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The prediction of the three-dimensional structures
of proteins from amino acid sequence information
represents one of the most challenging and important
problems in biological chemistry. Because of develop-
ments in gene cloning and nucleic acid sequencing,
protein sequence is now often one of the first pieces
of information available about a biochemical system
under characterization. However, since protein func-
tion is much more dependent on and related to tertiary
structure than primary structure, this information is
of limited utility. Nonetheless, the protein sequence
does, in principle, contain the necessary information
to dictate the three-dimensional structure. For most
systems, knowledge of the three-dimensional structure
must await experimental investigation via X-ray
crystallographic or nuclear magnetic resonance meth-
ods. However, for one class of DNA-binding proteins,
termed “zinc finger” proteins, predictions of structure
based on analysis of amino acid sequence data have
been made and subsequently proven to be essentially
correct. It is the goal of this Account to illustrate the
basis of these predictions and to describe the current
state of knowledge concerning this large and impor-
tant class of gene regulatory proteins. A large number
of reviews describing other aspects of this rapidly
growing field have appeared.l™®

Transcription Factor IIIA and the Zinc Finger
Proteins

The first member of the zinc finger family to be
characterized was transcription factor IIIA (TFIIIA)
from the African clawed toad Xenopus. This protein
is involved in control of expression of the 5S ribosomal
RNA genes and binds both to specific DNA sequences
within 5S RNA gene and to the 5S RNA molecule
itself. In 1983, it was reported that TFIIIA contained
bound zinc and that this zinc was required for the
specific interaction between TFIIIA and DNA.1° In
1984, the amino acid sequence was deduced from the
sequence of a cDNA clone.!! Subsequent analysis of
this sequence of TFIIIA revealed that it is quasiperi-
odic.1>13 It contains nine imperfectly repeated units
of approximately 30 amino acids each. Miller et al.
demonstrated that the TFIIIA-5S RNA complexes
isolated from Xenopus oocytes contained 7—11 zinc
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ions per protein when purified under conditions that
avoided potential chelators.’? They went on to suggest
a relationship between the nine repeated units in the
amino acid sequence and the bound zinc. Each of the
sequence repeats approximates the form (Tyr,Phe)-X-
Cys-Xa-4-Cys-X3-Phe-Xs-Leu-Xo-His-X3 4-His-Xp ¢ where
X represents relatively non-conserved amino acids.
They proposed that each of these sequences binds a
zinc ion through the invariant cysteine and histidine
residues to form a relatively independent structural
domain that was referred to as a “zinc finger”. The
proposed “low-resolution” structure of TFIIIA is il-
lustrated in Figure 1. This hypothesis explained the
presence of the cysteine and histidine residues in the
sequence; the three invariant hydrophobic residues
were proposed to play some, at this point, undefined
role in stabilizing the structure. In addition, the
hypothesis provided appealing explanations for two
additional observations.!? First, TFIIIA protects ap-
proximately 45 base pairs of DNA from enzymatic
digestion; the presence of tandem, small domains
rather than one large globular domain potentially
accounted for this elongated structure. Second, lim-
ited proteolysis studies of the TFIIIA—5S RNA com-
plex revealed the presence of metastable fragments
with molecular weights that were multiples of 3
kilodaltons (kDa) the size expected for sets of zinc
finger domains.

Shortly after the analysis of the TFIIIA sequence,
similar motifs were observed in the deduced sequences
from a number of other proteins. These included the
yeast transcription factor ADR1!4 (which contains two
such sequences) and the Drosophila proteins serendip-
ity 8 and 6,5 and Kriippel!® (with 6, 7, and 5
sequences, respectively). It was expected (and sub-
sequently experimentally demonstrated) that each of
these proteins is a sequence-specific DNA-binding
protein. Since that time and continuing to the present,
the number of known sequences (more than 1300 from
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Figure 1. The “zinc finger” hypothesis. A schematic view of the quasiperiodic nature of transcription factor ITTA showing the nine
proposed zinc-binding domains.!? The carboxyl terminal domain does not appear to bind zinc.
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Figure 2. The structures of metal-binding Xz-Cys-X2-Cys-X4
sequences from the regulatory domain of aspartate transcar-
bamoylase and rubredoxin. The sequences adopt f hairpin
structures with peptide amide to cysteinate sulfur hydrogen
bonds.

over 200 different proteins'?) has continued to explode.

