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ABSTRACT: Proteins that employ dimerization domains to bind cooperatively to DNA have a number of
potential advantages over monomers with regards to gene regulation. Using a combination of structure-
based design and phage display, a dimeric.Bigs zinc finger protein has been created that binds
cooperatively to DNA via an attached leucine zipper dimerization domain. This chimera, derived from
components of Zif268 and GCN4, displayed excellent DNA-binding specificity, and we now report the
1.5 A resolution cocrystal structure of the Zif268-GCN4 homodimer bound to DNA. This structure shows
how phage display has annealed the DNA binding and dimerization domains into a single functional unit.
Moreover, this chimera provides a potential platform for the creation heterodimeric zinc finger proteins
that can regulate a desired target gene through cooperative DNA recognition.

CysHis; zinc fingers are the motif of choice for the design If dimerization only occurs after DNA binding, this form of
and selection of DNA-binding proteins with novel sequence association also will allow each monomer to search the DNA
specificity (L—3). Methods for creating zinc finger proteins  independently for its binding site. This should significantly
with novel DNA-binding specificity are well-establishet reduce the equilibration rate of the dimer when compared
6), and when fused to activation or repression domains, theseto the same number of covalently linked fingef9,(20).
designer transcription factors can regulate target genes inproteins with very high affinity for their target sites, such
vivo (7—10). The zinc finger DNA-binding domains for these  as zinc finger proteins that contain six or more covalently
designer transcription factors have been assembled both 1)inked fingers, may also bind noncognate sites for appreciable
by tandem covalent linkage of a series of zinc fingdrs{ lengths of time (kinetic trappingdlg)). Given the vast number
14) and 2) by inclusion of dimerization domainsx-17). of nonspecific sites in the genome, relatively rapid equilibra-
Either of these methods of assembly can be used to increasg,y, may be an important consideration when attempting to
the size of the effective target site, which may result in further .o+e Zinc finger proteins that recognize unique sequences
improvements in DNA-binding specificityl@, 14, 17). in the human genomeL§).

In this paper, we continue our studies of a dimeric zinc , ) L
finger system that was developed by attaching leucine zippers /e have created a leucine zipper-based dimerization
at the C-terminus of a two-finger DNA-binding domai. systen_1 for zinc flnger_s using a combination of computer
Dimerization systems of the type presented here have amodeling and phage displagq). In the computer modeling
number of very attractive features. The most fundamental Phase, we used the principles of structure-based des@gn (
potential advantage is that dimerization domains also allow to plan how we could fuse fingers 2 and 3 of Zif268 (which
the cooperative assembly of complexes on the DNA. When We refer to as Zif23) to the leucine zipper of GCN4 (Figure
dimerization occurs in conjunction with DNA binding, this 1). The amino acid sequence that joins the zinc fingers and
narrows the concentration range over which DNA binding leucine zipper was subsequently optimized by phage display.
occurs, creating a sharper transition between the fully off This dimeric zinc finger protein, Zif23-GCN4, was selected
and fully on states as a function of protein concentration, to recognize a binding site that contains a two base pair
thereby providing tighter control over gene regulati@s)( overlap between the half-sites normally bound by each
monomer 17). By overlapping the binding sites of neighbor-
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Ficure 1: Structure of the Zif23-GCN4 homodimer bound to DNA. (a) Sequence of the Zif23-GCN4 proteim-fibkcal regions are
denoted by a cylinder (below the amino acid sequence)fastdands are indicated by filled arrows. Each monomer contains fingers 2 and

3 of Zif268 (magenta) fused to the leucine zipper of GCN4 (green) through a junction sequence selected by phage displdy. (red) (
Amino acids involved in DNA recognition, zinc coordination, or dimerization are (respectively) blue, yellow, or orange. The numbering
scheme {1, 1, 2, 3, 5, and 6) for residues in the recognition helix of each zinc finger is indicated above its amino acid sequenck, with
indicating the residue immediately preceding the helix. (b) Sequence of the self-complementary oligonucleotide used for crystallization.
The bold, boxed sequence indicates the recognition site on the purine-rich strand for fingers 2 and 3 of Zif268. The Zif23-GCN4 dimer was
selected to recognize a palidromic site containing this sequence that is overlapped by two base pairsesidth@)bStereoview of the
Zif23-GCN4 homodimerDNA complex. The ribbon diagram of the protein (residues38) is color-coded as described in panel a, and

