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Three-Dimensional Solution Structure of a Single 
Zinc Finger DNA-Binding Domain 

The three-dimensional solution structure of a zinc finger nucleic acid binding motif 
has been determined by nuclear magnetic resonance (NMR) spectroscopy. Spectra of a 
synthetic peptide corresponding to a single zinc finger fiom the Xenopus protein Xjn 
yielded distance and dihedral angle constraints that were used to generate structures 
fiom distance geometry and restrained molecular dynamics calculations. The zinc 
finger is an independently folded domain with a compact globular structure in which 
the zinc atom is bound by two cysteine and two histidine ligands. The polypeptide 
backbone fold consists of a well-defined helix, starting as ol and ending as Sl0 helix, 
packed against two f3 strands that are arranged in a hairpin structure. A high density of 
basic and polar amino acid side chains on the exposed face of the helix are probably 
involved in DNA binding. 

T HE ZINC FINGER MOTIF, WHICH 

recognizes specific DNA sequences 
(1-3), was first identified as a repeat- 

ed motif in transcription factor IIIA from 
Xenopus oocytes and was proposed to be an 
independently folded DNA-binding domain 
(4). The zinc is either coordinated by two 
Cys and two His ligands (TFIIIA-type) or 
by four Cys ligands (steroid receptors and 
yeast transcriptional factors) (2, 3, 5, 6). 
Zinc is required for correct folding and is 
essential for specific DNA recognition (6- 
10). Circular dichroism and NMR spectros- 
copy have been used to demonstrate zinc- 
dependent folding of synthetic single fingers 
with sequences from TFIIIA and ADRl 
(1 1, 12). These isolated single fingers bind in 
a nonspecific but zinc-dependent manner to 
DNA. A previous NMR study of a synthetic 
zinc finger from ADRl (12) indicated the 
presence of a helix in the zinc complex and 
led to a qualitative model for the finger 
structure. In this report, we describe com- 
plete three-dimensional (3-D) solution 
structure determination for a synthetic pep- 
tide corresponding to the 31st zinc finger 
from the Xenopus protein Xjn (13) [denoted 
Xjn-311 based on an extensive set of experi- 
mental NMR constraints and the use of 
distance geometry and molecular dynamics 
(MD) calculations for structural analysis. 

We selected Xjn-31 for structural analysis 

since it corresponds closely to a consensus 
sequence derived from 148 zinc finger do- 
mains (14). A synthetic 25-residue peptide 
(Fig. 1) spanning the putative zinc-binding 
residues was shown to be more than 90% 
bound to zinc at pH 5.5 (15). Substantial 
changes occurred in the one-dimensional 'H 
NMR spectrum upon zinc binding; two 
dimensional (2-D) NMR spectra indicate 
the formation of a single folded conforma- 
tion in aqueous solution (pH 5.5, 5" to 
25°C). Gel mobility assays show that the 
Xjn-31 peptide binds nonspecifically to 

Fig. 1. Amino acid sequence of finger 31 from 
Xjn (13) drawn to illustrate the finger motif (4). 
Invariant and highly conserved residues are cir- 
cled. The amino and carboxyl termini of the 
peptide used for the present studies are blocked 
by acetyl (Ac) and amide groups, respectively. 

DNA in the presence of zinc. No detectable 
binding occurs if zinc is absent. 

Complete sequence-specific assignments for 
all backbone and side chain protons were 
obtained with the use of 2-D double-quan- 
tum filtered correlated spectroscopy (COSY), 
double-quantum spectroscopy, total corre- 
lated spectroscopy (TOCSY), and 2-D nu- 
clear Overhauser effect spectroscopy 
(NOESY) (16). A total of 120 interresidue 
and 24 intraresidue distance constraints de- 
rived from NOES (17) was used for struc- 
ture determination. Backbone dihedral an- 
gle restraints were obtained from 3 ~ H N f f  

coupling constants measured from a high- 
resolution double-quantum filtered COSY 
spectrum recorded at 25°C. The backbone 
torsion angle + was constrained to 
- 160" 5 + 5 -80" for five residues with 
3 J H ~ f f  > 8 HZ and to -90'5 $ 5 -20" for 
seven residues with 3 ~ H N ,  < 6 HZ. NO ex- 
plicit hydrogen-bond constraints were used 
in the structure calculations. 

The zinc was constrained to be tetrahe- 
drally coordinated by Cys3, Cys6,  is'^, and 
  is^^ (6, 11), and Zn-S and Zn-N bond 
distances were constrained to 2.30 + 0.05 
and 2.0 + 0.05 A, respectively (5). These 
distance and angle (109 2 10") constraints 
agree with those observed in x-ray structures 
of zinc amino acid complexes (18). Because 
it is not known a priori whether zinc coordi- 
nates to the imidazole N6 or NE of the His 
ligands, distance geometry calculations were 
performed with a combination of distance 
and chirality constraints that allow coordi- 
nation to either NE or N6 and keep the zinc 
within the plane of the imidazole ring. 
These calculations showed unambiguously 
that both His residues coordinate through 
their NE atoms. 

