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NMR Structure of a Specific DNA 
Complex of Zn-Containing DNA 

Binding Domain of GATA-1 
James G. Omichinski, G. Marius Clare,* Olivier Schaad, 

Gary Felsenfeld, Cecelia Trainor, Ettore Appella, 
Stephen J. Stahl, Angela M. Gronenborn* 

The three-dimensional solution structure of a complex between the DNA binding domain of 
the chicken erythroid transcription factor GATA-1 and its cognate DNA site has been 
determined with multidimensional heteronuclear magnetic resonance spectroscopy. The 
DNA binding domain consists of a core which contains a zinc coordinated by four cysteines 
and a carboxyl-terminal tail. The core is composed of two irregular antiparallel p sheets and 
an a helix, followed by a long loop that leads into the carboxyl-terminal tail. The amino- 
terminal part of the core, including the helix, is similar in structure, although not in sequence, 
to the amino-terminal zinc module of the glucocorticoid receptor DNA binding domain. In the 
other regions, the structures of these two DNA binding domains are entirely different. The 
DNA target site in contact with the protein spans eight base pairs. The helix and the loop 
connecting the two antiparallel p sheets interact with the major groove of the DNA. The 
carboxyl-terminal tail, which is an essential determinant of specific binding, wraps around into 
the minor groove. The complex resembles a hand holding a rope with the palm and fingers 
representing the protein core and the thumb, the carboxyl-terminal tail. The specific inter- 
actions between GATA-1 and DNA in the major groove are mainly hydrophobic in nature, 
which accounts for the preponderance of thymines in the target site. A large number of 
interactions are observed with the phosphate backbone. 

T h e  erythroid-specific transcription factor and is an essential component required for 
GATA-1 is responsible for the regulation of the generation of the erythroid lineage ( I ) .  
transcription of erythroid-expressed genes GATA- 1 binds specifically as a monomer to 

the asymmetric consensus target sequence 
J. G. Omichinski, G. M. Clore, 0. Schaad, and A. M. (T/A)GATA(A/G) found in the cis-regu- 
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GATA-1 have indicated that the amino-
terminal metal binding region is not re­
quired for specific DNA binding (4) • More 
recently, studies with synthetic peptides 
have shown that a 59-residue fragment 
(residues 158/216 of chicken GATA-1), 
comprising the carboxyl-terminal metal 
binding region complexed to zinc and 28 
residues carboxyl terminal to the last Cys, 
constitutes the minimal unit required for 
specific binding (association constant Kassoc 

B 

«1.2 X 108 M-1) (5). In this article we 
present the determination of the solution 
structure of the specific complex of a 66-
residue fragment (residues 158 to 223) com­
prising the DN A binding domain of chick­
en GATA-1 (cGATA-1) with a 16-base 
pair (bp) oligonucleotide containing the 
target sequence AGATAA by means of 
multidimensional heteronuclear filtered 
and separated nuclear magnetic resonance 
(NMR) spectroscopy. 
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Fig. 1. (A) Sequence of the cGATA-1 DNA binding domain (residues 158 to 223 of intact cGATA-1) 
with structural residues and residues that contact the DNA indicated (50). (B) Sequence of the 
16-bp DNA illustrating sites of contact with the cGATA-1 DNA binding domain. In (A), the region 
encompassing the single helix is boxed and the symbols are as follows: open squares represent 
residues involved in maintaining the structural integrity of the zinc binding region; whereas closed 
and open circles are residues that interact with the DNA in the major and minor grooves, 
respectively. In (B), the region of the oligonucleotide interacting with the cGATA-1 DNA binding 
domain is boxed in and the symbols are as follows: closed and open circles are sites of interaction 
with bases in the major and minor grooves, respectively, and closed and open squares are sites of 
interaction with the sugar or phosphate or both in the major or minor grooves, respectively. 
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Fig. 2. Composite of 13C-H strips taken from the 120-ms 3D 13C(F2)-separated, 12C-filtered NOESY 
spectrum of the complex of the cGATA-1 DNA binding domain with DNA specifically illustrating 
NOEs between protons of the DNA (attached to 12C along the F3 axis) and protons of the peptide 
(attached to 13C). The 'H{F,)P3C{F2) shifts of T1672, L1781f A3O0, L3381f M46e, 151 ym, and R568 are 
1.40/23.07, 0.75/26.57, 1.74/18.74, 0.79/28.60, 2.25/17.11, 0.88/17.58, and 3.24/42.56 ppm, 
respectively. 

Proteins that contain one or more zinc 
binding domains and regulate transcription 
by binding sequence specifically to DNA 
are widely distributed throughout nature 
(6) • Five distinct classes of zinc-dependent 
DNA binding proteins have been identified 
(7) • The prototypical members of classes I 
through V are TFIIIA (8), the glucocorti­
coid receptor (9), GAL-4 (W), GATA-1 
(3), and MyTl (11), respectively- The five 
classes differ from each other on the basis of 
the distribution of Cys or His residues in­
volved in chelation, the number of amino 
acids located in the loop between the che­
lating residues, the number of zinc binding 
domains required for high-affinity DNA 
binding, and the quarternary structure of 
the protein in the complex (monomer or 
dimer). Structures of class I, II, and III zinc 
binding domains free in solution have been 
determined by NMR (12) and in complexes 
with their specific DNA binding sites by 
x-ray crystallography (13, 14)- The crystal-
lographic results demonstrate that classes I 
to III each interact with DNA in a distinc­
tive manner. No structural information of 
any kind is available to date on classes IV or 
V, either in the free state or complexed to 
DNA. Our results on cGATA-1 (class IV) 
demonstrate that some structural similarity 
exists between the zinc binding region of the 
DNA binding domain of cGATA-1 and the 
amino-terminal zinc module of the glucocor­
ticoid receptor (class II) • The mode of DNA 
recognition, however, is very different. 