the DNA is shown in blue (bases-23). The Zif23-GCN4 homodimer grasps the DNA with all four fingers (i.e., using both fingers of both
monomers). The selected junction between the fingers and the leucine zipper creates a pseudo-conhtialipotizat runs from the start

of the a-helix in the final finger all the way through the leucine zipper. The helical axis has a slight kink in the selected region due to a
proline that was invariant in the set of sequences obtained by the phage display.
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Table 1
Data Collection and MIR PhasifAg
data set native-2 native-1 |-dC #1 I-dU #2 CdCl
resolution range (A) 2015 20-1.85 20-2.5 20-3.00 20-2.5
measured reflections 1187929 481498 112166 62959 85678
unique reflections 83074 43197 18890 10952 18509
completeness, % 98.9 (97.9) 95.3(83.3) 100 (100) 97.8 (96.9) 99.7 (99.2)
Reym,> % 9.5 8.3 10.4 12.4 11.8
reflections withl/oy > 2, % 89.5(71.2) 86.9 (61.5) 82.7 (65.7) 83.5 (67.4) 80.3 (61.3)
Riso,® % 20.0 29.8 13.0
phasing power 0.98/1.27 0.72/1.00 1.15/1.37
(acentrics/centrics)
figure of merit, MIR 0.54
Refinement

resolution range, A 201.5

reflectionsF > 20(F) 77251

no. of non-H atoms 1607

Rerysy® %0 21.6

Riree % 23.4

no. of water molecules 312

averageB-value, & 25.1

AB-values, bonded atoms A 1.6

RMSD from ideal bond lengths, 0.015

A (protein/DNA)
RMSD from ideal bond angles, 1.640

deg (protein/DNA)

2Values in parentheses are for the highest resolution stRljm = > (|l — OO)/3(1). °Riso = 3 (|Inat — lded)/3 (Ina)- ¢ Phasing power= 5 (|Fu|)/
S(IFerl — IFe + Full). © Reryst = (ZnkilIFol — IFell/Y kil Fol)- T Riee Was calculated for the 10% of reflections omitted from the refinement.

As intended, the leucine zipper dimerization system allows
the cooperative binding of the chimeric protein to the DNA.

It also has the advantage of creating a modular system:

annealed, the duplex has abymine overhang at each end.
All crystallization steps were carried out in an anaerobic
chamber ([ ~1 ppm). Prior to complex formation, the

heterodimers that recognize asymmetric binding sites can beprotein was refolded at a concentration of 1.9 mM using 1.5

created by substituting the GCN4 leucine zipper with the

equiv/finger CoGin 80 mM Bis-Tris propane (pH 8.0). The

c-Fos and c-Jun leucine zippers and by substituting the proteir—DNA complex was then formed by mixing 124

Zif268 fingers with zinc fingers that have a different DNA-
binding specificity (7).

On the basis of these attributes, the Zif23-GCN4 dimer-
ization system would appear to provide a promising platform
for the creation of zinc finger proteins that regulate single
genes in vivo. To understand the molecular details of DNA
recognition in this system, we have crystallized the Zif23-
GCN4 homodimer bound to DNA and solved the structure
of the complex at a resolution of 1.5 A. The structure

of refolded protein with 237.%L of duplex DNA (0.056
mM) in 10 mM Bis-Tris propane (pH 8.0) with 1 mM Mg£l
This sample was allowed to equilibrate overnight and was
subsequently centrifuged to remove any precipitate. Crystals
were grown using hanging drop vapor diffusion: 312 of
complex was allowed to equilibrate over a well solution
containing approximately 600 mM NAc. Crystals (long
rods) appeared after about 24 h.

