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Zinc-finger proteins of the classical Cys2His2 type are the most
frequently used class of transcription factor and account for
about 3% of genes in the human genome1,2. The zinc-finger motif
was discovered3 during biochemical studies on the transcription
factor TFIIIA, which regulates the 5S ribosomal RNA genes of
Xenopus laevis4,5. Zinc-fingers mostly interact with DNA, but
TFIIIA binds not only specifically to the promoter DNA, but also
to 5S RNA itself 6–9. Increasing evidence indicates that zinc-
fingers are more widely used to recognize RNA10–13. There have
been numerous structural studies on DNA binding14, but none on
RNA binding by zinc-finger proteins. Here we report the crystal
structure of a three-finger complex with 61 bases of RNA,
derived15 from the central regions of the complete nine-finger
TFIIIA–5S RNA complex. The structure reveals two modes of
zinc-finger binding, both of which differ from that in common
use for DNA: first, the zinc-fingers interact with the backbone of a
double helix; and second, the zinc-fingers specifically recognize
individual bases positioned for access in otherwise intricately
folded ‘loop’ regions of the RNA.

The classical zinc-finger motif consists of a sequence of about 30
amino acids containing two histidines, two cysteines and three
hydrophobic residues, which are all at conserved positions (Fig. 1b).
It forms a small, independently folded domain stabilized by Zn2þ,
which can be used repeatedly in a modular fashion to achieve
sequence-specific recognition of DNA3. The domains all have the
same structural framework, but achieve chemical distinctiveness
through variations in key residues. Structurally, the domain is
composed of a b-hairpin and an a-helix pinned together by
Zn2þ. In the canonical Zif268 docking arrangement, the primary
contacts are made by the a-helix, which binds in the DNA major
groove through primary hydrogen-bond interactions from helical
positions 21, 3 and 6 to one strand of the DNA, and through a
secondary interaction from helical position 2 to the other strand14.
There are, however, wide variations in this arrangement among the
known zinc-finger–DNA complexes.

Thus, DNA binding is well understood, but the molecular basis of
recognition of RNA by zinc-fingers has remained elusive. The
secondary and tertiary structure of RNA is more complex than
that of DNA, comprising internal loops and helical elements closed
by hairpin loops. But much has been learned about the binding of
TFIIIA to 5S RNA through chemical, biochemical and mutagenesis
studies16–20. In particular, the locations of the nine fingers have been
mapped with respect to the secondary RNA structure, and also their
relative contributions to the overall binding affinity have been
determined. The most important region of the 5S RNA is the
central half of the molecule comprising loop E, helix V, loop A,
helix II and part of helix IV. Accordingly, the most important part of
the TFIIIA protein for RNA binding is the central set of fingers 4–7,
with the major contribution coming from fingers 4–6 (see Table 1 in
ref. 15).

Ideally what is required is an X-ray structure of the complete
complex of TFIIIA and 5S RNA, which occurs naturally as a 7S
ribonucleoprotein storage particle6. But as our attempts to crystal-
lize this, or a reconstituted complex, have failed, we have produced
subcomplexes15 between the essential parts: namely, the central
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region of the RNA and fingers 4–6 and/or 4–7. We have checked by
RNA footprinting15 that these three- and four-finger peptides have
the same structural relationship to the RNA as they do when they are
part of a complete nine-finger protein.

A complex of a truncated 5S RNA with 61 bases (5S RNA 61n)
and a three-finger peptide (Fig. 1a, b) diffracted to 3 Å resolution,
and we have solved this structure (Fig. 1c). The asymmetric unit
contains two complexes of the three-finger peptide and RNA, and
an additional peptide molecule with only two of its three fingers
ordered. This additional peptide is a ‘passenger’ in the open crystal
structure, making contacts with the outer faces of fingers 4 and 5 in
one complex away from the RNA. It is not involved in the specific
interaction. The two non-crystallographically related complexes are
folded in the same way, with the exception of helix I in the second
complex, which is bent slightly differently with respect to the rest of
the RNA molecule. Because helix I has no part in the interaction
with the three-finger peptide, our conclusions are not affected.