Structure determination. All experi­
ments were carried out at pH 6,5 on a 2 
mM complex containing 1 equivalent (eq) 
cGATA-1 DNA binding domain uniformly 
(>95%) labeled with either 15N or both 
15N and 13C, 1.1 eq of zinc, and 1 eq of a 
double-stranded 16-bp oligonucleotide at 
natural abundance. The amino acid se­
quence of the 66-residue polypeptide com­
prising the DNA binding cGATA-1 pep­
tide and the sequence of the DNA are 
shown in Fig. 1. Details of the cloning, 
expression, and purification of the 
cGATA-1 DNA binding domain, the syn­
thesis and purification of the two strands of 
the DNA target site, and the preparation of 
the complex are given in (15), (16), and 
(17), respectively. 

The 1H, 15N, and 13C assignments of 
the cGATA-1 DNA binding domain in the 
complex were obtained with an array of 
three-dimensional (3D) double and triple 
resonance NMR experiments (18, 19). Se­
quential assignments of the exchangeable 
and nonexchangeable protons of the DNA 
in the complex were obtained by standard 
procedures (20) from a 2D nuclear Over-
hauser enhancement (NOESY) spectrum 
(150-ms mixing time) in water with a 1-1 
semiselective excitation pulse (21) to assign 
the exchangeable and A(H2) protons (22), 
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and 2D 12C-filtered NOESY (50- and 150- 
nls mixing time) (23) and homonuclear 
Hartmann-Hahn (HOHAHA) (24) spectra 
in D 2 0  to observe correlations involving 
only protons attached to 12C, suppressing 
the signals of 13C attached protons from the 
protein. 

Structural information in the form of 
interproton distance restraints was derived 
from isotope-edited and isotope-filtered 2D 
and 3D NOESY spectra. NOEs involving 
only the DNA were detected with the same 
2D NOESY and 12C-filtered NOESY spec- 
tra, recorded in H 2 0  and D 2 0 ,  respective- 
ly, ~ ~ s e d  for assignment purposes. The NOEs 
involving protons of the protein were ob- 
tained from 3D 15N- and 13C-separated 
NOESY spectra (mixing time, 120 ms) (25) 
recorded in H 2 0  and D20,  respectively. Fi- 
nally NOEs specifically between protein and 
DNA protons were identified in 3D 12C- 
filtered/13C-separated (26) and 12C, 14N- 
filtered/15N-separated (27) NOESY spectra 
(120-ms mixing time), recorded in D 2 0  and 
H20 ,  respectively. An example of the quality 
of the data is provided by the composite of 
'3C(F2)-1H(Fl) strips taken from the 3D 
'2C-filtered/13C-separated NOESY spectrum 
shown in Fig. 2, illustrating specifically NOE 
interactions between nonexchangeable 
DNA and protein protons. 

Approximate interproton distance re- 
straints were derived from the above 
NOESY spectra as follows. The NOEs be- 
tween protein protons and between protein 
and DNA protons were grouped into four 
ranges, 1.8 to 2.7, 1.8 to 3.3 (1.8 to 3.5 
for NOEs involving NH protons), 1.8 to 
5.0, and 2.2 to 6.0 A, corresponding to 
strong, medium, weak, and very weak 
NOEs, respectively (28, 29). NOEs be- 
tween DNA protons were classified into six 
ranges: 1.8 to 2.5, 2.3 to 3.0, 2.3 to 3.5, 
2.3 to 4.0, 2.5 to 5.0, and 3.0 to 6.0 A, 
corresponding to strong, medium-strong, 
medium, medium-weak, weak, and very 
weak NOEs, respectively (29, 30). Ste- 
reospecific assignments and torsion angle 
(+, +, xl)  restraints (31) for the cGATA-1 
DNA binding domain were obtained with 
the conformational grid search program 
STEREOSEARCH (32) on the basis of 
three-bond coupling constants (33) and the 
intraresidue and sequential interresidue 
NOEs involving the NH, CaH,  and CPH 
protons (34). The x2 torsion angle re- 
straints (31) for Leu and Ile were obtained 
from 3Jcc co~~pling constants (33) and the 
pattern of intraresidue NOEs as described in 
(35). Stereospecific assignments were ob- 
tained for the P-methylene protons of 20 of 
the 47 p-n~eth~lene  groups, for the a-meth- 
ylene protons of 2 of the 5 Gly residues, and 
for the methyl groups of 2 of the 4 Val 
residues and 3 of the 4 Leu residues. 