Data Collection Each crystal was cryo-protected by slowly

validates our original design concept, defines the role that increasing the concentration of glycerol in the drop to
the junction sequences (selected by phage display) play inapproximately 20% over a matter of minutes. The crystal
DNA recognition, and suggests additional refinements that was then looped directly out of the drop, flash frozen in liquid
could improve the dimerization system. nitrogen, and then mounted in a liquid nitrogen cooled
nitrogen stream-{143°C). Crystals belonged to the space-
groupP3;21 with unit cell dimensiona = b = 87.4 A and

c = 118.7 A. Diffraction data were typically collected using
a rotating anode X-ray generator (Rigaku RU-200) and an
R-axis IV image plate system (Data sets: Native-1, [-dC#1,
selected linker (RDIQHILPI), and finally residues 25381 I-dU#2, and CdG} Table 1); an additional 1.5 A resolution
of GCN4 @2). This construct is clone #2 from the Zif23- native data set was also collected at the National Synchrotron
GCN4 proteins previously selected to recognize a two baseLight Source on Beamline X4A. Data were indexed,
pair overlap between the zinc finger recognition sequencesintegrated, and scaled with th¢KL suite @5) (Table 1).

(17). The protein was overexpressed and purified as previ- MIRAS Phasing, Model Building, and Refinemerite
ously describedZ3). The oligonucleotide used to form the asymmetric unit contains the homodimer of Zif23-GCN4
self-complementary 13-mer duplex contains the palindromic- bound to one DNA duplex. The phase problem was solved
binding site for fingers 2 and 3 of Zif268 (bold) with atwo by MIRAS using heavy-atom derivatives generated (1) by
base pair overlap at theé Bnd of the recognition sequence substituting 5-iodo-deoxycytosine (I-dC) for cytosine at
(5-TCCCACGCGTGGG-3. This oligonucleotide was syn-  position 4, (2) by substituting 5-iodo-deoxyuracil (I-dU) for
thesized and purified as previously describ@d)(When thymine at position 10 in the DNA (derivatives #1 and #2,

EXPERIMENTAL PROCEDURES

Crystallization. The Zif23-GCN4 monomer contains a
Met-Lys dipeptide, followed by fingers 2 and 3 of Zif268
(residues 3481 of the zinc finger domain)2(l), then the
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Ficure 2: Stereoview of the structure of the selected junction. The ribbon depicting the protein backbone is colored as indicated in Figure
la. DNA is blue. Asterisks denote amino acids in the complementary monomer.

respectively), and (3) by folding the zinc finger protein with chimera by creating a complementary fusion between the
CdCL instead of CoGl Heavy atom coordinates were C-terminal end of the zinc finger-helix (finger 3 of Zif268)
determined from visual inspection of the isomorphous and the N-terminal end of the leucine zipper. The structure
difference and anomalous difference Patterson maps, andf the Zif23-GCN4 dimer shows that this objective was
initial phases were calculated and refined using MLPHARE achieved (Figure 1). The selected junction, which consists
(26). Using these phases, the resulting experimental electronof residues 5354 and 56-59 (with His55 of the original
density map was of sufficient quality to build an initial model zinc finger helix retained to ensure proper zinc coordination),
using O 7). This model was iteratively refined and rebuilt fuses the recognition helix of the final zinc finger and the
to generate a high quality 1.85 A resolution model using a leucine zipper into a single pseudo-continuous helix with a
native data set collected on the Rigaku generator (Native- slight kink at Pro58. As expected, the structures of individual
1). zinc fingers and of the leucine zipper are essentially identical
Model refinement was carried out using simulated anneal- to the corresponding parts of the parent protelis 22).
ing, positional refinement, and isotrofefactor refinement For example, superposition of the Zif23-GCN4 and GCN4-
protocols in X-PLOR 28), using a 20 cutoff and a bulk (22) backbones in the leucine zipper region (residues 60
solvent correction. As the refinement progressed with the 81 and 253-274 respectively) gives an RMSD of 0.56 A.
original Native data set (Native-1), waters were added. The Zif23-GCN4 homodimer binds the palindromic DNA
However, the conformation of Arg49 in this data set was sequence using both zinc fingers from each monomer (Figure
unclear, which led us to collect a higher resolution data set 1). The GCN4-derived leucine zipper forms a coitembil
on the same crystal at the synchrotron. This new data setstructure that extends out essentially perpendicular to the axis
was merged with the original Native-1 data set to create a of the DNA double helix. Although Zif23-GCN4 binds DNA
master data set (Native-Rmerge= 4.4% to 1.85 A). Using  as a homodimer, the structure does not display precise 2-fold
this master data set, the multiple conformations for Arg49 symmetry at the dimer interface. The average RMSD for
in each monomer were added, and the structure wassuperposition of opposite monomers is 1.40 A. This asym-
subsequently refined to 1.5 A. metry results from a-5° angle between the superhelix axis
To assess the quality of the model, simulated annealing of the leucine zipper and the pseudo 2-fold axis of the dimer
omit maps were created for residues in the recognition helicesdefined by the zinc fingers bound to the palidromic site.