These sequences closely match the consensus that was
deduced from TFIITA.

Structure Predictions and Determination

Using a data base of 37 sequences, Brown and Argos
proposed that part of the carboxyl terminal portion of
each of these sequences would form an o helix, based
on secondary structure prediction algorithms.!® At
this point, I arrived at a much more detailed structure
prediction for these domains by examining the struc-
tures of short metal-chelating sequences in the
Brookhaven Data Base of known protein structures.!®
Proteins that contained metal-chelating sequences of
the Cys-X2_4-Cys and His-X3-His were examined. Two
recurring substructures were found. The structures
adopted by the sequences LeuLysCysLysTryCys-
GluLysGluPhe from Escherichia coli aspartate trans-
carbamoylase and TyrThrCysThrValCysGlyTyrlle-
Tyr from Clostridium pasteurianum rubredoxin are
shown in Figure 2. Each consists of an antiparallel §
hairpin with the two metal-binding cysteinate residues
at the base. Remarkably, these sequences also have
hydrophobic residues that match the positions of two
of the hydrophobic residues from the zinc finger
sequences. These hydrophobic residues lie on the
same face of the 3 sheet as the metal —cysteinate unit.
Similarly, structures for the sequences ValValAla-
HisGluLeuThrHis from thermolysin and TyrAlaGlu-
HisLysLysAlaHis from Thermiste dyscritum hem-
erythrin are shown in Figure 3. Here, each
substructure consists of an o helix with the two
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Figure 3. The structures of metal-binding Xs-His-X3-His-X
sequences from thermolysin and hemerythrin. The sequences
adopt a helical structures with the His residues coordinated
through their e-nitrogen atoms.

histidines coordinated to the metal ion via their
e-nitrogens. Again, each sequence has a hydrophobic
residue in the position corresponding to the recurring
leucine residue in the zinc finger sequences, and each
of these hydrophobic residues lies on the same face of
the helix as the metal coordination unit.

These two substructures may be combined to yield
potential models for a complete zinc finger domain.
Because the metal-binding site was believed (and has
subsequently been shown) to be tetrahedral, there are
only two fundamentally different ways of joining the
two substructures. One of these is incompatible with
the five amino acids in the “finger tip” available to
connect the two sequences. The other places the
carboxyl terminus of the X3-Cys-Xs-Cys-X4 unit within
7.5 A of the amino terminus of the X;-His-X;-His
substructure. In addition, this arrangement packs the
hydrophobic residues against one another and against
the hydrophobic portions of the metal coordination
unit. The structure can be completed with the five
amino acid connecting loop. The construction of the
predicted structure is summarized in Figure 4. A
similar structure was independently proposed which
differed in pairing across the  sheet and in the length
of the helix.?°

The first experimental structural information about
these domains came from NMR studies of single-
domain peptides. It had been previously demon-
strated by other methods that a 30 amino peptide
corresponding to one of the domains from TFIIIA was
unfolded in the absence of metal but folded into a
stable structure upon addition of stoichiometric
amounts of zinc(II) or cobalt(II).2! The first NMR data
reported for a zinc finger peptide involved a similar

(20) Gibson, T. J.; Postma, J. P. M.; Brown, R. S.; Argos, P. Protein
Eng. 1988, 2, 209.

(21) Frankel, A. D.; Berg, J. M.; Pabo, C. O. Proc. Natl. Acad. Sci.
U7.S.A. 1987, 84, 4841.



