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The solution structure of a specific GAGA
factor—DNA complex reveals a modular
binding mode

James G. Omichinski', Paolo V. Pedone2, Gary Felsenfeld?, Angela M. Gronenborn'
and G. Marius Clore?

The structure of a complex between the DNA binding domain of the GAGA factor (GAGA-DBD) and an
oligonucleotide containing its GAGAG consensus binding site has been determined by nuclear magnetic
resonance spectroscopy. The GAGA-DBD comprises a single classical Cys,~His, zinc finger core, and an N-terminal
extension containing two highly basic regions, BR1 and BR2. The zinc finger core binds in the major groove and
recognizes the first three GAG bases of the consensus in a manner similar to that seen in other dassical zinc
finger-DNA complexes. Unlike the latter, which require tandem zinc finger repeats with a minimum of two units
for high affinity binding, the GAGA-DBD makes use of only a single finger complemented by BR1 and BR2. BR2
forms a helix that interacts in the major groove recognizing the last G of the consensus, while BR1 wraps around
the DNA in the minor groove and recognizes the A in the fourth position of the consensus. The implications of the

structure of the GAGA-DBD-DNA complex for chromatin remodelling are discussed.

The GAGA factor of Drosophila melanogaster is a TFIIIA-like zinc
finger protein which was originally identified on the basis of its abil-
ity to bind to (GA), rich sites in the Ultrabithorax promoter’2. It
has recently been shown that the GAGA factor is encoded by the
Thrithorax-like gene?, is required for normal expression of homeotic
genes, and acts as a modifier of position-effect variegation (see ref. 4
for a review). Both in vivo>% and in vitro’-1! experiments suggest
that the GAGA factor acts as an anti-repressor by helping to disrupt
nucleosomes associated with gene regulatory sequences. Putative
Drosophila target genes for the GAGA factor now include genes
such as the heat shock (hsp26 and hsp70), histone h3/h4, homeotic
and housekeeping/constitutive genes?. Although it is clear that the
GAGA factor binds to (GA), rich sites, the minimal DNA binding
site for the protein is not clearly established and the length of the
GA repeat is highly variable*.

The GAGA factor is 519 residues in length and comprises three
domains: an N-terminal POZ/PTB protein interaction domain, a
central DNA binding domain and a polyglutamine-rich carboxy
terminus?. The minimal DNA binding domain (DBD) of the
GAGA factor has recently been delineated and shown to bind
specifically to DNA derived from the h3/h4 promoter and contain-
ing the sequence GAGAGAG with a dissociation constant of
~5nM!2. The GAGA-DBD comprises residues 310372 and con-
sists of a single classical (TFIIIA-like) Cys,-His, zinc finger'>!4 pre-
ceded by two highly basic regions (BR1 and BR2) (Fig. 1). (Note
that there is also a basic region C-terminal to the zinc finger
domain, but its presence or absence has no effect on DNA binding
affinity!2). While the genes for several proteins containing only a
single classical zinc finger have now been identified!>1>16, the
GAGA-DBD is unique in that it is, so far, the only single classical
zinc finger containing protein for which DNA binding by the zinc

finger region has been experimentally demonstrated. In all other
reported TFIIIA-like zinc finger proteins, a tandem array compris-
ing a minimum of two zinc binding domains is required for
sequence specific high-affinity DNA binding!>!4. In this paper we
define the minimal DNA binding site for the GAGA-DBD and pre-
sent the determination of the three-dimensional structure of a
complex of the GAGA-DBD with DNA using multidimensional
NMR spectroscopy. The structure shows how a classical zinc finger
complemented by an N-terminal extension comprising a basic helix
and tail can recognize DNA in a sequence specific manner, making
base specific contacts with every base in the pentanucleotide con-
sensus sequence GAGAG. In addition, the presence of both major
and minor groove contacts in the complex immediately suggests
special constraints on interactions of the GAGA factor and DNA
targets within nucleosomes.

Structure determination

We have solved the structure of the complex of the DNA binding
domain of the GAGA factor (Fig. 1) with DNA by means of multdi-
mensional double and triple resonance heteronuclear-filtered and
heteronuclear-edited NMR spectroscopy'’-20. The identified DNA
binding sites for the GAGA factor vary considerably in length and
sequence, but the majority contain the consensus GAGAGAG. In
the first complex studied, the 16 bp oligonucleotide employed was
derived from the Drosophila h3/h4 promoter and contained the
seven base pair consensus (Fig. 1a). This complex, which exhibited
slow exchange on the chemical shift time scale, yielded good spectra
for the GAGA-DBD and numerous intermolecular NOEs. Careful
analysis of the spectrum of the bound DNA, however, suggested the
presence of two overlapping GAGA-DBD binding sites on this
oligonudcleotide, with each site comprising a minimal pentanu-
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Fig. 1 a, Sequence of the GAGA-DBD and the three oligonucleotides
used to form complexes. The locations of the two basic regions, BR1 and
BR2, and the secondary structure elements are indicated. Only a single
strand for each oligonucleotide is shown and the numbering scheme
employed throughout the paper is indicated. For the protein, the
residue number in the intact GAGA factor is obtained by adding 309. b,
Gel mobility shift analysis of the DNA binding specificity of the GAGA-
DBD. 2.9 pmoles of GAGA-DBD were added to 1.75 pmoles of duplex
DNA in a final volume of 20 pl. The reactions were performed as

described in ref. 12 in the presence of 50 ng of poly(di-dC). The sequence of the h3/h4 oligonucleotide used in the gel shift is 5'-AAACCCGAGA-
GAGTACGAAC, slightly larger than the oligonucleotide containing the same motif used in the NMR study. The sequence of the GAGAG oligonu-
cleotide is 5-AAAACCCG,A;GgA;GgTACGAACG. The sequences of the other oligonucleotides involve replacing each base in turn from G4 to G8

with the three other bases.

cleotide GAGAG sequence. The resulting complexity, arising from
small differences in chemical shifts between the two potential com-
plexes made the interpretation of the bound DNA spectrum diffi-
cult. This observation was confirmed by gel retardation assays
where no significant difference in binding affinity could be detected
for oligonucleotides containing GAGAGAG or GAGAG sites (Fig.
1b, lanes 1 and 2). The DNA spectra for the complexes of the
GAGA-DBD with the 16 bp and 11 bp oligonucleotides containing
the minimal GAGAG sequence (Fig. 1a) were interpretable and all
subsequent analysis was carried out on these two complexes, which
also exhibited in slow exchange on the chemical shift time scale.
While the observed intra- and intermolecular NOEs were essentially
identical, we found it useful to interpret spectra from both the 11
bp and 16 bp complexes, since ambiguities could be resolved by

taking advantage of small differences in chemical shifts. An example
of the quality of the NMR data illustrating intermolecular contacts
between the GAGA-DBD and DNA is shown in Fig. 2a.