and in the junction region that had been selected via phage The gbserved asymmetry is most pronounced within the
display. Procheck analysis of the final model indicates that gg|ected junction at Leu57: this residue has different side
93.6% of the residues lie in the core region of the Ram- :nain conformations in the two monomers (Leu5z =
achandran plot, with the remaining residue conformations _17¢ 42 = 55°; LeuS7*: 41 = —70°, 2 = 172; Figure
corresponding to allowed regions. 2). In the dimer, the leucine zipper is also rotated~80°
Analysis of the Zif23-GCN4 StructurBuperpositions of  rejative to the DNA about th€;, axis of the coilee-coil
the Zif23-GCN4 complex with itself (complementary mono-  interface as compared to the zipper in the parent GCN4
mers are not symmetry related) or with Zif26B) or GCN4  complex B0). This change in orientation should reduce the
(22) were performed in Insight98 (Molecular Simulations). possibility that zinc finger-leucine zipper proteins will form
Statistics for the superposition between Zif23-GCN4 and fynctional heterodimers with members of the bzip family of

Zif268 were calculated for each monomer using the zincs, proteins since the formation of such a heterodimer will either
backbone atoms for residues-48 of Zif23-GCN4 and for  strain the dimer interface or position one of the DNA-binding

residues 3579 of Z|f268, and the 5GCGTGGG-3 base domains incorrecﬂ_y

pairs in each structure. This comparison gives an RMSD of The DNA conformation in the Zif23-GCN4 structure is
0.34 A for one monomer and 0.41 A RMSD for the other. g_om “an like the DNA in the Zif268 structure, it has an

Conformational statistics for the DNA were calculated using enlarged major groove). However, the DNA in the Zif23-

3DNA (29). GCN4 structure is not as significantly underwound as in the
Zif268 structure (overall helical twist for Zif268 11.3 bp/
turn, Zif23-GCN4 10.7 bp/turn, and B-DNA 10.0 bp/turn)
Overall Structure of the Chimeric Zinc FingeiDNA (32). A less underwound duplex (10.7 bp/turn) has also been
Complex.The objective of the phage display selections was observed for a dimeric complex in which two monomers of
to optimize the stability and function of the Zif23-GCN4 fingers 1 and 2 of Zif268 dimerize through a selected

RESULTS



Structure of a Dimeric Zinc Finger Protein Biochemistry, Vol. 42, No. 46, 20033405

e / .
Ficure 3: Zinc fingers from Zif23-GCN4 and Zif268 dock in essentially identical manners in the major groove. (a and b) Stereoview(s)
from two different angles of the superposition of Zif268L( with the zinc fingers and DNA from each monomer of Zif23-GCN4. One
Zif23-GCN4 monomer superimposes with Zif268 slightly better (average RMSIB4 A) than the other (average RMSD0.41 A). The
backbone for each protein is displayed as a ribbon trace, the bound zincs are shown as spheres, and the DNA in each complex is displayed
as a stick figure. The Zif23-GCN4 structure is colored as indicated in Figure 1a. The entire Zif268 complex is either orange or yellow.

N-terminal peptide extension3®). This difference may  mentary interactions exist for these residues in the other
represent a fundamental improvement in DNA recognition monomer). GIn 54 makes a phosphate contact. Arg 51 and
for the dimeric zinc finger complex when compared with a Asp 52 interact with Asp 35 and Lys 48 (respectively) in
covalently linked monomer. In principle, the dimer interface the final finger of the same monomer.

has been annealed through selection to optimize the register The selected junction appears to be relatively rigid due to
of its four fingers with the DNA duplex. The more the hydrophobic core formed between neighboring monomers
significantly unwound DNA in the Zif268 structure may by lle53, lle56, Leu57, and parts of Asp52 (Figure 2). These
result from a slight difference in the helical register of the interactions extend the dimerization interface beyond the final
fingers and the DNA that might become more exaggerated histidine involved in zinc coordination and into thehelix
(and hence more unfavorable) as more canonically linked of the C-terminal zinc finger in each monomer. The resulting
fingers are added. interface fixes the relative register of neighboring monomers,