16 Ace. Chem. Res., Vol. 28, No. 1, 1995

Berg

Aspartate
Transcarbamoylase

Rubredoxin

Thermolysin

Figure 4. A summary of the generation of the predicted structure for the zinc finger domains.'® The recurring metal-chelating
substructures from the four proteins are shown and combined to yield the predicted zinc finger domain structure. This structure

generated through the use of MOLSCRIPT.#

peptide from the yeast transcription factor ADR1.%22
A preliminary structure was reported that demon-
strated the presence of a helix that overlapped the
region predicted as well as the hydrophobic core
involving at least the conserved Phe and Leu residues.
A more complete structure was reported for a peptide
based on the 31st of 37 domains from the Xenopus
protein Xfin.2? This structure determination indicated
the presence of the 8 sheet in the predicted position
as well as confirming the chirality at the metal center
and the presence of the helix. The major difference
between the predicted structure and the experimen-
tally derived one involved the region joining the j
sheet and the helix. This was modeled as a distorted
p turn in the model whereas, in the NMR structure,
the helix extended further to connect to the top of the
sheet. The predicted and experimental structures are
overlaid in Figure 5.

This structure appears to occur with some minor
variations for all zinc finger domains of this type. NMR
structures have been reported for a number of single
domains and several two-domain peptides from sev-
eral different proteins. In addition, two designed
peptides have been characterized. The first of these
is a consensus sequence, termed CP-1, which was
designed by choosing the amino acid that occurred
most frequently at each position in a data base of over
100 zinc finger sequences.?* This peptide was found
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to form an unusually stable structure based on metal-
binding properties and pH stability. The structure of
the zinc complex of CP-1 has been determined by NMR
methods revealing a structure very similar to those
of the natural zinc finger peptide complexes.?’ The
second is a “minimalist” zinc finger peptide with the
sequences LysTyrAlaCysAlaAlaCysAlaAlaAlaPhe-
AlaAlaLysAlaAlaLeuAlaAlaHis-AlaAlaAlaHisAla-
Lys, containing only the metal-binding and conserved
hydrophobic residues as well as three lysines for
aqueous solubility with all other residues replaced
with alanine.?® On the basis of the observation of the
expected cross peaks in NOESY spectra as well as
strong similarities in chemical shifts with other zinc
finger peptides, it is clear that this peptide also adopts
the canonical structure.

Zinc Finger Protein—DNA Complex Structure

Even before any experimental information on the
structure of a zinc finger protein—DNA complex had
been obtained, it was clear that the structure of a
single domain had implications with regard to how a
tandem array of such units would interact with
DNA.'® Most importantly, the amino and carboxyl
termini of the domain are quite far apart, essentially
as far apart as they can be, given the size of the
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Figure 5. A comparison of the predicted and experimentally
determined zinc finger domain structures. The o carbon and
conserved metal-binding and hydrophobic residues for the
predicted structure are shown in white, and those for the
structure of a zinc finger domain determined by NMR methods?s
are shown in black. The root mean square deviation for the
atoms shown is less than 2 A.

structure. This property allows the straightforward
construction of models for complexes where a multiple
domain protein wraps around the DNA and makes it
very difficult to construct models in which the protein
lies along one face of the DNA with the “fingers”
sticking up. A variety of chemical data indicated that
these proteins interact primarily with the major
groove of the DNA.