A family of structures was calculated with 
the distance geometry program DISGEO 
(19). Pseudoatoms (20) were used wherever 
necessary and interproton distances were 
corrected accordingly. A total of 50 struc- 
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Flg. 2. S u p i t i o n  of 37 srmcnurs of the Xjn-31 zinc finger dcrivcd from disamr geometry 
calculations and molecular dynamics rdinancnt. A stereo view of the Ca chain tracing is shown. The 
vnino mminus is at the bottom right and the cacboxyl terminus at the upper I&. The Cys3 and Cys6 
ligands arc shown in ydow, the His19 and HisU side chains in blue, and the zinc in white. The 
st- arc supaimposed for minimum nns deviation between backbone heavy atom. 

Fig. 3. Structure of the Xjn-31 zinc hgcr with fewest residual constraint 
violations. The overall shape is rather k a nght hand, with the thumb 
rc resentin the amino-terminal p strand. The molecule is rotated 180" &. uvc to A e view in Fig. 2 to emphasize its shape. The Cu chain tracing is 
rcpmcntcd as a tube of diameter 1 A. The side chains of the Cys and His 
ligands, Tyr', Phc'', and arc shown. [Figure generated with the 
program MCS written by M. Connolly] 

Flg. 4. Sm#,vicwofthczincfingcrstru~showingCubpdrboncacingandsideEhains. Forclarity 
only the m best rdincd structures (see text) arc displayed, su ' posed fbr minimum rms deviation 
tmwam ~ n e  heavy atom. side hains arc doc= fblows: phe and Tyc, pen; Ah, 
Val, and Leu, yellow; Ser, Asn, and Gln, purple; Glu, red orange; Arg and Lys, blue. The Cys +ds 
arc shown in yellow, the His ligands in blue, and the zinc in white. 

tuces was embedded at the substructure 
level, 37 of which satisfimrily completed 
minhktion and were used as starting 
structures for MD refinement. 

Our refinement procedure uses the AM- 
BER all-atom force field (21) to compute 
the intrinsic strain energy and adds a half- 
parabola penalty for proton-proton dis- 
tances that violate the NMR constraints. 
Dihedral angles fXhg outside the limits 
listed above are penalized by a function of 
the form K[1 - cos(+ - &)I, where & is 
the end point of the "allowed" range and 
K = 32 kcallmol. Based on our experience 
and that of others (22), we increased the 
torsional constant K, for peptide bonds 
h m  10 to 50 W m o l ,  which keeps nearly 
all of the peptide bonds within 7" of the 
planar trans conformation. We also reduced 
the net charges on Glu, Lys, and Arg side 
chains from unity to k0.2 to partially mimic 
dielectric dfects of the solvent and to reduce 
the propensity for the formation of intramo- 
lecular salt bridges. Parameters for the metal 
coordination (23) were designed to main- 
tain a roughly tetrahedral geometry consist- 
ent with the extended x-ray absorption fine 
structure (EXAFS) data (5) and model crys- 
tal structures (18) and yet still allow sam- 
pling of a variety of md-binding geome- 
tries. AU 37 distance geometry structures . .  . were energy rmtllrmzed in this combined 
potential, then heated to 1200 K during 1 
ps with a temperature-regulated MD algo- 
rithm (24) with a temperature relaxation 
time T of 0.3 ps. This procedure was fol- 
lowed by 4 ps of equilibration at 1200 K 
and a 6-ps cooling run with T = 2 ps (25). A 
final step of energy minimhation produced 
the refined structures. 

The conformation of the polypeptide 
backbone (Fig. 2) is well defined by the 
NMR constraints (26). The average root- 
mean-square (rms) deviation from the mean 
structure is 0.81 A for the backbone and 
1.81 A for the side chain heavy atoms when 
all 37 refined sauctws are considered. Ten 
of the refined structures had final AMBER 
energies less than -305 kcaVmol and NMR 
constraint violation energies less than 7 kcaV 
mol; only one strumre had any distance 
violation greater than 0.2 A (0.23 A). These 
structures, for which the average backbone 
rms deviation is only 0.58 were used for 
detailed conformational analysis. Theoreti- 
cal NOESY spectra calculated from the re- 
fined structures with a full relaxation matrix 
approach (27) are in good qualitative agree- 
ment with the experimental spectra. 