The structure calculations were based on 
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a total of 1407 experimental interproton 
distance restraints, comprising 919 and 371 
restraints for the cGATA-1 DNA binding 
domain and DNA, respectively, and 117 
intermolecular restraints between the pro- 
tein and the DNA. In addition, 37 hydro- 
gen-bonding restraints to maintain base 
pairing of the DNA were used (see Table 
1). The distance restraints were supple- 
mented by 328 torsion angle restraints com- 
prising 144 (58 +, 56 +, 26 XI ,  and 4 ~ 2 )  
angles for the protein and 152 for the 
DNA. The latter comprised the a ,  P, y, E, 

and I; torsion angles of the DNA backbone 
that were restricted to broad ranges of 180" 
k 50°, -85" k 50°, -70" + 50°, 180" + 
50", and 60" * 35", respectively, describing 
the values characteristic of both right- 
handed B- and A-form DNA (36), in order 
to avoid problems associated with local 
mirror images commonly found in DNA 
structures determined from NMR distance 
restraints (30, 37). 

A total of 30 simulated annealing (SA) 
structures (38) were calculated with the 

hybrid distance geometry-SA method (39, 
40). A summary of the structural statistics is 
provided in Table 1, and a stereoview of a 
best-fit superposition of the 30 SA structure 
(residues 2 to 59 of the protein and base 
pairs 6 to 13 of the DNA) is shown in Fig. 
3. All of the structures satisfy the experi- 
mental restraints (no violations greater 
than 0.5 A and 5" in the interproton 
distance and torsion angle restraints, re- 
spectively), display very small deviations 
from idealized geometry and exhibit good 
nonbonded contacts. The amino (residue 
1) and carboxyl (residues 60 to 66) termini 
of the protein are disordered in solution 
based on the absence of any nonsequential 
or intermolecular NOEs, and values of 
3JHN, couplings (6 to 7 Hz) characteristic of 
a random coil conformation. Base pairs 6 to 
13 of the DNA are in contact with the 
cGATA-1 DNA binding domain and are 
well defined both locally and globally. The 
orientation, however, of the first five and 
last three base pairs of the DNA, which are 
not in contact with the protein, is poorly 

Table 1. The notatlon of the N M R  structures 1s as follows: ISA> are the final 30 SA structures; a 
is the mean structure obtalned by averaging the coordinates of the individual SA structures best 
f e d  to each other (with respect to residues 2 to 59 of the protein and base pairs 6 to 13 of the DNA); 
(SA)r is therestrained minimized mean structure obtained by restrained regularization of the mean 
structure SiOnly residues 2 to 59 of the protein and base pairs 6 to 13 of the DNA were used to 
calculate (SA)r. The number of terms for the various restraints is given in parentheses the first 
number Indicates the values for the whole system, while the second gives the numbers for residues 
2 to 59 of the protein and base pairs 6 to 13 of the DNA, rms, root-mean-square, and expt, 
experimental. 

Structural statistics <SA> (G) r 

Rms deviations from expt distance restralnts (A)* 
All (1 44411 207) 

Protein 
lnterresidue sequential ( i  - j = 1) (2421237) 
lnterresidue short range (1 < i - j 5 5) (1611161) 
lnterresldue long range ( l i  - ]I) > 5 (1 8211 82) 
lntraresldue (3341307) 

DNA 
lntraresldue (1 57178) 
Sequentlal intrastrand (1 80187) 
lnterstrand (34120) 
Hydrogen bonds (3711 8)t 

Protein-DNA (1 17) 
Rms deviations from expt dihedral restraints 

(degree) (296121 7)*+ 
~eviations from ldeallzed covalent geometry5 

Bonds (A) 1325711 507) 
Angles '(degree) (589512723) 1.55 ? 0.003 1.40 
lmpropers (degree) (1 6401759) 0.37 ? 0.02 0.51 

EL., (kcal mol-')ll -610 + 12 -360 

*None of the structures exhib~ted d~stance v~olations greater than 0 5 ?A or dihedral angle v~olations greater than 
5" iThe hydrogen-bond~ng restraints for the DNA were asfolows: for GC base pairs, rG(,,,.,(,,, = 2.95 t 0.2 
A, rG(06).C(N4) = 2.91 f 0 2 A, and dG(N2,c(02, = 2.86 t 0.2 A, for the AT base palrs, r,(,, ,.,( ,, 2.82 2 0.2 A, 
ra(Nej.r(ol = 2.95 2 0 2 A. These values are taken from the x-ray structure analyses o/ a p C  and ApU 
(55). The torsion angle restralnts for the whole complex comprlse 144 angles for the proteln and 152 angles 
for the DNA. The torslon angles for the protein consist of 58 $, 56$, 26 x , ,  and 4 x, restralnts. The torsion angles 
for the DNA comprise loose restraints on the backbone torslon angles a, p, -y, E, and to prevent problems 
associated with local mirror images (30). For residues 2 to 59 of the prote~n and base pairs 6 to 13 of the DNA, 
there are 143 torsion angle restraints for the protein (with the number of $ angle restralnts being reduced to 57) 
and 74 torslon angle restraints for the DNA. $The Improper torslon restraints serve to maintain planarity and 
chirality. The bond and angle restraints include the following restraints for the tetrahedral coordinat~on of the zinc 
atom to the S-y of the Cys7, CyslO, CysZ8, and Cys3'. r,,., = 2.30 A, 109" for the S(i)-Zn-S(j) angle, and 107.94" 
for the Cp(i)-S(I)-Zn angle.  TIE,^, is the Lennard-Jones van der Waas energy calculated w~th  the CHARMM 
PARAM19120 protein and PARNAHIERI DNA parameters (56) and IS not included in the target function for SA or 
restrained m~n~mization. 
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defined with respect to the core of the 
complex, although the conformation of 
each of these bases at a local level is 
reasonably well defined. This is due to the 
fact that, in addition to their approximate 
nature, the interproton distance restraints 
within the DNA are solely sequential. 
Hence, they are inadequate to ascertain the 
relative orientation of base  airs se~arated 
by more than five to six steps with any great 
degree of precision and accuracy. The glob- 
al conformation of the central eight base 
pairs, on the other hand, is determined not 
only by the restraints within the DNA, but 
more importantly by the large number of 
intermolecular interproton distance re- 
straints between the protein and DNA. 
Hence. all subseauent discussion is restrict- 
ed to the complex proper comprising resi- 
dues 2 to 59 of the protein and base pairs 6 
to 13 of the DNA (that is, the ordered 
region of the protein and the region of the 
DNA in contact with the protein). The 