The overall structure of the complex and the geometry of the
binding between peptide and RNA is shown in Figs 1d and 2a. As
expected from biochemical studies16–20, finger 4 binds to loop E,
finger 5 to helix V, and finger 6 to loop A. The hydrogen-bond
interactions between peptide and RNA are shown in Fig. 2b. The

distances in Fig. 2c indicate hydrogen bonds, but some of these may
be mediated by water, which cannot be determined at the current
resolution. The space-filling model (Fig. 1d) shows how the close
packed fingers curl around the long axis of the RNA. The spatial
relationship (Fig. 2a) between fingers 4 and 5 is similar to that in the
complex with DNA21, but that between 5 and 6 is different. Both
spatial relationships differ from those between fingers in the
canonical Zif268–DNA structure and other complexes14. Allowing
for the fact that helix V has 1 base pair less in Xenopus 5S RNA than
in archaebacteria, the RNA structure closely resembles that in the
50S ribosomal subunit22 of Haloarcula marismortui, as expected
from the large amount of conserved sequence.

The structure of loop E is shown in Fig. 3a. It is intricately folded
and also structurally rigid, held by various hydrogen bonds and base
stacking. The strands, as depicted in the secondary structure, cross
over and are stabilized by reciprocal purine stacking: 75G on 99G,
and 100A on 77A. Base 75G protrudes outward and is held by a
hydrogen bond to 76U, which forms a base triple with A100, as first
recognized in an NMR study of loop E (ref. 23). Several of the

Figure 1 Components of the zinc-finger–RNA complex. a, Secondary structure of 5S RNA

61n, the truncated RNA. Loops A and E are circled and helices are indicated by roman

numerals. b, Sequence of the central three-finger peptide from TFIIIA. Some helical

positions are indicated. Conserved residues are circled3, but the alignment in the atypical

finger 6 (F6) has been revised according to the structure. c, Portion of the electron density

map. The RNA is shown as a ball-and-stick model, and finger 5 as a ribbon model.

d, Space-filling model calculated with a radius of 1.5 Å. RNA is shown in blue, b-sheets in

green, a-helices in red, and linkers in purple. The buried surface area is 1,860 Å2.

Figure 2 Interactions of the three-finger peptide with the RNA. a, Overall view of the

complex of TFIIIA(4–6) and 5S RNA 61n. The RNA is represented as a ball-and-stick

model with nucleotides 4–82 in purple and nucleotides 83–115 in blue, and the protein is

shown as a ribbon model. Purple balls represent zinc ions. b, Hydrogen-bond interactions

between protein and RNA. Amino acid helical positions in brackets. Nucleotides involved

in interactions are boxed, and bases shown in blue make direct interactions with protein.

The broken green line indicates stacking of aromatic rings. c, List of hydrogen-bond

interactions for each of the three fingers.
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hydrogen-bond interactions were deduced from a detailed muta-
genesis study20. This type of structural element has been found in
other ribosomal RNAs, where it has been called a “G-bulged cross
strand stack”24.

The interactions of loop E with finger 4 are shown in Fig. 3b and
listed in Fig. 2c. The bulged base 75G is gripped by hydrogen bonds
from Asp 120 and His 119 in positions 2 and 1, respectively, at the
amino terminus of the recognition helix, and the ribose of the
nucleotide is hydrogen-bonded to Lys 118 in position 21. Thus, the
very tip of the helix is used for this specific base recognition. The
importance of 75G has long been known because if it is deleted18, or
mutated20, in vitro binding to TFIIIA is markedly reduced. Quan-

titative mutagenesis studies19 show that there is a 30-fold reduction
in affinity when Lys 118 is replaced by alanine, and a 77-fold
reduction when both Lys 118 and Asp 120 are replaced, thereby
corroborating our structure.