It will be seen from the data in Fig. 2a that the resonances of the
H4', H5' and H5" sugar protons exhibit extensive overlap. In nearly
all cases we were able to differentiate the H4' resonances from the
H5' and H5" resonances by the combined analysis of the 2D 12C-fil-
tered HOHAHA (through-bond correlation) and NOE (though-
space correlation) spectra. We did not, however, attempt to
stereoassign the H5' and H5" resonances, with the single exception
of those for C3, where the H5" resonance was significantly down-
field shifted (see below). Any ambiguities in the assignment of
NOEs involving the H4', H5' and H5" sugar protons were treated as
>(r 6)-16 sums?!. As the structure determination proceeded

Table 1 Summary of distance restraints employed for the introduction of interfacial

protein-base hydrogen bonds

through iterative refinement, the number of
such ambiguities decreased. All NOEs, how-

Protein DNA

Negative distance restraints (lower bound 4.0 A and upper bound unrestrained)’

Arg 51 Nn1, Nn2, Ne
Arg 47 Nn1, Nn2, Ne
Arg 27 Nn1, Nn2, Ne
Arg 14 Nn1, Nn2, Ne
Asn 48 N§2
Asn 48 031

N4 of C3 and C19; N6 of AS

N4 of C19; N6 of A3 and AS

N4 of C15; N6 of A7 and A14
N2 of G6 and G8

N4 of C17 and C19; N6 of A5
N7 of G4, A5 and G6; O4 of C18

(Zr-6)-16 ambiguous hydrogen bonding restraints (distance range 2.4-3.3 A)!

Arg 51 Nq1 06 of G4 and G20; N7 of G4, A5 and G20; and 04 of T18
Arg 51 Nn2 06 of G4 and G20; N7 of G4, A5 and G20; and 04 of T18
Arg 47 Nni1 06 of Gb; N7 of A5, G6 and A7; and 04 of T16 and T18
Arg 47 Nn2 06 of G6; N7 of A5, G6 and A7; and O4 of T16 and T18
Arg 27 Nn1 06 of G8; N7 of A7, G8 and A14; and 04 of T9 and T16
Arg 27 Nn1 06 of G8; N7 of A7, G8 and A14; and 04 of T9 and T16
Arg 14 Nn1 N3 of G6, A7 and G8; and 02 of C15, T16 and C17

Arg 14 Nn1 N3 of G6, A7 and G8; and 02 of C15, T16 and C17

Asn 48 N&2 N7 of G4, A5 and G6; and 06 of G4 and G6

Asn 48 051 N6 of A5; and N4 of C17 and C19

ever, involving the H5' and H5" sugar pro-
tons, with the exception of those of C3, were
treated as X(r-6)"1/6 sums in the final round
of structural calculations.

The structures were calculated by simu-
lated annealing?223. The target function that
is minimized during simulated annealing
comprises only quadratic harmonic poten-
tial terms for covalent geometry, base pair
planarity, 3, coupling constant?, and
secondary 1*Co, and 3CB chemical shift??
restraints; square-well quadratic potentials
for the experimental distance and torsion
angle restraints; and a quartic van der Waals
repulsion term together with a conforma-
tional database potential?® for the non-
bonded contacts. The latter is based on the
populations of various combinations of tor-
sion angles observed in a database of 70
high-resolution (1.75 A or better) protein
X-ray structures?’ and biases sampling to

1Essentially the same results are obtained using a lower bound of 3.5 A for the ‘repulsive’ distance
restraints and a range of 2.4-3.5 A for the (£r-6)-16 ambiguous hydrogen bonding restraints.

conformations that are energetically possi-
ble by effectively limiting the choice of dihe-
dral angles to those that are known to be
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Fig. 2 a, A composite of '3C-H strips taken from
3D 13C-separated/12C-filtered NOE spectra (mix-
ing times ~150 ms) recorded at 39.5 °C on the
GAGA-DBD complexes with the 16mer (top)
and 11mer (bottom) oligonucleotides, illustrat-
ing NOEs between protons of the protein
(attached to 13C) and protons of the DNA
(attached to 12C). The spectrum on the 11mer
complex was recorded using a single 13C purge
pulse, while that on the 16mer complex used
two 13C purge pulses and hence has a higher
degree of 12C-filtering. (Note HB1 of Ser 26
overlaps with HB1/HB2 of Ser 30, and the aster-
isk indicates NOEs involving HB1 of Ser 26). b,
Summary of the contacts between the GAGA-
DBD and DNA. The DNA is represented as a
cylindrical projection viewed from either the
major or minor grooves as indicated. The bases
are indicated as thick lines in the major groove
and thin lines in the minor groove, with the
deoxyribose sugar rings as pentagons and the
phosphates as stippled circles. The hydrogen
bond between the imidazole ring of His 52 and
the phosphate of C3 is shown as a broken line.

physically realizableZ6. No classical empirical
energy terms for electrostatic or hydrogen
bonding interactions®® are present in the
target function.

In the very final stage of the calculations
intermolecular hydrogen bonding restraints
between protein side chains of Arg 14, Arg
27, Arg 47, Asn 48 and Arg 51 to the DNA
bases were added (Table 1). The side chains
of these five residues are buried at the pro-
tein-DNA interface and interact with the
DNA bases. Since the target function for
simulated annealing, however, contains no
electrostatic or hydrogen bonding potential
terms, and since no intermolecular NOEs
involving the NeH (with the exception of
Arg 14) and guanidino protons of the
arginines, or the side-chain amide of Asn 48
were observed (see below), the exact loca-
tion of the donor and acceptor groups could
not be determined a priori. We therefore
decided to introduce interfacial hydrogen
bonding restraints between protein side
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chains and DNA bases with the rationale
that the energetic cost of burying a polar
group with unsatisfied hydrogen bonds is
very high?®31, In addition, this energetic
cost is further increased if donor groups are
inappropriately close to other donor groups,
and likewise for acceptor groups. Prior to the introduction of inter-
facial protein-base hydrogen bonding restraints, the %, and %,
rotamers of Arg 14, Arg 27, Arg 47 and Arg 51, and the y,; rotamer
of Asn 48 were defined by the experimental NMR data in combina-
tion with the conformational database potential?® (Fig. 3). In addi-
tion, it was evident that Arg 14 was centred around base pairs 5, 6
and 7 in the minor groove, while Arg 27, Arg 47, Asn 48 and Arg 51
were centred about base pairs 8, 6, 5 and 4 respectively in the major
groove.