atomic root-mean-square (rms) distribution 
of the 30 SA structures about the mean 
coordinate positions for the complex proper 
is 0.70 2 0.13 and 1.13 & 0.08 A for 
protein backbone plus DNA and all protein 
atoms plus DNA, respectively (Table 2). 

Tertiary structure of the cGATA-1 
DNA binding domain. The protein can be 
divided into two modules: the protein core, 
which consists of residues 2 to 51 and 
contains the zinc coordination site, and an 
extended carboxyl-terminal tail (residues 
52 to 59). 

A schematic ribbon drawing of the core 
is presented in Fig. 4A. The core starts out 
with a turn (residues 2 to 5), followed by 
two short irregular antiparallel P sheets, a 
helix (residues 28 to 38), and a long loop 
(residues 39 to 5 I) ,  which includes a helical 
turn (residues 44 to 47) as well as an R-like 
loop (residues 47 to 5 1). P strands 1 (resi- 
dues 5 to 7) and 2 (residues 11 to 14) form 
the first p sheet, and p strands 3 (residues 

Flg. 3. Stereoview showing a best-fit superposition of the 30 SA structures of the complex of the 
cGATA-1 DNA binding domain with DNA. The backbone (N, Ca, and C) atoms of the cGATA-1 DNA 
binding domain are shown in red, and all non-hydrogen atoms of the DNA are shown in blue; the 
restrained minimized mean structure of the complex is also included in the superposition and is 
highlighted. The residues shown are 2 to 59 of the protein and base pairs 6 to 13 of the 
oligonucleotide. The amino (residue 1) and carboxyl (residues 60 to 66) termini of the protein are 
disordered, and the orientation of base pairs 1 to 5 and 14 to 16 of the DNA with respect to the 
complex proper are poorly defined because their conformation is only restrained by sequential 
NOEs. In contrast, the structure of base pairs 6 to 13, which are in contact with the protein, are 
determined not only by the NOEs within the DNA but equally importantly by the NOEs between the 
DNA and the protein. 

Table 2. Atomic rms differences (in angstroms) 

Protein (2 to 59) plus DNA 
(base pairs 6 to 13) Protein (2 to 59) DNA 

Structures (base pairs 

Backbone All atoms Backbone All atoms 6 to 13) 

18 to 21) and 4 (residues 24 to 27) form the 
second p sheet. In both cases, the strands of 
each sheet are connected by a hairpin turn. 
p strands 2 and 3 are connected by a short 
loop (residues 15 to 17), and there is a 
single backbone hydrogen bond between 
Ser8N and P r 0 ~ ~ 0  bridging the carboxyl 
terminus of p strand 1 to the carboxyl 
terminus of p strand 4. 

The core is dominated by the zinc which 
is coordinated in a tetrahedral manner to 
the Sy atoms of Cys7, CyslO, Cys2', and 
Cys31 in an S configuration as defined by 
Berg (41). Cys7 is located in fi strand 1, 
Cys10 in the turn between p strands 1 and 
2, and Cys2' and Cys3' in the helix. Hence, 
the zinc is responsible for determining the 
orientation of the helix with respect to the 
first antiparallel P sheet. The Sy of Cys7 
accepts three hydrogen bonds from the 
backbone amides of Asn9, CyslO, and 
C Y S ~ ~ ,  while the Sy atoms of Cys10 and 
Cys2' accept a single hydrogen bond each 
from the backbone amides of Thr12 and 
Cys31, respectively. 