In terms of the interaction of finger 6 with loop A, what is
depicted as a loop in the RNA secondary structure is a complex
three-way junction between three RNA helices: V, I and II. At the
ends of each of the three helices abutting the loop are two G†C base
pairs, which form the rigid pillars of a complex fold (Fig. 4a). The
backbone from nucleotides 10–13 follows an extended path, making
a sharp ‘S’ bend to join the double helix at nucleotide 14. These four
residues form an inner subsidiary loop, closed by the stacking of

Figure 3 Recognition of loop E by finger 4. a, Structure of loop E. The chains are coloured

as in Fig. 2a. Hydrogen bonds are shown in red, and base stacking in green. Stacking

interactions are assigned according to the degree of overlap and have separation

distances shorter than 3.8 Å. b, Interaction of loop E with the N terminus of the helix of

finger 4. Colours are the same as in a, with peptide side chains in yellow. The hydrogen-

bond interactions between protein and RNA are listed in Fig. 2c. The bulged base 75G is

gripped by hydrogen bonds from Asp 120 and His 119, and its ribose by a hydrogen bond

from Lys 118.
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Figure 4 Recognition of loop A by finger 6. a, Structure of loop A. Three colours are used

to indicate the three-way junction, blue and purple as in Figs 2 and 3, but with nucleotides

64–68 in orange. b, Interaction of loop A with the N terminus of the helix of finger 6.

Peptide side chains are shown in yellow. The ring of Trp 177 docks on the face of base

11A, and the two flanking residues, Thr 176 and Thr 178, make hydrogen bonds to base

10C. Trp 177 also makes a hydrogen bond to the ribose of 13A.
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13A on 110G, that is hydrogen-bonded to base 9C, which in turn
stacks under 10C. Base 11A protrudes outward, fixed by a hydrogen
bond to 66G, which forms a base triple with 109U. The face of base
11A is exposed on the outside of the RNA (Fig. 4b).

The binding of finger 6, as in the case of finger 4, involves the N
terminus of its recognition helix. Indeed, the same positions at the
tip of the helix are involved: namely, 21, 1 and 2, which are
occupied here by Thr 176, Trp 177 and Thr 178, respectively (Fig.
4b). The ring of Trp 177 stacks on the face of the exposed base 11A,
and the two flanking threonines makes hydrogen bonds to base 10C.
Trp 177 also makes a hydrogen bond to the ribose of 13A. Again,
there is good agreement with biochemical and mutagenesis studies.
The aromatic character of Trp 177, the basis of its stacking, has been
reported to be essential for 5S RNA recognition because it can be
replaced by phenylalanine but not by alanine20. Of the conserved
stretch from 10C to 13A, only one position can be occupied by
another base, namely 12C (ref. 20). This is because the base
points away from the binding site (Fig. 4b). Alanine substitution
of Thr 176 and Thr 178 leads to a 38-fold reduction in binding
affinity19.

The interaction of finger 5 with the RNA differs from the specific
base contacts made by fingers 4 and 6. The interaction is made
almost completely by multiple contacts of basic amino acid residues
with the phosphate backbone (Fig. 2c): two of these, Lys 153 and Lys
157, straddle the major groove of the RNA (Fig 1c, d). The a-helix of
the finger is still used to provide the contacting residues, but these
emanate predominantly from the lower part of the helix towards the
C terminus. Support for this conclusion comes from alanine
mutagenesis of the helical positions involved in DNA binding,
which show little effect19. Strong corroborating evidence for the
involvement of the backbone phosphates comes from ethylation
interference assays20. Indeed, it is remarkable that these previous
biochemical studies succeeded in identifying many of the essential
moieties in both protein and RNA.

The interaction of finger 5 with the double-stranded RNA of helix
V is distinct from that with the DNA double helix21. The base
sequence of RNA helix V is identical (except for U replacing T) with
that of the parent DNA double helix, so that finger 5 might have
been expected to bind in a similar manner. This does not happen,
presumably because the major groove of the RNA double helix is too
deep to be penetrated by the a-helix. The a-helix is still used and
provides nonspecific contacts to the phosphate sugar backbone.
Presumably, the register of the run of fingers with the RNA is
decided by the specific base contacts made by fingers 4 and 6,
restricting finger 5 to bind to the RNA double helix in between.
Finger 5 therefore seems to be a nonspecific spacer element that,
through backbone contacts, contributes substantially to the binding
affinity. This situation is reciprocal to the way in which the three-
finger peptide associates with DNA21, where finger 5 makes specific
contacts and fingers 4 and 6 act as non-binding spacers.

