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The Cys2His2 zinc finger proteins are a
class of DNA binding proteins that con-
tain sequences of the form (Tyr,Phe)-
Xaa-Cys-Xaa2,4-Cys-Xaa3-Phe-Xaa5-
Leu-Xaa2-His-Xaa3_5-His, usually in tan-
dem arrays (1-4). Each of these
sequences binds a zinc(II) ion to form a
structural domain termed a zinc finger.
Structural studies by NMR (5-11) and
x-ray crystallography (12) have revealed
that these domains adopt very similar
structures that consist of a ( hairpin
followed by a helix. Yet, because of
variations of certain key amino acids
from one zinc finger to the next, each
domain makes its own unique contribu-
tion to DNA binding affinity and speci-
ficity.
The most well-understood members of

this class of proteins are a subset that
bind to relatively guanine-rich binding
sites. This subset includes SpI (13), the
Zif268/NGFI-A/Krox-20,24/Egrl ,2/
Wilm tumor family (14-19) and yeast
ADR1 (20). Kriwacki et al. (21) report
studies of the DNA binding domain of
Spl that consists of three zinc finger
domains. They demonstrated three major
points. (i) They showed that a 92-amino
acid peptide corresponding to the zinc
finger region of Spl with very little flank-
ing sequence specifically bound DNA
containing sites that approximated the
SpI binding site 5'-GGGGCGGGGC-3'.
(ii) They demonstrated the ability of this
peptide to distinguish between different
DNA sequences in a manner reminiscent
of that of intact Spl. (iii) They showed
that the 5'-GGGGCG region of the bind-
ing site contributed more to the overall
binding affinity than does the GGGC-3'
region. f
These observations can be interpreted t

in light of other reports. Several groups c
have demonstrated that fragments of Spl r
that included the zinc finger domains t
showed DNA binding properties very s
similar to those of the intact protein (22- v
26). The smaller fragment studied by Kri- c
wacki et al. (21) is the smallest polypep- I
tide studied to date beginning only 7 p
7esidues before the first Cys residue and }4
-xtending only 3 amino acids past the last g
His residue. s
The crystallographic studies of the n

hree zinc finger domains of Zif268 k

bound to a cognate oligonucleotide have
provided the most detailed structural in-
formation to date concerning zinc finger
protein-DNA recognition (12). Three
amino acids per domain play the most
direct role in determining site preference.
These are indicated as XaaA, XaaB, and
XaaC in the sequence below:

(Tyr,Phe)-Xaa-Cys-Xaa2,4-Cys-Xaa3-
Phe-Xaa-XaaA-Xaa-Xaa-XaaB-

Leu-Xaa-Xaac-His-Xaa3_5-His.
The first and third fingers of Zif268 have
XaaA = Arg, XaaB = Glu, XaaC = Arg.
Each of these binds the triplet GCG with
the two Arg residues forming a pair of
hydrogen bonds with guanine and the Glu
interacting indirectly with cytosine. Note
that the Arg in XaaA interacts with the
guanine at the 3' end of the triplet. The
second domain of Zif268 has XaaA =
Arg, XyB = His, XaaC = Thr. This finger
interacts with the sequence 5'-TGG-3' in
the cocrystal structure via two hydrogen
bonds from the Arg to the 3' guanine and
one hydrogen bond between the His and
N7 of the central guanine.
The three zinc finger domains (shown,

in order, fingers 1-3) of Spl have poten-
tial contact residues
XaaA = Lys,XaaB = His,XaaC = Ala

XaaA = Arg,XaaD = Glu,XaaC = Arg

XaaA = Arg,XaaB = His,XaaC = Lys.

Assuming that the corresponding con-
tacts from the Zif268 structure apply to
Spl, the binding site can be predicted to
be 5'-NGG-GCG-NGN-3', where the 5'-
NGG triplet is contacted by the third
finger, the central GCG is contacted by
the second finger, and the NGN triplet is
contacted by the first finger. The His
residues in position XaaB are likely to i
bind well to adenine as well as guanine
since the observed hydrogen bond in- I
volved N7. This has been directly dem-
)nstrated for an Spl variant with XaaO =
His in the second domain (27). Thus, the j
predicted site can be written 5'-N(G/ i

k)G-GCG-N(G/A)N-3'. This clearly is a c
good approximation to the Spl consen- t
;us (23, 28). Moreover, it accounts for the t
nany aspects of the variations in the f
cnown Spl binding sites as well as the 1
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decreased affinity of the Spl peptide for
two mutant sites reported by Kriwacki et
al. (21). Finally, this analysis provides a
rationalization for the asymmetry of the
contributions to overall binding affinity
noted by Kriwacki et al. since the first
domain (which contacts the 3' end of the
binding site) has only XaaB = His pre-
dicted to make a directly precedented
contact. While it is likely that XaaA = Lys
also hydrogen bonds to a base, XaaC =
Ala is obviously incapable of such an
interaction.
This observation raises one of the re-