In addition to the tight packing around 
the zinc ion, the core of the cGATA-1 
DNA binding domain is stabilized by a 
number of hydrophobic interactions, which 
are illustrated in Fig. 4B. The hydrophobic 
cluster formed by Thr5, Thr15, Trp18, and 
Pro26 serves to stabilize the relative orien- 
tation of the two antiparallel P sheets. The 
cluster formed by Val27, Gly32, and the 
aliphatic portion of the side chain of Arg19 
serves to position the helix with respect to 
the second antiparallel P sheet. There are 
three hydrophobic clusters that stabilize the 
position of the extended loop (residues 39 
to 51) with respect to the helix and the first 
antiparallel P sheet. Thus Tyr35 of the helix 
packs against the backbone of Val4', there- 
by establishing the directionality of the 
loop. The cluster formed by Thr12, Leu44, 
and the aliphatic portion of the side chain 
of Arg47 positions the helical turn (residues 
44 to 47) in proximity to the hairpin loop 
connecting p strands 1 and 2. Finally, the 
cluster formed by Thr14, Gly50, and Ile51 
bring the carboxyl terminus of the core in 
proximity to P strand 2. 

There are also two side chain hydrogen- 
bonding interactions within the core: 
namely a hydrogen bond between the Oy 
and OyH of Thr12 and Thr14 and between 
the OyH of Ser8 and the side chain carbox- 
ylate of Asp25. The former stabilizes P strand 
2 and the latter stabilizes the orientation of 
p strand 4 with respect to p strand 1. 

Part of the core of the cGATA-1 DNA 
binding domain is structurally similar to 
that of the amino-terminal zinc-containing 
module of the DNA binding domain of 
the glucocorticoid receptor [GR (14)]. 
Thus the C a  atoms of 30 residues of these 
two proteins can be superimposed with an 
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rms difference of only 1.4 A (Fig. 4C). The coordinate the zinc atom, only one residue 
resulting sequence alignment based on the (Lys36 in the cGATA-1 DNA binding do- 
structural superposition is shown in Fig. main and Lys465 in GR) is conserved be- 
4D. Apart from the four Cys residues that tween the two proteins. The structural sim- 

3 D *)* a 
GATA OTS WRRS 
OR 

446 448 4eg 
K 

438 

Fig. 4. (A) Schematic ribbon drawing of the core of the cGATA-1 DNA binding domain (residues 2 
to 51). (B) Backbone (N, Ca, and C) trace (violet) of the core of the cGATA-1 DNA binding domain 
together with the zinc atom and side chains that are important for maintaining its structural stability 
(zinc, white; Cys, yellow; hydrophilic residues, orange; hydrophobic residues, green; and positively 
and negatively charged polar residues, blue and red, respectively). (C) Superposition of the Ca 
atoms of the cGATA-1 (green) and GR (red) DNA binding domains (the zinc and coordinating 
cysteine side chains are shown in yellow for cGATA-1 and in purple for the glucocorticoid receptor). 
(D) Sequence alignment of the cGATA-1 (2) and GR (14) DNA binding domains based on the 
structural alignment shown in (C). (The closed circles indicate residues that interact with DNA.) The 
GR sequence shown in (C) is that of the x-ray structure (14); residues 436 to 439 of the natural 
sequence, however, are PPKL. The programs Molscript (51) and VlSP (52) were used to generate 
(A) and (B), respectively. The superposition and structural alignment in (C) was carried out with the 
program 0 (53). 

ilarity extends from the amino terminus up 
to the end of the helix (residues 3 to 39 of 
the cGATA-1 DNA binding domain and 
residues 436 to 468 of GR), and the Zn-Sy 
geometry, as well as the side chain confor- 
mations of the four coordinating cysteines, 
are identical. The loop between strands P2 
and P3 has three deletions, and the turn 
between strands P3 and P4 has one deletion 
in GR with respect to cGATA-1. The 
topology and polypeptide trace following 
the carboxyl end of the helix, however, are 
entirely different in the two proteins. Thus, 
in the DNA binding domain of GR there is 
a second compact zinc-containing module 
(residues 470 to 514) made up of two 
strands and two helices, whereas in the 
cGATA-1 DNA binding domain there is a 
long loop (residues 38 to 51) and extended 
strand (residues 52 to 59). Interestingly, 
however, within this region, Met46 of the 
GATA-1 DNA binding domain aligns with 
Lys490 of GR. Both of these residues are 
involved in sugar-phosphate contacts with 
the DNA, although the polypeptide chains 
run in opposite directions at this point. 

Structure of the DNA target site. The 
overall conformation of a DNA oligonucle- 
otide can be readily deduced from a quali- 
tative interpretation of the NOE data (20). 
In the case of the cGATA-1 DNA target 
site, the NOE data indicate that the con- 
formation is that of right-handed B-form 
DNA. Thus, the observation of H8/H6(i)- 
H5/CH3(i+l) NOES establishes that the 
DNA helix is right-handed, and the 
B-type structure is ascertained from the 
observation of a NOEH2. ,, H8m6(i) > > 
NOEH2"(i- I)-,,,(,) > N ~ E ~ ~ ' ( ~ -  
H6(i) pattern of NOE intensities through- 
out the oligonucleotide. In addition, one 
can readily deduce that the sugar pucker 
conformation ranges from 01'-endo to 
C2'-endo and that the glycosidic bond is 
anti on account of the observation of a 
NoE~2'(i)-H8/H6(r) > > NoEHl' (:)-H8/H6(i) 
> NOEH3,(i,-H8m6(, pattern of ~ntraresi- 
due sugar-base NOS intensities. 