The dual role of finger 5 binding to DNA and RNA in different
ways points to the wide difference between these molecules. The
primary interaction of fingers with DNA is base recognition. The
DNA double helix is essentially regular, despite small, local,
sequence-dependent variations, thus the specificity of recognition
lies in a particular sequence of bases. By contrast, RNA molecules
form complex structures comprising internal ‘loops’ and double
helices, which are sometimes closed by hairpin loops. The general
conclusion from our work is that the zinc-finger domain can be
used to recognize all of these different elements. It can recognize
RNA specifically by contacts with individual bases that are exposed
for access out of a structurally rigid, complicated fold. At the same
time, the zinc-finger architecture is versatile enough to provide
binding in another mode to a regularly folded double-helical region,
where it is the structure rather than the sequence that is recognized.
Thus, the finger 5 interaction may account for other instances of
specific binding by zinc-fingers to double-stranded RNA that is not

sequence dependent11,12. It will be interesting to compare zinc-finger
usage more generally with other types of RNA-binding protein. A
diverse set of structures is known, but so far there is no compre-
hensive library of interactions, including those from the structures
of the ribosomal units.

The adaptability of the zinc-finger for molecular recognition is
further attested to by increasing evidence for the use of zinc-fingers
in protein–protein recognition; for example, the six-finger protein
Aiolos uses two of its fingers to bind to another zinc-finger Ikaros
and the remaining four for binding DNA25. In addition, it seems
that zinc-fingers are still rapidly evolving2, presumably because, as
small self contained modules, they can be easily passed on in exon
shuffling. There is more to be learned. A

Methods
Reconstitution of zinc-finger–RNA complex
RNA and protein were prepared as described15. RNA and protein samples were always
freshly refolded and trial binding was carried out before the bulk reconstitution of
complex. Binding affinity can vary slightly between different batches of protein: the molar
ratio of RNA to protein is 1:1 normally and 1:2 in extreme cases. Extra protein was added
in bulk preparations to secure 100% of bound RNA.

We mixed the RNA and protein in dilute concentrations (,4.7 mM) to avoid
irreversible precipitation. The mixture was then dialysed against binding buffer (20 mM
HEPES pH 7.0, 150 mM KCl, 1.5 mM MgCl2, 5 mM dithiothreitol (DTT) and 0.1 mM
ZnSO4) at 4 8C overnight. A white precipitate of aggregated protein normally appeared
and was removed by ultracentrifugation at 55,000 r.p.m., 4 8C, 30 min. The supernatant
was concentrated in a Vivaspin concentration unit (Vivascience) to a final concentration
of 5 mg ml21.

Crystallization
The 5S RNA 61n construct was designed with two different tetraloops capping the stem
loops. The particular choice of the two tetraloops (Fig. 1a) differs from that shown in Fig. 4
of ref. 15, because it was found to be essential for crystallization of the complex.

Crystallization was carried out by the hanging-drop evaporation method at 4 8C.
Concentrated complex was mixed with reservoir buffer (20% PEG 8,000, 200 mM KCl,
5 mM MgCl2, 50 mM MES, (pH 5.6), 3 mM DTT and 0.3 mM ZnSO4) at a 1:1 volume
ratio. Flexible needles normally appeared in 2 d. Very occasionally, block-shaped crystals
appeared after 2 weeks. These were used for seeding, and block-shaped crystals were
reproduced after 2–3 d. We checked the composition of crystal batches by gel
electrophoresis.

Data collection
Crystals were soaked in increasing steps of 30 min each into cryo-protection buffer
containing 18% ethylene glycol: 5% in the first three steps and 3% in the last step. A crystal
held in a loop was frozen by dipping it directly into liquid nitrogen.

The crystals diffracted close to 3 Å resolution in space group C2, with cell dimensions
of a ¼ 58.6 Å, b ¼ 191.6 Å, c ¼ 79.8 Å and b ¼ 101.58. Two-wavelength multiple
anomalous dispersion (MAD) data sets at the zinc absorption edge were collected at beam
line BM30A of the European Synchrotron Radiation Facility (ESRF), Grenoble. The data
set at the peak wavelength of 1.28200 Å was collected to 3.2 Å, and that at the inflection
wavelength of 1.28347 Å was collected to 3.3 Å. Subsequently, we collected a slightly higher
resolution data set to 3.1 Å at beam line ID14.2 of the Synchrotron Radiation Source,
Daresbury, UK.