Structure and Function of the Selected Junctidine thus ensuring a preference to bind a composite sequence that
structure of the selected junction region bridging the final contains a two base pair overlap between the half-sites
zinc finger and the leucine zipper reveals the advantages ofrecognized by each monomer.
using phage display to optimize this region instead of simply = Base-Specific DNA Recognitioifthe protein-DNA in-
employing a flexible linker. The amino acids at positions teractions observed in the Zif23-GCN4 complex are almost
51-59 (RDIQHILPI) in this region are representative of the identical to those observed between the DNA and the
consensus sequence for the pool of clones obtained in thecorresponding fingers in the cocrystal structure of the parent
selections 17). lle 53, GIn 54, and Pro 58 were absolutely protein, Zif268 @1). The average RMS deviation for
conserved in the selected pool. Leucine or isoleucine weresuperposition of the protein backbone, DNA bases, and zincs
the only residues found at position 57, and arginine and from each monomer of Zif23-GCN4 with fingers 2 and 3 of
aspartate were highly conserved (respectively) at positionszif268 is only 0.38 A (Figure 3). Thus, the zinc fingers
51 and 52 (seven out of eight clones). A hydrophobic residue within the context of the Zif23-GCN4 dimer are properly
was also preferred at position 56. positioned for base-specific DNA recognition.

The selected junction sequence contributes both to dimer- The base-specific interactions found in the Zif268 structure
ization and to DNA recognition. This region is well-ordered are preserved in the Zif23-GCN4 structure except in the
(averageB-value = 17.0 + 2.0 A?) and a-helical, except region where the two DNA half-sites overlap (Figure 4a).
for the kink introduced by Pro58 (Figure 2). In addition to For example, the base-specific contacts from residues at
Pro58, other highly conserved residues from the selection positions—1, 2, and 3 in thex-helix of finger 3 are identical
(17) play obvious roles in defining the structure of the in both structures. However, in the Zif23-GCN4 structure
junction. A hydrophobic core is formed via the interaction Arg49 in each monomer (position 6 in tleehelix of finger
of lle 53 and Leu 57 with identical residues from the other 3) has multiple conformations, and none are identical to the
monomer, via the interaction of parts of Asp 52 with lle corresponding arginine in the Zif268 structure (Figure 4b).
53* in the neighboring monomer, and via the interaction of In one conformation, Arg49 contacts thé& @sition of both
lle 56 with Leu 57* in the neighboring monomer. (Comple- G7 and G7 (This conformation cannot be simultaneously
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Ficure 4: DNA recognition by Zif23-GCN4 is nearly identical to DNA recognition by Zif268. (a) Diagram comparing the base contacts
made by Zif23-GCN4 (left panel) and fingers 2 and 3 of Zif288) (right panel). DNA recognition helices of the zinc fingers are represented

as colored rectangles. Positions on the recognition helix typically involved in DNA recognition are numbered, and the amino acid at each
position is indicated using the one letter abbreviation. Hydrophobic interactions are indicated by black dots, and hydrogen bonds are indicated
by arrows. The DNA region contacted by each finger is color-coded to emphasize the size (and overlapping arrangement) of the binding
sites. Amino acids that differ in their method of DNA recognition between the two structures (Asp 17 in one monomer and Arg 49 in both
halves of the complex) are red in the Zif23-GCN4 panel. Arg 49 (position 6 in finger 3) has multiple conformations in the Zif23-GCN4
structure. One conformation interacts simultaneously with thpd8itions of G7 and G7This interaction cannot be made concurrently by

both monomers because of steric constraints. Red bars between residues at positiond ®ameighboring fingers indicate the presence

of interfinger interactions37). (b) Stereoview of the DNA contacts observed within the two base pair overlap between the binding sites
for finger 3 of each monomer. Multiple conformations of Arg 49 are apparent in the Zif23-GCN4 structure. Each monomer has two shared
conformations for Arg 49. One conformer interacts with tHepOsitions of G7 and G7and the other conformer interacts with Asp 45.