This qualitative interpretation is con- 
firmed by the structure calculations. The 
central eight base pairs (base pairs 6 to 13) 
of the 16-bp oligonucleotide that comprise 
the target site for the cGATA-1 DNA 
binding domain are well defined both glo- 
bally and locally. The atomic rms distribu- 
tion of the 30 SA structures about their 
mean coordinate positions for base pairs 6 
to 13 of the DNA is 0.55 2 0.10 A (Table 
2). The backbone a, P, 6, E, 5 ,  and the x 
glycosidic torsion angles have average val- 
ues of -66" 2 14", - 176" -+ 1 lo, 55" -+ 8", 
117" 2 6", 172" k 12", -84" k 6", and 
- 118" 2 7", respectively, which are typical 
of right-handed B DNA (36). Likewise 
the average values of 35.0" k 3.2" and 
3.36 2 0.44 A for the helical twist and rise, 
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respectively, are characteristic of B DNA 
(36, 42). The variation in helical twist, 
however, is quite substantial, with a low 
value of 3 1.0" between base pairs 9 and 10 
and a high value of 39.6" between base pairs 
7 and 8. In addition, there is a kink in the 
direction of the minor groove of -15" in 
the DNA between base pairs 10 and 11. 
This kink is caused by the large roll angle of 
- 16", which results in an opening between 
these two base pairs toward the major 
groove (that is, there is a widening of the 
major groove and a narrowing of the minor 
groove at this location). The presence of 
this kink or bend is consistent with the 
results of gel mobility-shift assays (43). 

The overall structure of the complex. 
The overall topology and structural organi- 
zation of the complex is shown in Fig. 5. 
The helix and the loop connecting strands 
P2 and P3 (which is located directly be- 
neath the helix) are located in the major 
groove, and the carboxyl-terminal tail 
wraps around the DNA and lies in the 
minor groove, directly opposite the helix. 
The overall appearance is analogous to that 
of a right hand holding a rope, with the 
rope representing the DNA, the palm and 
fingers of the hand the core of the protein, 
and the thumb the carboxyl-terminal tail. 
This view is most evident in Fig. 5D, which 
displays the solvent-accessible surface of the 
DNA and the protein. It is this pincer-like 
configuration of the protein that causes the 
kink in the DNA. The long axis of the 
helix lies at an angle of -40" to the base 
planes of the DNA (Fig. 5A), whereas the 
carboxyl-terminal tail is approximately par- 
allel to the base planes (Fig. 5B). 

Despite the structural similarity of resi- 
dues 3 to 39 of the core of the cGATA-1 
DNA binding domain with the amino- 
terminal zinc module of GR, the mode of 
binding to DNA is entirely different. Thus, 
the helix of the first module in GR lies 
approximately parallel to the base planes, 
no contact is made with the minor groove, 
and, unlike cGATA-1, GR only binds as a 
symmetric dimer. It is therefore not surpris- 
ing that only three locations contacting the 
DNA are shared between the two proteins 
within the 30 residues that are structurally 
superimposable (Fig. 4D). Two are located 
within the helix (Leu33 and Val462, as well 
as Leu37 and Arg466), and the third (Met46 
and Lys490) is located in the loop following 
the helix in cGATA-1 and in the first of 
the two helices of the carboxyl-terminal 
zinc module in GR. 

The binding mode, however, shares 
some features with that of the homeo- 
domain, a member of the helix-turn-helix 
class of DNA binding proteins, which also 
binds as a monomer and in which a helix is 
positioned in the major groove, and the 
amino-terminal tail, as opposed to the car- 

boxyl-terminal tail in cGATA-1, lies in the 
minor groove (44). In contrast to the 
cGATA-1 complex, however, the amino- 
terminal tail in the homeodomain complex 
does not lie directly opposite the helix but 
is located several base pairs above it. 

Contacts between the cGATA- 1 DNA 
binding domain and the DNA. Views of 
side chain contacts with the DNA in the 
major and minor grooves are shown in Figs. 
6A and 6B, respectively, and a schematic 
representation of all of the contacts is pro- 
vided in Fig. 6C. 

The cGATA-1 DNA binding domain 
makes specific contacts with eight bases, 
seven in the major groove (A6, G7, A8, 
T25, A24, T23, and T22) and one in the 
minor groove (T9). All of the base contacts 
in the major groove involve the helix and 
the loop connecting p strands 2 and 3. In 
contrast to other DNA binding proteins, 
the majority of base contacts involve hydro- 
phobic interactions. Thus, Leu17 interacts 
with A6, G7, and T25, Thr16 interacts 
with A24 and T25, Leu33 interacts with 
A24 and T23, and Leu37 interacts with T23 
and T22. This finding accounts for the 

predominance of thymidines in the DNA 
target site. Indeed, there are only three 
hydrogen-bonding interactions: namely, 
between the side chain of and the N6 
atoms of A24 and A8 in the major groove, 
which may involve a bridging water mole- 
cule; and between the Nl,H3+ of LysS7 and 
the 0 2  atom of T9 in the minor groove. In 
this regard, it is interesting to note that 
there is a reduction of 1127 A2 in the 
surface accessible area of the cGATA-1 
DNA binding domain in the presence of 
DNA (corresponding to a 20% decrease in 
the accessible surface), and a decrease in 
the calculated solvation free energy of fold- 
ing (45) of 13 kcal mol- '. This latter effect 
can make a sizeable contribution to K,,,,, 
[-1.2 X 10' M-'; (5)). 