Structure determination
Data sets were processed with MOSFLM and scaled with SCALA in the CCP4 suite26. Data
sets collected at the peak wavelength and the inflection wavelength, and the high resolution
gave an R merge of 6.9%, 6.6% and 5.1%, respectively. The first zinc sites were obtained by
SHELX27 and were refined in SHARP28. SHARP produced a clear experimental phasing
map with a solvent content of 50%.This showed in the asymmetric unit the presence of
two complexes and one extra protein molecule with only two of its fingers ordered. We
built a model of one of the complexes manually using the program O (ref. 29), and
searched out the second complex out by using the model of the first complex with the
program MOLREP in the CCP4 package26. The extra two ordered fingers were built
manually in O. The whole asymmetric unit was first refined with Refmac5 in the CCP4
package26 to reach values of R free ¼ 30% and R work ¼ 20%; the refinement was then
transferred to CNS30 to reach final values of R free ¼ 25.6% and R work ¼ 21.5% (r.m.s.
bond length, 0.0067 Å; and r.m.s. bond angle, 1.278). The Ramachandran plot for the
protein shows six residues in the generously allowed regions and only one in the disallowed
regions. Figures of the models were drawn in Ribbons.

To check that the extra peptide had no effect on the complex, we solved the structure of
another complex with 57 bases of RNA, in which the GAAA tetraloop was removed at the
end of helix IVand which produced crystals that diffracted to 3.5 Å resolution. This crystal
grew in a different but related space group of C222, with a similar cell volume. The
asymmetric unit contained only one complex, and the structure was solved by molecular
replacement to a value of R free ¼ 0.4, but not refined. This showed the same arrangement
as the current structure without the extra peptide in first crystal, but we did not proceed
with the refinement because of the lower resolution.
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retraction

Hes1 is a target of microRNA-23
during retinoic-acid-induced
neuronal differentiation of NT2 cells

Hiroaki Kawasaki & Kazunari Taira

Nature 423, 838–842 (2003).
.............................................................................................................................................................................

In this Article, the messenger RNA that is identified to be a target of
microRNA-23 (miR-23) is from the gene termed human ‘homolog
of ES1’ (HES1), accession number Y07572, and not from the gene
encoding the transcriptional repressor ‘Hairy enhancer of split’
HES1 (accession number NM_00524) as stated in our paper. We
incorrectly identified the gene because of the confusing nomencla-
ture. The function of HES1 Y07572 is unknown but the encoded
protein shares homology with a protein involved in isoprenoid
biosynthesis. Our experiments in NT2 cells had revealed that the
protein levels of the repressor Hes1 were diminished by miR-23.
Although we have unpublished data that suggest the possibility that
miR-23 might also interact with Hes1 repressor mRNA, the expla-
nation for the finding that the level of repressor Hes1 protein
decreases in response to miR-23 remains undefined with respect
to mechanism and specificity. Given the interpretational difficulties
resulting from our error, we respectfully retract the present paper.
Further studies aimed at clarifying the physiological role of miR-23
will be submitted to a peer-reviewed journal subject to the outcome
of our ongoing research. A
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addendum

An expressed pseudogene regulates
the messenger-RNA stability of its
homologous coding gene

Shinji Hirotsune, Noriyuki Yoshida, Amy Chen, Lisa Garrett,
Fumihiro Sugiyama, Satoru Takahashi, Ken-ichi Yagami,
Anthony Wynshaw-Boris & Atsushi Yoshiki

Nature 423, 91–96 (2003).
.............................................................................................................................................................................

In this Letter, it is shown using transgene insertion mouse mutants
that the Makorin1-p1 pseudogene regulates the expression of its
related coding gene. An example has been drawn to our attention of
another transcribed pseudogene that regulates the expression of its
related coding gene, but by a different mechanism, in the mollusc
Lymnaea stagnalis1. A

1. Korneev, S. A., Park, J.-H. & O’Shea, M. Neuronal expression of neural nitric oxide synthase (nNOS)

protein is suppressed by an antisense RNA transcribed from an NOS pseudogene. J. Neurosci. 19,

7711–7720 (1999).
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