Evidence that the functional groups of the interacting arginines
are either buried at the interface or involved in some sort of electro-
static interaction comes from the observation of the NeH and
guanidino protons in the complex. Ne-NeH cross peaks for all the
arginines (with the exception of Arg 25 which does not interact

|G21
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with the DNA) are observed in the 'H-15N correlation spectrum of
the complex with 'H and 1°N shifts in the range 7.1-8.2 and 82-86
p-p-m., respectively. We were also able to observe four broad, par-
tially overlapping cross peaks in the region from 6.5-7.0 p.p.m. in
the 'H dimension and 71-73 p.p.m. in the 1N dimension which
arise from the guanidino groups of the arginines®2. In addition,
weak NOEs (due to the broad linewidths of the guanidino proton
resonances) between the NeH and guanidino protons were
observed in the 3D !*N-separated NOE spectrum. In contrast, only
a single Ne-NeH cross peak (with 'H and >N chemical shifts of
7.51 and 84.6 p.p.m., respectively, similar to those for a free argi-
nine) and no guanidino cross peaks were observed in the 'H-15N
correlation spectrum of the free GAGA-DBD. Line broadening of
the guanidino cross peaks is mainly due to rotation about the Ne-
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Fig. 3 The conformational database potential energy surface for the side chains of Asn and Arg. Two-
dimensional potential energy surfaces for a, y, versus x, of Asn, b, x, versus x;, of Arg, ¢, y, versus y; of
Arg. d, Three-dimensional potential energy surface for x, versus y, versus x3 of Arg. e, One-dimension-
al potential energy for % of Arg. The contours in (a), (b} and (¢) are colour-coded from red (minimum
energy) to violet {(maximum energy). (d) is contoured at a level 40% higher than the minimum energy
(that is, 0.4[E.,—Emin] + Emin)- The conformational database potential energy surfaces were derived as
described in ref. 26 using a database of 70 high resolution (1.75 A or better) protein crystal struc-
tures?’. The potential of mean force at any grid position (10°, 10°X10°, and 10°X10°x 10° for the one-,
two-, and three-dimensional potential energy surfaces respectively) is given by the negative logarithm
of the probability of occurence of a particular conformation times a scale factor6. The value of the
scale factor used to generate the potential energy surfaces in this figure, as well as the final value of
the scale factor employed for the conformational database potential in the simulated annealing calcu-
lations is 1.0. The values for the minimum and maximum energies in the potential energy surfaces are
3.3 and 8.7 kcal mol-, respectively, in (a), 2.8 and 10.7 kcal mol!, respectively, in (b), 3.33 and 9.6 kcal
mol1, respectively, in (), and 5.8 and 13.1 kcal mol-!, respectively in (d).

C{ partial double bond®2, as well as flipping about the C{-Nn

bonds. Chemical exchange line broadening was ascertained by atom of G6.

impeding the observation of any intermole-
cular NOEs from the H82' and H&2" pro-
tons of Asn 48 in the 3D 1°N-separated
NOE spectrum. Line broadening of side-
chain amides involved in hydrogen bonding
with DNA bases has been previously
observed in a complex of lac repressor head-
piece with DNA3435,

The calculational strategy employed for
the interfacial protein—base hydrogen bond-
ing restraints involved two types of distance
restraints: (i) ‘repulsive’ distance restraints
with a lower bound of 4 A (and an unre-
strained upper bound) to prevent donor
groups of the side chains of Arg 14, Arg 27,
Arg 47, Arg 51 and Asn 48 from coming
closer than 4 A to donor groups of the DNA
bases, and similarly to prevent the O8l
acceptor group of Asn 48 from coming clos-
er than 4 A to acceptor groups of the DNA
bases; and (ii) ambiguous distance restraints
(with a range of 2.4-3.3 A), represented by
an (Zrt)V6 sum?!, between donor groups
of these five side chains and all possible
acceptor groups of the DNA bases, and
between the 081 acceptor group of Asn 48
and all possible donor groups of the DNA
bases. These distance restraints are summa-
rized in Table 1. The effect of such ambigu-
ous (Zr 6)-1/6 distance restraints is to permit
a hydrogen bond from a specified group to
be formed to whichever of the listed poten-
tial partners is closest in the evolving calcu-
lated structures, the restraint being satisfied
providing only that at least one of these
potential partners is close.

The introduction of the ‘repulsive’ dis-
tance restraints alone, indicated that the
side chain carboxyamide of Asn 48 inter-
acts with the N7 and N6 atoms of A5, the
guanidino group of Arg 14 with the O2
atom of C17, the guanidino group of Arg
27 with the N7 and O6 atoms of G8, the
guanidino group of Arg 47 with the O6
atom of G6, and the guanidino group of
Arg 51 with the N7 and O6 atoms of G4.
Following the introduction of the
ambiguous (Zr -6)/6 hydrogen bonding
restraints we were able to ascertain some
additional electrostatic interactions, in
particular between the guanidino group
of Arg 14 and the N3 atom of A5, and

possibly also between the guanidino group of Arg 47 and the N7

observing an increase in the intensity of the guanidino cross peaks
in a 'H-15N HSQC spectrum recorded with CPMG-derived pulse
trains during the INEPT transfer steps to reduce loss of dephasing
of spin coherence due to chemical exchange*34. A similar chemical
exchange mechanism involving rotation about a C-N bond is
responsible for broadening of the proton resonances of the 6-NH,
and 2-NH, groups of adenine and guanine®® respectively, both of
which are involved in Watson~Crick base pairing. In addition, the
NB&2-H82' and N&2-HS2" cross-peaks for Asn 48 are also broad,

nature structural biology « volume 4 number 2 « february 1997

Asn 48 provides a simple example of the effects of introducing
the ‘repulsive’ interfacial distance restraints. For %, in the —60°
rotamer, the ¥, angle of Asn has two conformational minima cen-
tred around —30+30° and 150+30° which are the result of using the
conformational database potential6 in the target function that is
minimized during simulated annealing (Fig. 3). In the absence of
the ‘repulsive’ distance restraints the two rotamers occur with equal
probability. In the presence of the ‘repulsive’ distance restraints,
however, only the y,=—30+30° rotamer is populated. For the

125



|i!z;4 © 1997 Nature Publishing Group http://www.nature.com/nsmb

articles

Yo=-30%30° conformer appropriate hydro-
gen bonding between the side-chain amide
group of Asn 48 and the N7 atom of A5 and
between the 081 atom of Asn 48 and the 6-
NH, group of A5 is observed. For the
%>,=150£30° conformer, on the other hand,
two hydrogen bond acceptors are opposed
(the O81 atom of Asn 48 and the N7 atom
of A5), and similarly two hydrogen bond
donors are in very close proximity (the N2
atom of Asn 48 and the N6 atom of A5).
Such an arrangement, which is excluded by
the use of the ‘repulsive’ distance restraints,
is clearly very unlikely based on chemical
reasoning, and would also not be able to
account for the observation that substitu-
tion of Asn by Asp at position 48 reduces
DNA binding by greater than ten-fold (data
not shown).

It should be noted that the introduction
of the interfacial hydrogen bonding
restraints had no effect on the overall struc-
ture of the complex but improved local con-
vergence and precision for the Ne& and
guanidino groups of Arg 51, Arg 47 and Arg
27, the guanidino group of Arg 14, and the
carboxyamide of Asn 48. Thus, excluding
the latter atoms, the precision of the coordi-
nates (protein backbone, DNA and side
chains) remains unchanged and the atomic
r.m.s. shift in the mean coordinate positions
obtained with and without the interfacial
hydrogen bonding restraints is only 0.23 A
for all atoms, which is well within the errors
of the coordinates. (The atomic r.m.s. shift
for all atoms including the complete side
chains of Arg 14, Arg 27, Arg 47, Asn 48 and
Arg 51 isonly 0.26 A).