The remaining contacts involve the sug- 
ar-phosphate backbone, the majority of 
which are located on the second strand 
(that is G20 to T27). Salt bridges or hydro- 
gen bonds or both are made by Arg19, 
Arg47, and His3' with the phosphates of 
G7, A24, and T22, respectively, in the 
major groove, and with the phosphates of 
C13, T25, C26, and T27 by ArgS4, ThrS3, 

Flg. 5. (A to C) Three views illustrating the in~a~atiuu~l UI L I I ~  tiunln- I u l v n  UIIIUIIIQ domain wit11 
DNA. The protein is shown as a schematic ribbon drawing in green, and the color coding used for 
the DNA bases is red for A, lilac for T, dark blue for G, and light blue for C. (D) Same view as in (C) 
but the solvent-accessible surface (54) (green for cGATA-1 and red for the DNA), which illustrates 
the intimate contact between the peptide and DNA, is also included. Residues 2 to 59 of the 
cGATA-1 peptide and base pairs 6 to 13 of the DNA are shown. These models were generated with 
the program VlSP (52). 
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Arg56, and Ser59, respectively, in the minor 
groove. The interactions of Arg54 and 
Arg56 above and below the polypeptide 
chain span the full length of the target site 
and are probably responsible for the bend- 
ing of the DNA in the direction of the 
minor groove. Likewise, all of the sugar 
contacts involve the second strand. In the 
major groove, they are hydrophobic in na- 
ture and involve contacts between the sug- 
ars of T22, T23, and A24 with Tyr34, Leu33 
and Ala30, and Ile51 and Thr16, respective- 
ly. In the minor groove, hydrophobic sugar 
DNA-protein interactions are made by C13 
with the aliphatic portion of the side chain 
of Arg54, T23 and T24 with Gln52, T25 and 
C26 with the aliphatic portion of the side 
chain of Arg56, and C26 with Ser59. In 
addition, there is a hydrogen bond between 
the side-chain amide of Gln52 and the sugar 
0 3 '  atom of T23. 

Comparison with biochemical and mu- 
tational data. There is relatively little bio- 

chemical and mutational data available on 
the interaction of cGATA-1 with DNA. 
Deletion of residues 204 to 304 in the intact 
protein results in loss of binding (4). This 
deletion starts at the position of Arg47 in 
the cGATA-1 DNA bindinn domain and 
hence results in the removal of the entire 
carboxyl-terminal tail, thereby abolishing 
all interactions in the minor groove. Stud- 
ies in which synthetic peptides have been 
used show that the minimum ~ e ~ t i d e  re- . . 
quired for specific binding comprises resi- 
dues 1 to 59, and that a smaller peptide 
containing residues 1 to 53 (that is the 
protein core) fails to bind specifically (5). 
This result agrees well with the structural 
results which indicate that binding of both 
the core to the major groove and the basic 
carboxyl-terminal tail to the minor groove 
are important determinants governing spec- 
ificity. In addition, the binding of a few 
single-site mutants has been examined. The 
Cys10 -+ Pro mutation abolishes binding 

inter- b!Mwm tke 
~ T A r ~ ~ r k  
mabs arH tAs OlVk in the 

(4), which can be attributed to the disrup- 
tion of the zinc coordination site and the 
accompanying loss of the structural integri- 
ty of the protein core. The Leu33 -+ Phe 
mutation reduces specific binding 10-fold 
(4), probably as a result of a change in the 
optimal hydrophobic packing of this residue 
with the bases of T23 and A24. 

On the DNA side, chemical interfer- 
ence experiments have implicated every 
Dosition between base  airs 5 and 11. indi- 
cating that methylation in either the major 
or minor grooves affects binding (4, 5). 
This result, as well as the deduced length of 
the DNA target site involved, is in accord 
with our structural data. Scanning muta- 
genesis of the chicken p-globin enhancer 
has indicated that the GATA seauence is a 
crucial determinant of activity (46), which 
is completely consistent with the structural 
observation that four bases in this region 
(G7, A8, A24, and T23) are involved in 
specific contacts. Binding studies with short 
synthetic oligonucleotides have shown that 
the cGATA-1 DNA binding domain has a 
higher affinity for the A(6)GATAAAC(13) 
sequence than for the T@)GATAGCA(13) 
sequence (5). The AC to CA change at 
positions 12 and 13, would be expected to 
have no affect on binding, as these two sites 
are not involved in specific base contacts 
(Fig. 6). The A -+ T change at position 6 
would be expected to have little if any 
effect, as the hydrophobic interaction be- 
tween Leu17 and the base would be pre- 
served, if not enhanced. The A -+ G 
change at position 11, on the other hand, 
would be expected to reduce the binding 
affinity significantly as a result of the remov- 
al of the specific interaction between the 
methyl groups of Leu37 and T22. 