The models proposed for the protein wrapping
around the DNA were confirmed and extended by the
determination of the structure of the complex between
the three zinc finger DNA-binding domain from the
mouse protein Zif268 and an oligonucleotide contain-
ing its binding site.?” The structure of this complex
is shown in Figure 6. In addition to demonstrating
the gross features of a zinc finger protein—DNA
complex, the Zif268 complex structure provided a great
deal of information about the interactions between the
protein and the DNA that led to specific sequence
recognition. Each zinc finger domain was seen to
contact three base pairs of DNA. Furthermore, the
specific contacts were made essentially to one strand
of the DNA. The more heavily contacted strand of the
DNA lies “antiparallel” to the protein so that, if the
protein is aligned from its amino terminus to its
carboxyl terminus, the DNA sequence of this strand
runs 3’ to 5. The sequence specific contacts involved
residues in positions 13, 16, and 19 within the
sequence X-(Thr,Phe)-X-Cys-X3-Cys-X3-Phe-X-X13-X-X-
X16.Leu-X-X1-His-X3-His. The first and third domains
have X'® = Arg, X6 = Glu, X'® = Arg, and contact 5'-
GCG-3’ whereas the second domain has X'* = Arg, X'
= His, X% = Thr, and contacts 5-TGG-3". Five of the
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Figure 6. The structure of the complex between the three
tandem zinc finger domains from Zif268 and its DNA-binding

_ site determined by X-ray crystallography.?’
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Figure 7. The interactions between Zif268 and its binding site.
The positions of the three DNA-contacting residues are shown
schematically only. The hydrogen-bonding interactions between
Arg and guanine and between His and guanine responsible for
sequence recognition are shown at the bottom of the figure.?”

six direct interactions involved double hydrogen bond
interactions between the Arg residues and guanine
bases. The other involves a His to guanine hydrogen
bond. These interactions are summarized in Figure
i1

A number of other interactions between amino acids
in positions 13, 16, and 19 have been deduced from
mutagenesis experiments.?33 Some of these include
interactions of Gln in position 13 with thymine or
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Figure 8. The alignment of the designed zinc finger protein
on its binding site.3*

adenine, of Asp and Asn in position 16 with cytosine
or adenine, respectively, and of Lys in position 19 with
guanine. The roles of the residues in these positions
are not independent. For example, with Arg in
position 13, His is quite effective in binding to guanine
or adenine. With Gln in position 13, however, no
strong binding to any sequence was observed.32 Most
of these observations can be rationalized in terms of
side chain length. With a long Arg residue in position
13, relatively large residues such as Glu and His are
effective, while with a shorter Gln in position 13,
shorter residues such as Asp and Asn are more
functional. Through these studies, a growing collec-
tion of sets of contact residues and their recognition
sites is being developed.

Design of Sequence Specific DNA-Binding
Zinc Finger Proteins

This collection is meaningful only if zinc finger
domains and their contact residues can be transferred
from one protein context to another with retention of
their DNA recognition properties. This has been par-
tially tested via a project in protein design.3* A protein
was designed that consisted of three zinc finger
domains based on the consensus sequence of CP-1 but
with the recognition residues modified to sets whose
DNA recognition properties had been characterized in
other systems. The first domain had X!¥ = Gln, X16
= Asp, and X! = Arg and was expected to recognize
the site 5-GCT-3’ on the basis of studies of a mutant
of the human transcription factor Spl.*2 The second
domain had X!3 = Arg, X!¢ = Glu, and X'® = Arg and
was expected to bind 5-GCG-3’ on the basis of Zif268%
and Spl.>? The carboxyl terminal domain had X'
= Arg, X!® = His, X!° = Arg and was expected to pre-
fer 5-GGG-3" on the basis of mutants of Spl*? and
Krox-20,2® a relative of Zif268. Thus, the overall
binding site for this protein was predicted to be 5’-
GGG GCG GCT-3". The overall design is summarized
in Figure 8. The gene for the designed set of three
tandem zinc finger domains was synthesized and
expressed in E. coli to produce the protein.?* The
protein was found by quantitative DNase I footprint-
ing studies to bind to a restriction fragment containing
the predicted site with a dissociation constant of
approximately 2—3 nM, comparable to those observed
for many natural DNA-binding proteins. Further-
more, selection studies using a pool of randomized
DNA sequences revealed that the predicted site was
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indeed the optimal site! This result indicated that the
design of sequence specific DNA-binding proteins by
“mixing and matching” zinc finger domains with
known specificity properties is possible. As a further
test of this observation, a permuted protein was pro-
duced in which the first and second zinc finger do-
mains were interchanged. As d, this protein was
found to prefer the binding site 5-GGG GCT GCG-3’
over the site above. More quantitative studies re-
vealed that the permuted protein discriminated be-
tween the two sites by a factor of only 7 in dissociation
constant compared with a factor of nearly 200 for the
original protein. Given the context dependence ob-
served within the zinc finger domain wherein the
activity of one contact residue depends on the neigh-
boring residues, it is not surprising that interdomain
context is also important; only certain combinations
and orders of zinc finger domains may be fully
functional. Further work is required to elucidate
these effects in more detail.