The final ensemble of structures of the
GAGA-DBD-DNA complex was deter-
mined on the basis of 1475 experimental
NMR restraints, in conjunction with the
hydrogen bonding restraints discussed
above and listed in Table 1. A summary of
the structural statistics is given in Table 2, a
summary of the distribution of NOE
restraints is displayed in Fig. 4, and a
superposition of the 50 final simulated
annealing structures is shown in Fig. 5.
Residues 1-13 and 60-62 at the N and C
termini, respectively, appear to be disor-
dered in solution since only intraresidue
and sequential interresidue NOEs are
observed. Excluding these residues, the
precision of the coordinates is 0.51+0.06 A
for the protein backbone (N, Ca, C, O
atoms) plus the DNA, and 0.72+0.07 A for
all protein atoms plus the DNA. The preci-
sion of the backbone coordinates of the N-

Table 2 Structural statistics'

<SA> (SA)
R.m.s. deviations from NOE interproton distance restraints (A)2
All (1024) 0.024+0.002 0.028
Protein
interresidue sequential (li- jl = 1) (188) 0.021+0.004 0.034
interresidue short range (1 < i - j <5) (134) 0.022+0.006 0.023
interresidue long range (li - jl) > 5) (95) 0.026+0.005 0.029
intraresidue (275) 0.014+0.004 0.020
DNA
intraresidue (124) 0.014+0.005 0.010
sequential intrastrand (112) 0.035+0.005 0.037
interstrand (21) 0.024+0.010 0.010
Protein-DNA (75) 0.041+0.015 0.040
R.m.s. deviations from hydrogen bonding restraints (A)
Protein (24)3 0.025x0.009 0.009
DNA (58)3 0.019+0.006 0.018
Protein-DNA (10)% 0.049+0.013 0.048
R.m.s. deviations from expt.
dihedral restraints (deg.) (242)2 0.428+0.074 0.516
R.m.s. deviations from expt.
3June COupling constants (Hz) (33)2 0.77£0.06 0.79
R.m.s. deviations from expt 13C shifts
BCa (p.p.m.) (48) 1.06+0.05 1.03
13CB (p.p.m.) (46) 0.99+0.05 0.95
Deviations from idealized covalent geometry
bonds (A) (1645) 0.005:0.0002 0.005
angles (deg.) (2992) 1.019+0.008 1.046
impropers (deg.) (846)° 0.488+0.047 0.641
E_,(kcal mol-1)& -52328 -521
Coordinate precision (A)7
protein backbone plus DNA 0.51+0.06
Ali protein atoms plus DNA 0.72+0.07
Protein backbone 0.44+0.08
All protein atoms 0.87+0.10
DNA 0.45+0.07

1The notation of the NMR structures is as follows: <SA> are the final 50 simulated annealing struc-
tures; SA is the mean structure obtained by averaging the coordinates of the individual SA struc-
tures best fitted to each other (with respect to residues 14-58 of the protein and base pairs 1-11
of the DNA); (SA)r is the restrained regularized mean structure obtained by restrained regulariza-
tion of the mean structure 5A. The number of terms for the various restraints is given in paren-
theses. The average PROCHECKS3 values for the percentage of residues in the most favourable
region of the Ramachandran plot, the number of bad contacts per 100 residues, the hydrogen
bonding energy and the dihedral angle G factor are 82£3%, 9.5+1.8, 0.88+.08, 0.08+0.04 and
0.88+0.04 respectively.

2None of the structures exhibited distance violations greater than 0.5 A, dihedral angle violations
greater than 5°, or 3/, coupling constant violations greater than 2 Hz. The torsion angle
restraints for the whole complex comprise 140 and 102 torsion angles for the protein and DNA,
respectively.

3Two distance restraints were employed for each backbone hydrogen bond. The hydrogen bond
restraints within the DNA were used to maintain Watson-Crick base pairing®.57.

4Intermolecular hydrogen bonding restraints between protein side chains of Arg 14, Arg 27, Arg
47, Asn 48 and Arg 51 to the DNA bases were only added in the very final stage of the calculations
(see Table 1 and text). Only the statistics for the attractive (£r~6)-16 ambiguous hydrogen bonding
distances are quoted in the Table, since there are no violations of the ‘repulsive’ distance restraints.
5The improper torsion restraints serve to maintain planarity and chirality.

6E,_, is the Lennard-Jones van der Waals energy calculated with the CHARMM PARAM19/20 pro-
tein and PARNAH1ER1 DNA parameters28 and is not included in the target function for simulated
annealing or restrained minimization.

TThe precision of the coordinates is defined as the average atomic r.m.s. difference between the
50 individual simulated annealing structures and the mean coordinates SA. The values refer to
residues 14-58 of the protein, the zinc atom and basepairs 1-11 of the DNA.

terminal tail (residues 1423, 0.88£0.23 A) is a factor of two worse the remaining intraprotein NOEs are either sequential or
than that for the rest of the protein (residues 24-58, 0.42+0.11 A). intraresidue. The fact that the conformation of the N-terminal tail
This is due to the fact that with the exception of two NOEs can be determined at all is due to three factors: (i) the sizeable
between the CoH protons of Gly 20 and the NH proton of Glu22, number of intermolecular NOEs involving the N-terminal tail
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(specifically 14 for Arg 14, 10 for Lys 16, 3 for Thr 21, and 2 for
Lys 23); (ii) direct refinement against 3/, couplings constants
and 13Cot and 13CP secondary chemical shifts?425; and (jii) the use
of the conformational database potential?®.

Description of the structure
The key feature of the GAGA-DBD-DNA complex is the presence
of base specific contacts to every base of the G,AGAG, pentanu-
cleotide consensus (Figs 2b, 6, 7). Major groove recognition of G4,
A5 and G6 is provided by the helix of the zinc finger, major groove
recognition of G8 by the helix of BR2, and minor groove recogni-
tion of A7 by BRI.

The DNA in the complex is essentially B-type and displays a
smooth bend of ~10° (Fig. 6¢). A best fit superposition of the DNA
in the complex onto classical B- and A-DNA yields atomic r.m.s.
differences of 1.8 and 5.7 A, respectively. The average values for the
local helical twist and rise are ~35.5° and ~3.6 A, respectively. The
propeller twist, local inter-base pair tilt angles and local inter-base
pair roll angles vary from ~0° to ~—20°, ~+3° to ~—€°, and ~0° to
~+15°, respectively, with average values of ~—10° ~0° and ~0°
respectively.