Two phosphate contacting conformations are also apparent for Arg 49 from one monomer. Each cytosing C8I€®verlap region

is contacted by Glu 46 (position 3) from the neighboring monomer as is observed in the Zif268 structure. Electron density for Arg49 is
shown from a simulated-annealing omit map (with the all of the Arg 49 conformers from each monomer omitted from the calculation)
contoured at 0.7%.

assumed by both monomers because it would lead tobetween the position 6 carbon and the guanine in both
collisions in a symmetric interface.) In the second conforma- structures is essentially identical, and there do not appear to
tion, Arg49 interacts with Asp45 (position 2, finger 3) and be any steric clashes between neighboring monomers that
does not appear to make any productive base-specificwould interfere with these contacts.
contacts. In one monomer, there is also an additional set of The only other difference between base-specific contacts
conformations for the Arg49 side chain that interact with in the Zif23-GCN4 and those in the Zif268 structures occurs
the phosphate backbone. at Aspl7. In one monomer, the interactions of Aspl7
It is not clear what precludes Arg49 from establishing the (position 2 in finger 2) and Arg 15 (position1) with the
classic bidentate arginirgguanine interaction with ©and DNA are exactly like those observed in the Zif268 structure.
N7 of guanine observed in the Zif268 structure. On the basis However, in the other monomer, Asp 17 does not interact
of a superposition of the structures, it appears that Arg49 in with the DNA or make the typical bidentate interaction with
Zif23-GCN4 could assume the same conformation as the Arg 15. Crystal packing interactions with a symmetry-related
corresponding arginine in the Zif268 structure. The distance dimer appear to be responsible for the altered conformation
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of Asp 17 of this finger. Arg 15 does contact G12 at tfe O GCN4 chimera were simultaneously, but separately, opti-
and N positions, but the guanidinium group is rotated 180 mized for the recognition of zinc finger target sequences that

from its standard conformation aroun@. overlap by zero, one, or two base paris. Zif23-GCN4
chimeras that recognize a one base pair overlap displayed
DISCUSSION good DNA-binding specificity and a tight consensus se-

L . . quence (RFNVHxKK) of fixed length. Using the current

_Role of the Selected Junction in DNA Recognition by Zinc zit>3.GcN4 structure as a template, we can predict the role
Finger—Leucine Zipper ChimerasThe selected junction o the junction residues in the RENVHxKK consensus. The
creates a highly organized interface that simultaneously yey gitference in DNA recognition between these two
orients the DNA-binding domains for recognition and the  ohimeras is the reduction in overlap between the binding sites
hydrophobic face of the attached leucine zippers for dimer- of neighboring monomers by one base pair. This difference
ization. Both the length and the composition of the selected yqqj(5 in a rotation of one monomer relative to the other by
junction are critical for its function. Addition or subtraction ~33° around the helical axis and a displacement-6t3 A
of a single residue from the end of the junction would place along the helical axis. This rotation and displacement
the leucine zipper dimerization interface out of phase with increases the gap between the junction of neighboring

the zinc finger DNA-binding domains for the coordinated ,onomer backbones by6 A (between @ of Ile53 from
recognition of its composite sequence. The selected j“”,Ctionopposite monomers) and places the hydrophobic surfaces of
also has one unanticipated property: it extends the dimer-i,q jnction and the coiledcoil domains out of alignment.
ization interface into the recognition helix of the final zinc  the' differences between the sequences of the selected

finger. This interaction was not designed into the system, junction for the one base pair and two base pair overlapped
but these residues are highly conserved among the phagegjies must compensate for these positional and rotational

selected proteins and clearly are important in the organizationerations to form a functional interface. The consensus