maining puzzles about Spl-DNA inter-
actions. If XaaC = Ala does not interact
directly with the DNA, why is the under-
lined guanine in 5'-GGG-GCG--GGG so
well conserved in the known Spl binding
sites? This position is a thymine in sev-
eral of the known high-affinity sites but
no direct studies have been reported that
bear on the effects of mutations at this
position on Spl binding affinity. It is
possible that changes in this site do not
affect affinity significantly or that gua-
nine is preferred but is recognized by a
more indirect mechanism.
These studies illustrate one approach

to investigating specific protein-DNA in-
teractions-namely, examination of the
ability of a given protein to distinguish
between different binding sites. An alter-
native approach is to investigate the ef-
fects of changes in the protein sequence
on DNA binding affinity and specificity.
Change-of-specificity mutants (in which
DNA binding ability is not simply dis-
rupted but changed to a different pre-
ferred DNA sequence) are particularly
useful. The first such mutants were re-
ported by Nardelli et al. (29) for Krox-20,
a close homologue of Zif268, with three
zinc finger domains and the same contact
residues. The wild-type protein was
shown to bind 5'-GCG-GGG-GCG-3' but
not 5'-GCG-GCG-GCG-3'. In the second
domain, XaaB was changed from His to
Glu and XaaC was changed from Thr to
Arg. The double mutant showed the re-
verse specificity for the two DNA se-
quences above. Obviously, the two mu-
tations put the same contact residues in
the second domain that were already
round in the first and third domains.
rhus, binding to 5'-GCG-GCG-GCG-3' is
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not surprising but it is important to real-
ize that these experiments were pub-
lished prior to the report of the Zif268
cocrystal structure. Other mutants stud-
ied resulted in reduction in the selectivity
of DNA binding.
A more extensive series of change-of-

specificity mutants of Spl itself has been
developed by Desjarlais and Berg (25-
27). These involved changes in the sec-
ond zinc finger domain. The first of these
changed the binding specificity from 5'-
GGG-GCG-GGG-3' to 5'-GGG-GCI-
GGG-3' via mutation ofXaaA from Arg to
GIn and XaaB from Glu to Asp as well as
one additional change in a residue that
interacts with the XaaA side chain (25,
26). The fact that three amino acid se-
quence changes were required to change
the preferred binding site in a single po-
sition illustrates the necessity to consider
the entire recognition helix; only certain
sets of contact residues are mutually
compatible. An additional mutant was
produced by changing XaaB from Asp to
Asn in the above context. This mutant
binds to 5'-GGG-GAI-GGG-3'. A single
change of XaaO from Glu to His in the
wild-type Spl background bound to 5'-
GGG-G(A/G)G-GGG-3'. This is the in-
verse of one of the Krox-20 mutants
discussed above. Finally, a mutant with
XaaO changed from Glu to Leu bound
5'-GGG-G(A/C/T)G-GGG-3'.
A final member of this protein subfam-

ily that has been extensively studied is
yeast ADR1. This protein has two zinc
fingers in its DNA binding domain and it
generally binds as a dimer on sites with
approximate dyad symmetry (30). The
two putative contact residues (shown, in
order, fingers 1 and 2) are

IaaA = Arg,ZaaB = His,XaaC = Arg

XaaA = Arg,Xaas = Leu,XaaC = Arg.

One of the preferred binding sites is 5'-
TTG-GAG-3'. These contacts are con-
sistent with those above except that the
Arg in position XaaC in the second finger
abuts thymine rather than guanine. Three
change-of-specificity mutants were pro-
duced via an extensive study of muta-
tions in the first zinc finger (31). Changing
XaaA from Arg to Gln produced a protein
that preferred the site 5'-TTG-GAA-3'. It
is interesting to note that the preference
associated with the XaaA = Gln differs
from that observed in the Spl mutant
above. Glutamine is notable for its ability
to interact with DNA bases in different
ways; in the cocrystal structure of 434

repressor bound to DNA, three Gln res-
idues make three different types of con-
tact with DNA (32). A second mutant
involved changing XaaB from His to Thr.
This mutant protein preferred 5'-TTG-
GCG-3'. Finally, a mutant involving a
change of XaaC from Arg to Asn pre-
ferred 5'-TTG-AAG-3'. These results on
ADR1 confirm and extend the results
from the Spl mutants.

Because of the apparent modular na-
ture ofthe zinc finger domains in proteins
of this class, it has been very tempting to
hope that codes could be deduced that
interrelate the amino acid sequences of
zinc finger domains and the sequences of
their preferred binding sites. This would
allow prediction of binding site se-
quences for naturally occurring zinc fin-
ger proteins and design of zinc finger
proteins with preselected DNA binding
properties. As the above discussion indi-
cates, considerable progress toward this
goal has been made for this small subset
of zinc finger proteins that interact with
guanine-rich binding sites. However, it is
important to note that many zinc finger
proteins have amino acids in the potential
contact positions whose interactions with
DNA have not been elucidated. Further-
more, some zinc finger proteins such as
Drosophila hunchback have been shown
to interact with very (A+T)-rich binding
sites (33, 34). Future studies should re-
veal whether similar rules can be devel-
oped for these protein-DNA interac-
tions.
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