The zinc finger core (residues 33-59) of the GAGA-DBD is cen-
tred around a tetrahedrally coordinated zinc atom, comprises a
BBo motif (Figs 6 and 7a), and is very
similar to that of other classical zinc
fingers with Cot atomic r.m.s. differ-
ences ranging from 0.8 A relative to
finger 2 of Tramtrack® to 1.6 A rela-
tive to finger 3 of Zif268%. Arg 51, Asn
48 and Arg 47 at positions 6, 3 and 2
of the zinc finger helix (02, residues
46-56) contact the bases of G4, A5
and G6, respectively. The long axis of
the helix o2 is oriented at approxi-
mately 60° to the long axis of the
DNA. The guanidino group of Arg 51
recognizes the O6 and N7 atoms of
G4, the guanidino group of Arg 47
recognizes the 06 atom of G6 and
possibly the N7 atom of G6, and the
side chain carboxyamide group of the
Asn 48 recognizes the 6-NH, group
and N7 atom of A5 (Fig. 6a). The Co
of Arg 47 is also in close contact with

Fig. 5 Stereoview showing a

magenta and the DNA in blue.
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Fig. 4 Summary of the dis-
tribution of observed NOEs
for the GAGA-DBD-DNA
complex. Residues of the
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interstrand . .
" interresidue protein and nucleotides of
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the methyl group of T16 (Fig. 2a). The base specific interactions are
supplemented by hydrophobic interactions with the sugars involv-
ing Arg 56, Leu 55, Arg 44 and Ile 43, and electrostatic interactions
with the sugar phosphate backbone involving Arg 56, His 52, Arg
50, Arg 44 and Gln 45. As in other classical zing finger-DNA com-
plexes?6-38 the H81 proton of the imidazole ring of His 52 is hydro-
gen-bonded to the phosphate of C3. (The distance between the
H&1 atom of His 52 and the closest oxygen atom of the phosphate
group of C3 is ~1.8 A). As a result the H31 resonance is visible in
the 'H NMR spectrum at ~14.5 p.p.m., and this interaction is prob-
ably responsible for the ~0.7 p.p.m. downfield shift in the H5" reso-
nance of C3. BR2 forms a short helix (a1, residues 25-29) which is
located in the major groove and oriented at ~80° to the long axis of
the DNA. The guanidino group of Arg 27 of the BR2 helix recog-
nizes the base of G8, while Ser 28, Ser 30 and Ser 26 anchor this
helix to the phosphates of G6, A14 and T13, respectively (Fig. 7b).
The orientation of the BR2 helix with respect to the zinc finger core
is further stabilized by an electrostatic interaction between Ser 46
and Glu 31 (Fig. 7a). In the minor groove, base specific contacts are
made by Arg 14 and Lys 16 of BR1. The guanidino group of Arg 14
interacts with the N3 and O2 atoms of A7 and C17, respectively,
while Lys 16 interacts with the O2 atoms of T18 and/or C19 (Fig.
7¢). From an examination of the ensemble of structures, it is also

best fit superposition of the 50 simulated annealing structures of the

GAGA-DBD-DNA. The backbone (N, Ca, C) atoms of the GAGA-DBD are shown in yellow, side chains in
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possible that Lys 13 may interact with the phosphate of G20. How-
ever, we were unable to unambiguously identify intermolecular
NOEs involving Lys 13. From the structure, it is also apparent that
only part of the full BRI region (residues 11-16), as defined by
Pedone et al.!2, is required for binding, Thus, the first two residues
of BR1, Lys 11 and Ala 12, do not make any contacts with the DNA
in the present structure.

Relationship to other zinc finger-DNA complexes
To date, X-ray structures of three classical zinc finger-DNA com-
plexes have been solved: Tramtrack®, Zif268% and GLI*® which
consist of a tandem array of two, three and five zinc finger repeats,
respectively, separated by seven amino acids. The two fingers of
Tramtrack’ and the three fingers of Zif268% make specific con-
tacts with the DNA, and the orientation of each finger with respect
to the DNA is very similar in all cases. For GLI%8, only four (fingers
2-5) of the five zinc fingers contact the DNA. The number of inter-
actions between the zinc finger domains is small and each finger
recognizes DNA in a largely independent manner'. Specific recog-
nition is achieved by contacts
between the helix of each zinc
finger and the major groove of
the DNA. The residues of the
helix involved in specific DNA
contacts are located principally
at positions 6, 3, 2 or -1 (num-
bered relative to the N-terminus
of the helix and corresponding
to Arg 51, Asn 48, Arg 47, and
Gln 45, respectively, of the
GAGA-DBD; Fig. 1a), with usu-
ally two of the four positions
making one-to-one amino acid-
to-base contacts with a base
triplet!>14. The crystal structures
of these three zinc finger-DNA
complexes together with exten-
sive data from site-directed
mutagenesis, screening/selection
and protein design experiments
has led to a generalized consen-
sus zinc finger recognition code
in which the residues at position
6, 3, and either 2 or —1 recognize
the first, second and third base of
the triplet (reading in the 5'—3'
direction), respectively!14,
Recognition of the G,A;Gg
triplet by the zinc finger helix of
the  GAGA-DBD  involves
residues at positions 6 (Arg 51),
3 (Asn 48) and 2 (Arg 47). This
mode of interaction is identical
to Finger 1 of Tramtrack with
the difference that the residue at
position 2 (Ser) recognizes a T,
Indeed, the side-chain confor-
mations and the nature of the
contacts with the DNA bases for
the Arg and Asn residues at posi-
tions 6 and 3 are essentially iden-
tical for the zinc finger of the
GAGA-DBD and Finger 1 of

Guai2 ’i

program GRASPS1,
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Tramtrack3® (Figs. 6a and 74). It is also worth noting that the con-
formation of the Arg at position 6 in the GAGA-DBD, Finger 1 of
Tramtrack®, and Fingers 1 and 3 of Zif268%7 are similar and in
each case the guanidino group recognizes the O6 and N7 atoms of
a G base with essentially the same hydrogen bonding geometry.
The number of intermolecular contacts, and hence the strength
of the interaction of each zinc finger with DNA, is not sufficient in
its own right to yield high affinity DNA binding!>!4. The latter can
be achieved in a number of ways. The simplest design approach, as
exemplified by the three zinc finger-DNA crystal structures, is to
have a modular protein with a tandem array of two or more zinc
fingers. Alternatively, a single zinc finger domain can be employed
in conjunction with another DNA recognition motif. This is the
path chosen by the GAGA-DBD where the additional contacts
required for sequence specific binding are provided by an N-termi-
nal extension comprising two basic regions, BR1 and BR2. In this
light, it is of interest to compare the GAGA-DBD-DNA complex
with the two zinc finger Tramtrack-DNA complex3®, This is illus-
trated in Fig. 8 where the zinc finger core of the GAGA-DBD has

Fig. 6 Four views (a-d) illustrating the interaction of the GAGA-DBD with DNA. The backbone of the protein
is depicted as a green tube, side chains making base specific contacts are in yellow, the histidine and cysteine
side chains coordinating the zinc {blue sphere) in magenta, GC base pairs in red, and AT base pairs in blue. In b
the DNA is depicted as a molecular surface with the bases coloured in blue and the sugar-phosphate back-
bone in white. ¢, The path of the long axis of the DNA helix, calculated with the program Curves® is shown in
yellow. The structure shown is the restrained regularized mean structure. This figure was generated with the
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been superimposed on Finger 2 of Tramtrack. The orientation of
the zinc finger core of the GAGA-DBD and Finger 2 of Tramtrack
with respect to the DNA are essentially identical. Moreover, the
positioning of the BR2 helix of the GAGA-DBD approximately
matches that of the helix of Finger 1 of Tramtrack. Unlike the Tram-
track-DBD-DNA complex, however, the GAGA-DBD-DNA com-
plex has a significant minor groove component provided by the
basic BR1 region which wraps around the minor groove and is
involved in several base specific contacts (Fig. 2b, 6 and 7¢).