The overall fold of the zinc finger is 
evident from Fig. 2. Residues 1 to 10 fbrm a 
-in smuture that encompasses Cys3 and 
Cys . A well-defined helix extends from 
~ l u ' ~  to ~ y s ~ '  and includes both His li- 
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gands. The zinc atom is buried in the interi- between residues 1 and 10, a tight turn free peptide in H 2 0  and adjusting the pH to 7.2 

or of the molecule. The zinc finger folds into beginning at residue 3, and a helix from z$d2E $ ~ ~ i ~ ~ t f $ e ~ $ ~ ~ ~ ~ ~ ~ $  
a compact structure shaped rather like a residues 12 to 24, which is a helical at the readjusted to p~ 5.5. The concentration of the 
right hand, with the zinc and the carboxyl beginning and helical toward the end. ZnClz solution was such that the final solvent 

composition was 90% H20110% 'H20. All NMR terminus at the base of the hand and the These hydrogen bonds are also present in ,periments were performed on a Bruker AM500 
amino terminus extending like the thumb the unrefined distance geometry structures. spectrometer with a single 5.8 m~ sample. 
toward the fingertips (Fig. 3). The amino- The change from a to helix may be a 16. M. S. Lee> J. Cavanaght p. E, FEBS Lett., in 

press. 
and carboxyl-terminal Ca atoms are at op- consequence of coordination of the two His 17, NOESY spectra [ J ,  Jeener, B, H, Meier, p, Bath. 
posite ends of the molecule and are separat- residues to the zinc. mann, R. R.  Ernst, J .  Chem. ~ h y s .  71, 4546 

ed by 17.3 2 1.7 A [37 structures] This has Previous zinc finger models bear a strik-  sat^^^^^^^$^^^^^^^ 
important implications for modeling the ing resemblance to the actual 3-D structure obtained from analysis of cross-peak intensities in 
interaction of multifinger domains with determined by NMR. The Berg model (29) the 200-ms NOESY spectrum. Upper bounds were 

DNA. is most similar to the NMR structure and determined by empirical calibration versus known 
sequential distances [M. P. Williamson, T. F. Havel, 

The conformations of manv of the interi- differs ~rimarilv in the l e n d  of the helix. In K. Wiithrich. I .  Mol. Biol. 182. 295 11985)l. The 
or side chains are well defined by the NMR 
constraints (Fig. 4). The side chains of the 
highly conserved (14)  he" and ~ e u ' ~  are 
packed in a hydrophobic cluster with AlaIs. 
The phenyl ring of Phe" is in van der Waals 
contact with the imidaz.de roup of   is'^, 

2 F  as are the side chains of Gln and ~ a l ~ ~ .  The 
zinc finger can be described as a "miniglobu- 
la?' protein, with a close-packed, predomi- 
nantly hydrophobic core and with polar side 
chains on the surface. 

The backbone dihedral angles and hydro- 
gen-bonding patterns in the ten best struc- 
tures were examined to better define the 
common elements of secondary structure. 
Considerable commonality occurs in terms 
of backbone amide-carbonyl hydrogen 
bonding (28). Note that no explicit hydro- 
gen-bond constraints were included in gen- 
erating the structures. All ten structures have 
hydrogen bonds from Tyrl NH to Phelo 
CO and from  he" NH to Tyr' CO, a 
pattern found in antiparallel P sheets. The 
backbone conformation between the two 
Cys ligands has not been determined 
uniquely, although all ten structures have an 
internal hydrogen bond characteristic of a 
tight turn, either from LeuS NH to Cys3 CO 
(y turn) or Cys6 NH to Cys3 CO (P turn). 
In the helical region, backbone NH-CO 
hydrogen bonds from residues 16 -+ 12, 
17 - 13,18 -+ 14, and 19 -+ 15 are found 
in all ten structures, as are backbone + and cp 
dihedral angles that are characteristic of a 
helix. From this point, five of the structures 
continue the a-helical motif with a 20 -+ 16 
hydrogen bond, while the other five tighten 
into a 310 helix containing a 20 - 17 hydro- 
gen bond. The 310 helical motif continues 
with hydrogen bonds from residues 
21 - 18 (nine structures), 22 -+ 19 (ten 
structures), and 23 - 20 (ten structures). 
In eight of the ten structures, the helical 
region ends with a bifurcated hydrogen 
bond from the ~ l n ~ '  CO to the NH groups 
of  is^^ and ~ ~ s ~ ~ .  NO other internal hydro- 
gen bonds (backbone or side chain) are 
present in more than five of the structures. 
In summary, the hydrogen-bonding pat- 
terns indicate an antiparallel P interaction 

the midel probosed by Gibson et al.  (I#), 
the alignment of the P strands is offset by 
two residues, but the helix is of the correct 
length. Neither model predicted the pres- 
ence of 3'0 helix. The 3-D structure report- 
ed here also differs from the qualitative 2-D 
NMR model proposed by Klevit and co- 
workers (12) for an ADRl finger, in that no 
evidence was found for the P hairpin be- 
tween residues 1 and 10 and the presumed a 
helix was shorter. 

How do zinc fingers bind to DNA? There 
is evidence that binding occurs in the major 
groove of DNA (30), and it has been pro- 
posed that it is primarily residues on the 
helix of the finger motif that determine 
binding specificity (14, 29, 31). The Xjn-31 
finger structure has a hi h density of basic 
amino acids (L~s",  kg1! kg2 ' ,  and LysZ4) 
on the exposed face of the helix (Fig. 4) 
where they might make contact with either 
the phosphate backbone or specific bases. In 
addition, there is a distribution of polar side 
chains (GluI2, serI4. ser17, and ~ l n ~ ' )  on 
the surface of the hek ,  some or all of dhich 
might be involved in specific base recogni- 
tion. 
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