Implications for other members of the 
GATA family of proteins. The GATA 
family comprises GATA- 1,2,3, and 4, each 
of which is expressed in different cell lin- 
eages (1, 3, 47). In addition, GATA bind- 
ing proteins have also been identified in 
fungi (1, 48). Although these proteins dif- 
fer in sequence and length, there is remark- 
able conservation of the amino acid se- 
quence of the DNA binding domain con- 
sisting of residues 2 to 59 of the cGATA-1 
DNA binding domain used in the present 
study. Thus, there is 80% sequence identity 
between the sequences of the DNA binding 
domains of GATA-1, GATA-2, and 
GATA-3 from species as diverse as chick- 
en, man, and xenopus, and 65% identity 
between these DNA binding domains and 
that of xenopus GATA-4- [xGATA-4 
(47)]. Among these sets of DNA binding 
domains, there is conservation of all of the 
residues involved in contacts with the 
DNA, with the exception of Arg47, which 
is on occasion substituted conservatively by 
a Lys. Moreover, of the 17 residues that 
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play a structural role in stabilizing the poly- 
peptide fold of the core of the cGATA-1 
DNA binding domain (compare Fig. 1A 
with Fig. 4B), only three residues display 
any variability, namely, Ser8 for Thr or 
Ala, Asp25 for Glu in xGATA-4, and Tyr35 
for Phe in mGATA-1 or Met in xGATA- 
4. These substitutions are all conservative 
in nature. One can therefore conclude that 
the 3D structures and mode of specific 
DNA binding of this class of DNA binding 
domains will be similar to that described 
here for the cGATA-1 DNA binding do- 
main. In the case of the fungal GATA-like - 
proteins, there is a high degree of conser- 
vation of the residues that make contact 
with the DNA in the major groove. Indeed, 
changes only occur at 2 of the 11 positions: 
namely, Thr16 can be replaced by a Pro and 
Tyr34 by a Phe. As the interactions of these 
residues with the bases are hydrophobic in 
nature (Fig. 6, A and C),  one would not 
expect these changes to have a significant 
effect on DNA binding. On the other 
hand, for six of the seven residues that 
make contact with the DNA in the minor 
groove, substitutions occur. The majority 
are conservative, and hence will not affect 
DNA binding to any large degree. Howev- 
er, some of the substitutions at the position 
of Lys57 are not conservative in nature 
(such as Gly, Ile, and Leu). The only 
residue that makes a svecific base contact in 
the minor groove is SO any change at 
this location would be expected to have a 
significant impact on specificity. 

The degree of sequence identity between 
the DNA binding domains among the 
members of the GATA familv of  rotei ins 
from different species is much larger than 
that between the DNA binding zinc do- 
main and the amino-terminal zinc module 
present in the mammalian GATA proteins. 
The sevaration between the last Cvs of the 
amino-terminal metal-binding module and 
the first Cvs of the DNA bindine domain is 
only 29 residues. As a result, ;he amino- 
terminal metal-binding module (residues 
105 to 158 of intact cGATA-1) can only be 
aligned with residues 2 to 55 of the DNA 
binding domain (residues 159 to 223 of 
intact cGATA-1) with a sequence identity 
of 38%. This degree of identity, however, 
together with the preservation of the spac- 
ing between the four Cys residues involved 
in zinc coordination, are sufficient to pre- 
dict that the structure of the core of the 
amino-terminal metal binding module is 
likely to be similar to that of the DNA 
binding domain. The absence of the basic 
carboxyl-terminal tail, which removes a key 
determinant of specific DNA binding in the 
minor groove, together with the presence of 
several substitutions at oositions that con- 
tact the DNA in the major groove, explains 
the weak influence of the amino-terminal 

metal binding module on the DNA binding 
of cGATA- 1 (4). 

Relation to other zinc-containing DNA 
binding domains. The mode of specific 
DNA binding that is revealed in this struc- 
ture is distinct from that observed for the 
other three classes of zinc-containing DNA 
binding domains whose structures have pre- 
viously been solved (13, 14). Features spe- 
cific to the complex with the DNA binding 
domain of cGATA-1 include the relatively 
small size of the DNA target site (eight base 
pairs, of which only a contiguous stretch of 
six is involved in specific contacts), the 
monomeric nature of the complex in which 
only a single zinc binding module is re- 
quired for specific binding, the predomi- 
nance of hydrophobic interactions involved 
in svecific base contacts in the maior 
groove, the presence of a basic carboxyl- 
terminal tail that interacts with the DNA 
in the minor groove and constitutes a key 
component of specificity, and finally the 
pincer-like nature of the complex in which 
the core and tail subdomains are opposed 
and surround the DNA iust like a hand 
gripping a rope. The structure of the 
cGATA-1 DNA binding domain reveals a 
modular design. The fold of residues 3 to 39 
is similar to that of the amino-terminal zinc 
binding module of the DNA binding do- 
main of the glucocorticoid receptor, al- 
though, with the exception of the four Cys 
residues that coordinate zinc, there is no 
significant sequence identity between these 
regions of the two proteins. Residues 40 to 
66 are part of a separate structural motif. In 
this regard, it is interesting to note that, in 
addition to both zinc binding modules be- - 
ing encoded on separate exons in the 
cGATA- 1 gene (exons 4 and 5), the next 
intron-exon boundarv lies between amino - - 

acids 39 and 40 (current numbering 
scheme) of the DNA bindine domain, - 
thereby separating the carboxyl-terminal 
zinc binding domain from the basic tail 
(49). 
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