N-terminal extensions to the classical zinc finger structure have
been previously observed for the first of the zinc fin-
gers of Tramtrack (a B-strand)36 and SWI5 (a helix
and B-strand)®. In contrast to the N-terminal BR1
and BR2 regions of the GAGA-DBD, these extensions
are in intimate contact with the zinc finger core and
are thought to contribute to the stability of the
domains. For SWI5, the N-terminal extension also
enhances DNA binding, and although no structure of
the SWI5 first finger-DNA complex has yet been pub-
lished, model building suggests the involvement of the
additional helix in contacts with the phosphate back-
bone.

Correlation with biochemical data

The impact of the various base specific interactions
with the GAGAG consensus in stabilizing the GAGA-
DBD-DNA complex is provided by gel retardation
experiments (Fig. 1b). Although it is not possible to
deduce binding constants from single gel shift data
points, the data in Fig. 1b illustrates that specific DNA
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Fig. 7 Stereoviews illustrating the interactions of a,
the zinc finger core, b, the BR2 helix and ¢, the BR1 N-
terminal tail of the GAGA-DBD-DNA complex. The
protein backbone is in green, the side chains in yel-
low, T in dark blue, A in lighter blue, C in magenta
and G in red. The structure shown is the restrained
regularized mean structure. This figure was generated
with the program VISP&2,

binding is reduced to a greater or lesser extent in
every case. Consistently the largest effects are seen
for the G6—A,T,C substitutions which remove the
potential hydrogen bond between the guanidino
group of Arg 47 and the O6 atom of G6. No com-
plexes at all were observed for any of the
G6—A,T,C substitutions, indicating a reduction in
affinity of at least an order of magnitude. This
demonstrates the central importance of the Arg
47-G6 interaction involving the major recognition
helix of the zinc finger (Fig. 7a). The A5G, T,C
substitutions, which decrease the affinity some-
what, remove one of the two potential hydrogen
bonds between the carboxyamide of Asn 48 and
A5, specifically that between the O81 atom of Asn
48 and 6-NH, group of A5 (Fig. 7a). Consistent
with the role of Asn 48 is the observation that
A7 Thyte mutation of this residue to an Asp decreases the
2> DNA binding affinity by more than 10-fold (data
not shown). This mutation removes the potential
hydrogen bond between the side chain NH, group
of Asn 48 and the N7 atom of A5, and introduces
electrostatic repulsion between the negatively
charged carboxylate of an Asp and the N7 atom of
A5 which has partial negative charge (acting gener-
ally as a hydrogen bond acceptor). Similarly, the G4—A,T,C substi-
tutions remove one of the two potential hydrogen bonds between
the guanidino group of Arg 51 and G4, specifically that involving
the O6 atom of the G4 base. The effects of these substitutions are
not as dramatic as those observed for the G6 substitutions, possi-
bly because a hydrogen bond between Lys 16 and the complemen-
tary base (C19—5T,A,G) could still be formed in the minor groove
(Fig. 7c). The G8—T,C substitutions markedly reduce the binding,
highlighting the importance of the G8-Arg 27 interaction involv-
ing the BR2 helix (Fig. 7b). Interestingly, complex formation is still

Fig. 8 Comparison of the GAGA-
DBD-DNA and Tramtrack-
DBD-DNA36 complexes. The zinc
finger core of the GAGA-DBD
(residues 33-58) is superimposed
on finger 2 (residues 140-165) of
Tramtrack {(Co r.m.s. difference of
0.8 A). The protein backbones are
shown as tubes with the GAGA-
DBD in yellow and the Tramtrack-
DBD in magenta. The two DNA
duplexes are shown as ribbons
through the phosphate backbone;
the shorter of the two duplexes
with red and purple strands
belongs to the GAGA-DBD-DNA
complex, while the longer one
with light green and pale yellow
strands belongs to the Tramtrack-
DBD-DNA complex. The coordi-
nates of the ' GAGA-DBD-DNA
complex shown are those of the
restrained regularized mean struc-
ture. This figure was generated
with the program GRASPS1,

Tramtrack

GAGA
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observed for the G8—A substitution, probably because one
hydrogen bond could still be formed between the guanidino
group of Arg 27 and the N7 atom of the A base. The A7—-G,T,C
substitutions reflect the base interactions of Arg 14 of BRI in the
minor groove (Fig. 7c). The A7—T,C substitutions still bind the
GAGA-DBD, albeit with reduced affinity, since the O2 atoms of T
and C occupy almost the same position as that of the N3 atom of
A. The absence of complex formation for the A7—G substitution
is probably due to steric hindrance and electrostatic repulsion aris-
ing from the presence of the bulky 2-NH, group in G which
replaces the H2 proton of A in the minor groove. The importance
of Arg 14 for sequence specific recognition is further supported by
the observation that a truncated GAGA-DBD starting at Ala 15
exhibits no detectable complex formation as probed by gel shift
experiments (unpublished data).

Other DNA binding proteins

The general mode of DNA binding (as opposed to the specifics of
side chain-base interactions and recognition) observed for the
GAGA-DBD is reminiscent of that seen for the DBD of the GATA-1
transcription factor‘®. The GATA-1-DBD also clamps the DNA
with a helix and loop interacting in the major groove, and a basic
C-terminal tail, instead of an N-terminal one as in the GAGA-
DBD, wrapping around the minor groove. The size of the DNA
binding site is similar, and, just as for the GAGA-DBD, the major
groove interactions involve a zinc binding domain. The zinc bind-
ing module of GATA-1, howevet, is not a classical TFIIIA-like zinc
finger but is structurally related to the N-terminal zinc module of
the glucocorticoid receptor?!. Thus, both the GAGA-DBD and the
GATA-1-DBD employ two structural motifs to interact with the
DNA. In this regard it is interesting to note that the zinc binding
domain and basic tail of chicken GATA-1 are encoded on separate
exons®2. At this stage, the exon/intron structure for the gene
encoding the GAGA factor is unknown.

