains between

appropriately spaced dinucleotide bases. This is supple-

mented by protein mainchain amide and carbonyl hydro-

gen bonds to the bases. Clearly, the specificity of the

ssRNA interaction can be enhanced through repetition by

the addition of a second CCCH finger domain.

The determination of a new RNA–protein structure is

still a comparatively rare and exotic event. Our knowl-

edge of these kinds of molecular interactions has been

increased by recent success with the prokaryotic ribosome

([24] and references therein). Understanding the basis of

protein–RNA interactions in splicing, nuclear transport,

interference, translation and virus replication depends

largely on increasing our efforts.
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