Other Structures, Methods, and Classes of
Zinc-Binding Domains

The crystal structures of two additional zinc finger
protein—DNA complexes have been reported. The
first of these is the human oncogene product GLI.%
The DNA-binding domain from this protein contains
five zinc finger domains. The cocrystal structure
reveals significant differences from the Zif268 struc-
ture. In particular, only four of the five fingers contact
the DNA and, while these do wrap around the major
groove in a manner similar to that seen in the Zif268
structure, the same simple periodic DNA contacts are
not observed. The second is a two zinc finger domain
fragment from Drosophila Tramtrak bound to DNA.%
Again, a structure similar to that of Zif268 was
observed but with some novel features. In addition
to these crystallographic studies, the structure of the
TFIIIA-DNA complex has been elucidated by foot-
printing techniques.?” It appears that domains one
through three and seven through nine wrap around
the DNA in a manner similar to that seen in the
crystal structures whereas the middle three domains
interact with DNA in a different manner. These
structures illustrate that the general features of zinc
finger protein—DNA complexes are likely to be com-
mon but that the details of the protein—DNA interac-
tions may be more complex than can be described by
simple rules.

Because of this complexity, it is desirable to have
methods for producing DNA-binding zinc finger pro-
teins with known specificity that do not rely entirely
on design. Two classes of methods have been devel-
oped. The first involves determining the DNA-binding
preferences of given zinc finger proteins. A common
approach to this involves the selection of tightly bound
DNA fragments from libraries containing a large
number of randomized sites.?®3® The sequences of
individual sites are then determined and the results
compiled to produce a consensus sequence. Such
methods were used to confirm the optimal nature of
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the binding site for the designed protein as discussed
above3* and to find the binding site for GLI used in
the crystallographic studies.®® A more recently devel-
oped variation on this relies on the use of a DNA
library in which information concerning the sequences
is encoded in the lengths of the DNA fragments used
so that individual members do not have to be directly
sequenced to obtain binding-site information.*® The
second class of methods is essentially the reverse of
the selection process. A set of proteins with some of
the positions thought to be involved in sequence
specificity randomly mutated is screened by binding
to a specific DNA binding site.#142 This is often
accomplished by using a phage display system. In this
way, a protein that binds to a site of interest can be
directly obtained if it is contained within the library
that has been prepared.

Finally, it is important to note that other classes of
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zinc-binding domains have been found to occur in
other proteins including those involved in interactions
with DNA and RNA. At least one member of a total
of 10 classes of zinc-binding domains have now had
their three-dimensional structures determined.’ For
some of these classes, the relationship between their
structure and biological function is clear. For ex-
ample, the DNA-binding domains of the steroid recep-
tor superfamily of proteins are composed of sets of two
adjacent zinc-binding domains that allow interactions
with double-stranded DNA.4® For others, the bio-
chemical roles of the zinc-binding domains are less
clear but the knowledge of the three-dimensional
structures will certainly aid in their elucidation.
Many more challenges await in the still large set of
proteins which, based on patterns of cysteines and
histidines in their deduced amino acid sequences, are
likely to form zinc (or other metal ion)-based domains
but for which no three-dimensional structural infor-
mation is yet available.
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