Relationship to chromatin remodelling

The present structure of the GAGA-DBD-DNA complex shows
how a single classical Cys,-His, zinc finger complemented by an
N-terminal extension comprising a basic helix (BR2) and tail
(BRI1) can recognize DNA in a sequence specific manner. The
requirement for binding of the zinc finger core and BR2 in the
major groove, together with the simultaneous binding of BR1 in
the minor groove opposite the recognition helix of the zinc finger
core, suggests that there may be special constraints on interactions
between the GAGA factor and DNA targets within nucleosomes,
where a part of the binding site may be relatively inaccessible. Such
interactions could favour (and be favoured by) disruption of the
nucleosome core by displacement or weakening of DNA-histone
contacts, particularly in the presence of additional factors such as
the nucleosome remodelling factor NURF?43,

The minimal binding site for the GAGA-DBD, as deduced from
the present structural study, comprises nine base pairs with a cen-
tral pentanucleotide G,AGAG; motif (employing the numbering
scheme shown in Fig. 1a). From the results presented in Fig. 1b, it
is clear that specific binding with only a relatively small decrease in
affinity (that is, less than a factor of 10), can be achieved with
modifications, albeit one base pair at a time, of G4 and A5 to any
other base, A7 to T or C, and G8 to A, with only G6 being invari-
ant. The promoters that are known to be targets for the GAGA fac-
tor frequently contain a high density of GA repeats?, generating a
large number of potential GAGA factor binding sites in close prox-
imity. For example, the hsp26-1 promoter contains at least 10 par-
tially overlapping potential GAGA factor binding sites®*.
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Likewise, a subset of highly repetitive DNA sequences found in
heterochromatin of Drosophila are GA rich and found to be asso-
ciated with the GAGA factor at all stages of the cell cycle, thereby
possibly modifying heterochromatin in these regions®. This sug-
gests that binding of multiple copies of the GAGA factor, possibly
interacting with each other through protein—protein contacts, may
be required to achieve efficient disruption of the nucleosome. The
proximity of so many potential binding sites also suggests that the
GAGA-factor may possibly migrate along the DNA, diffusing
along a linear lattice from one site to the next adjacent site. In the
in vivo situation, the presence of such a large number of adjacent
GAGA factor binding sites is likely to ensure that at least some sites
would be located in a linker region on a nucleosome array, serving
as an anchor point for GAGA factor binding. Consistent with that
mechanism is the observation that the GAGA factor binds weakly
to mononucleosomes, and even in the presence of the nucleosome
remodelling factor NURF does not cause complete disruption of
nucleosome structure under these conditions®. In contrast, the
GAGA factor binds tightly to a nucleosome array containing mul-
tiple GAGA factor sites, even in the absence of NURF#3,

The GAGA factor is able to alleviate the repression of transcrip-
tion by linker histones (H1 or H5)7. Conversely, the linker histone
H1 decreases NURF/ATP dependent stimulation of GAGA factor
binding®45. The globular domain of the linker histones specifically
recognizes and binds to the nucleosome core and is thought to be
located asymmetrically inside the superhelical gyre of DNA, just
inside the nucleosome core region#%47. The globular domain of
the linker histones belongs to the winged helix-turn-helix family
of DNA binding proteins$4%, exemplified by HNF-3/fork head .
While the structure of a linker histone-DNA complex has not yet
been determined, presumably because linker histones do not bind
naked DNA in a sequence specific manner, it seems likely that the
mode of binding of the linker histones would be similar to that
seen in the complex of HNF-3/fork head with DNA. In the latter
complex, the recognition helix of the helix-turn-helix motif binds
in the major groove, and the two basic wings contact the adjacent
minor grooves on either side of the interacting major groove™.
The C-terminal wing also makes an arginine mediated base specif-
ic contact in the minor groove®. Thus, it is possible that the com-
bination of major and minor groove binding by the GAGA-DBD,
coupled with its significantly higher DNA sequence specificity rel-
ative to the linker histones, permits the GAGA-DBD to directly
displace a linker histone under certain circumstances (for exam-
ple, when the linker histone is directly bound to a GAGA factor
site).

As the GAGA-DBD effectively clamps the DNA by binding in
the major and minor grooves, there are also limitations on the
location of the N-terminal POZ domain and the polyglutamine-
rich C-terminal tail in the DNA complex with the full-length
GAGA factor. These must be free to interact with other compo-
nents of the transcription machinery, including the nucleosome
remodelling factor NURF which facilitates the complete displace-
ment of the histone octamer from the complex in an ATP-depen-
dent manner®.

Methods

Sample preparation. The coding sequence for the GAGA-DBD
(amino acids 310-372 of the GAGA factor) was generated as an
Ncol-BamHi DNA fragment using the polymerase chain reaction as
described previously'2, This DNA fragment was cloned into the
Escherichia coli vector pET11A and expressed in host strain
BL21(DE3). Uniform (>95%) >N and '3C labelling was obtained by
growing the cells in a modified minimal medium containing
V5NH,Cl and/or '3Cg-glucose as the sole nitrogen and carbon
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sources, respectively. The cells were grown at 37 °C, after which
protein expression was induced for 4 hrs with 0.5 mM isopropyl-d-
thiogalactoside. The cells were harvested, resuspended in 50 mM
Tris buffer, pH 8.0, 5 mM EDTA, 5 mM benzamidine and 5 mM
dithiothreitol (DTT), lysed by passage through a French press, and
centrifuged at 100,000g for 1 hr. The supernatant was applied to a
DEAE-Sepharose Fast Flow (Pharmacia) column (200 ml bed volume)
equilibrated with Buffer A (50 mM Tris, 5 mM DTT, 5 mM EDTA),
and the fractions containing the GAGA-DBD were eluted using a
gradient (0-100% over 1500 ml) of Buffer B (50 mM Tris, 5 mM DTT,
5 mM EDTA, 1 M Nacl). The pooled fractions were applied to a SP-
Sepharose Fast Flow (Pharmacia) column (200 ml bed volume) equi-
librated with Buffer A (50 mM Tris, 5 mM DTT, 5 mM EDTA), and the
GAGA-DBD was eluted using a gradient (0-100% over 1500 ml) of
Buffer B (50 mM Tris, 5 mM DTT, 5 mM EDTA, 1 M NacCl). The pooled
fractions containing the GAGA-DBD were subjected to further
purification on a C-4 reversed phase (Vydac) high performance lig-
uid chromatography (HPLC) column using a 1 to 100% acetonitrile
gradient in 0.05% (viv) trifluroacetic acid. The product was charac-
terized by mass spectrometry. The HPLC purified product from HPLC
was lyophylized, reconstituted with 1.1 equivalents of zinc, and the
final pH adjusted to 6.0 with NaOH.

The DNA oligonucleotides used for NMR were purchased from Mid-
land Certified Reagent Co., Texas, purified by anion exchange chro-
matography and characterized by mass spectrometry.