of the Zif23-GCN4 dimer for DNA recognition. sequence for the junction selected to recognize the one base
A small degree of asymmetry is observed in the Zif23- pair gap between the zinc finger target sequences (RFN-
GCN4 structure, but its significance is unclear. T8 tilt VHxKK) contains one fewer amino acid than the junction
of the leucine zipper relative to the DNA double helix is selected for recognition of the two base pair gap (RDIQHIL-
most likely due to the effect of asymmetric crystal packing Pl in this structure). This reduction, along with the absence
forces on the leucine zipper. The most distinct evidence of of the kink introduced by Pro58, could rotate the hydrophobic
this asymmetry is found in the difference in orientation of surfaces of the coiledicoils back into the proper register.
Leu57 in each monomer within the junction. This type of The substitution of Asp52 with Phe, coupled with a slight
junction asymmetry between a leucine zipper dimerization rotation of the zinc finger helix in the major groove (or a
domain and the attached DNA-binding domain has also beenslight change in the DNA conformation), could potentially
observed for the heterodimer of c-Fos and c-Jun (AP1) boundfill the larger gap between monomers generated by the
to DNA in the presence and absence of NFABZ,(39. In reduced overlap between neighboring subsites. This would
the absence of NFAT1, two distinct AP1 complexes bound position the lle53Asn substitution to make the phosphate
to DNA are observed in the asymmetric unit. These contact observed from GIn54 in the current structure (Figure
complexes differ in the degree of bending in the fork 2). val54 in the consensus sequence would be expected to
(junction) between the basic region and the leucine zipper pack into the cleft formed by His50 and His54, as a
(34). In one complex, the leucine zipper is nearly perpen- g-branched amino acid is commonly found prior to the final
dicular to the DNA, whereas the other complex is bent by histidine involved in zinc coordination in monomeric zinc
~10°. The distortion in the fork region is even more finger proteins. Finally, the two conserved lysines at the end
pronounced in the AP1-NFAT1-DNA structure where the of the RFNVHXKK consensus sequence would be positioned
coiled—coil of AP1 bends dramatically away from the to make phosphate contacts.
perpendicular axis to interact with NFAT3H). The structure Enhancing the DNA-Binding Specificity of the Zif23-GCN4
of the AP1 coiled-coil is essentia”y identical in the presence Chimera.The Zif23-GCN4 structure provides a basis for
and absence of NFAT1 with the deformation localized to engineering additional improvements into the DNA-binding
the fork. The junction in Zif23-GCN4 appears to be a natural specificity of this dimer. The Zif23-GCN4 dimer already
breakpoint much like the fork in the basic leucine zipper pinds with a higher degree of sequence specificity than
proteins. The structure of the coiledoil is defined by the  7if268, while recognizing a site of similar length). This
complementary knobs-into-holes packing at the hydrophobic has been accomplished by overlapping four fingers in a
surface, and the orientation and register of the DNA-binding pinding site that is normally recognized by three fingers in
domains is templated by multiple interactions with the DNA. 3 canonical zinc finger protein. Within the region where the
These complexes should be relatively rigid. Indeed, com- pNA half-sites overlap, Zif23-GCN4 has a higher density
parison of these structural elements with the structures of of potential DNA recognition residues per base pair than
GCN4 @2) and Zif268 @1) show that they are essentially  zif268 (Figure 4a). Using Zif23-GCN4 as a scaffold, it
unchanged in Zif23-GCN4. Consequently, any torque that should be possible to select amino acids within the over-
is applied to the leucine zipper by crystal packing forces is |apped region that make full use of its potential for enhanced
||ke|y to be diSSipated within jUnCtion between these domains. DNA_b|nd|ng spec|f|c|ty The prospects for Se|ecting dimers
The structure of the selected junction in this Zif23-GCN4 with exquisite specificity appear even more promising in the
chimera also provides insight into the potential roles of context of a heterodimer, where complementary, but not
junction residues in other selected Zif23-GCN4 chimeras necessarily identical, residues could be used for DNA
(17). In our previous study, junction sequences for the Zif23- recognition at the dimer interface. We are currently exploring
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this possibility in constructs where the GCN4 leucine zipper juxtaposes structural features not previously observed in
has been replaced with the c-Fos and c-Jun leucine zippersiatural systems. Using this general approach, it should be
(17). The selection of a heterodimeric junction sequence possible to create a broad range of chimeric proteins for
could also be used to assist in the formation of obligate applications in biochemical research or in the treatment of
heterodimeric complexes. disease.

The Zif23-GCN4 dimer also displays a level of discrimi-
nation similar to Zif268 for a single base pair substitution at ACKNOWLEDGMENT
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ognition, there appears to be room for additional improve- and assistance. Research was carried out in part at the
ment in sequence-specific DNA recognition. The Zif23- National Synchrotron Light Source, Brookhaven National
GCN4 dimer may even provide a system for examining the | ahoratory, which is supported by the U.S. Department of

limits of single base pair discrimination for DNA recognition  Energy, Division of Material Sciences and Division of
in the major groove. Exquisite specificity for a single base chemical Sciences.

pair change could be useful for discriminating between two
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