The GAGA-DBD-DNA complex was prepared by slowly adding the
GAGA-DBD (with zinc bound) to a DNA solution (~200 uM DNA,
10mM NaCl) until a 1:1 ratio of DNA to GAGA-DBD was attained. The
solution was then concentrated using a Centriprep-3 (Amicon) con-
centrator to give a final complex concentration of ~2 mM at pH 6.6
with 10 mM NaCl and 2.2 mM ZnCl,. For each complex, three samples
were prepared containing SN GAGA-DBD+DNA in 90% H,0/10%
D,0, 3N/13C GAGA-DBD+DNA in 90% H,0/10% D,0, and 15N/13C
GAGA-DBD+DNA in 100% D,0.

NMR spectroscopy. Spectra for the complexes were recorded on
AMX500, AMX600 and DMX600 Bruker spectrometers equipped with
2z-shielded gradient triple resonance probes. Most of the data on the
h3/h4 complex were recorded at 30 °C, and on the 11mer and 16mer
complexes at 39.5 °C. Some data on the h3/h4 complex and the 11mer
complex were also recorded at 47 °C. Details of the multidimensional
experiments used, together with the original references, are provided
in the reviews cited in refs 15-17. 3D double and triple resonance
through-bond correlation experiments were used to assign the spectra
of the protein; 2D 'H-'H NOE, '2Cfiltered homonuclear Hartmann-
Hahn and 2Ciltered NOE experiments were used to assign the spec-
trum of the bound DNA; couplings constants Clyne, op 3Inmg e
3eycor Ycoc) Were obtained by 2D and 3D quantitative J correlation
spectroscopy®. Intramolecular NOEs within the protein were obtained
from 3D 15N- and 13C-separated NOE spectra; intramolecular NOEs
within the DNA from 2D 'H-"H NOE (for the imino, amino and H2 pro-
tons) and 12C-filtered NOE spectra; and intermolecular NOEs between
the protein and the DNA from 3D '3C(F,)separated/ '2C(F;)-filtered
NOE spectra recorded using either two 90° 13C purge pulses3! or a sin-
gle 90° 13C purge pulse52. Spectra were processed with the NMRPipe
package3, and analysed using the programs PIPP, CAPP and STAPP54,

Structure calculations. Approximate interproton distance restraints
were derived from the NOE spectra as described previously?0. NOEs
within the protein and between the protein and DNA were grouped
into four distance ranges, 1.8-2.7 A (1.8-2.9 A for NOEs involving NH
protons), 1.8-3.3 A (1.8-3.5 A for NOEs involving NH protons), 1.8-5.0
A and 1.8-6.0 A, corresponding to strong, medium, weak and very
weak NOEs. NOEs within the DNA were dassified into five ranges
18-25A, 1.83.0A, 1.8-35 A, 2.3-5.0 A and 3.5-6.0 A, corresponding
to strong, medium-strong, medium, weak and very weak NOEs, respec-
tively. 0.5 A was added to the upper distance limits for NOEs involving
methyl protons to account for the higher apparent intensity of methyl
resonances. Distances involving methyl groups, aromatic ring protons
and non-stereospecifically assigned methylene protons were repre-
sented as a (Zr 6y sum?!. Protein backbone hydrogen bonding
restraints within areas of regular secondary structure were introduced
during the last stages of refinement. Hydrogen bonding restraints
within the DNA were used to maintain base pairing. In the very last
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stage of refinement, 10 ambiguous (Zr %)~ sum distance restraints
for potential intermolecular hydrogen bonds, together with ‘repulsive’
distance restraints to prevent hydrogen bond donors from coming
unusually close to donors, and hydrogen bond acceptors to acceptors
were introduced for the five residues (Arg 51, Asn 48, Arg 47, Arg 27
and Arg 14) that contact the DNA bases and are buried at the protein-
DNA interface (see Table 1 and Section on Structure Determination). ¢,
y, x4 and x, torsion angle restraints were derived from the NOE and
coupling constant data®>°6, Broad torsion angle restraints, covering
the values characteristic for both A and B-DNA, were also employed
for the DNA backbone to prevent problems associated with local mir-
ror images®’: 0=60+50°, P=180+50°, y=60+35°, £=180+50° and
{=—85+50°. The structures were calculated by simulated annealing?223
using the program XPLOR58, modified to incorporate pseudo-poten-
tials for 3J,, coupling constants?4, secondary '3Ca and 13CB chemical
shifts?5, and a conformational database potential for the protein?6.
The target function that is minimized during simulated annealing and
restrained regularization comprises only quadratic harmonic potential
terms for covalent geometry, base pair planarity, 3/HNe coupling con-
stant, and secondary '3Co and '3CB chemical shift restraints; square-
well quadratic potentials for the experimental distance and torsion
angle restraints; and a quartic van der Waals repulsion term together
with the conformational database potential for the non-bonded con-
tacts. The covalent geometry restraints include terms for maintaining
the tetrahedral coordination geometry of the zinc3%. There were no
hydrogen-bonding, electrostatic or 6-12 Lennard-Jones empirical
potential energy terms in the target function. All structure calculations
were carried out using residues 10-63 of the protein and base pairs
1-11 in the numbering scheme of the 11 bp duplex (see Fig. 1a). (Since
residues 1-9 are disordered and display no non-sequential NOEs, they
were not included in the calculations).

Two different approaches were used to calculate the structure of
the complex. In the first method, the complete complex was calculat-
ed using a variant of the hybrid distance geometry-simulated anneal-
ing protocol??, followed by further simulated annealing as described
below. In the second, only the structure of the protein component
was calculated with the hybrid distance geometry-simulated anneal-
ing protocol, and the DNA, in an initial regular B conformation, was
docked by simulated annealing. The DNA was placed in a number of
different orientations and positions with respect to the protein: this
included starting structures with the DNA placed 30 A away from the
protein, as well as with the DNA partiaily docked on the protein in
several orientations differing by up to 180° from the final orientation
without taking care of atomic overlap. In all cases, convergence to
the same ensemble of structures was achieved. The simulated anneal-
ing protocol employed permits chains to pass through one another
during the early part of the cooling (annealing) process, so that even
if the protein and DNA are intertwined in the initial coordinates,
convergence is readily achieved?2.23, Briefly the protocol is as follows.
The initial phase comprises 10 ps of dynamics (5000 integration time
steps of 2 fs each) at 2000 K with the force constants for the NOEs,
dihedral angles, secondary carbon shifts, coupling constants, bonds,
angles, impropers, conformational database, and van der Waals
terms set to 2 kcal mol' A2, 10 kcal mol' rad-2, 0.5 kcal mol-’
p.p.m.=2, 1 kcal mol-! Hz-2, 1000 kcal mol-' A-2, 200 kcal mol-1 rad-2,
50 kcal mol-! rad2, 0.001, and 1 kcal mol-! A4 (with the van der
Waals radius scale factor set to 1.2), respectively. In the second phase,
the system is slowly cooled down (annealed) from 2000-100 K over a
total duration of 24 ps. There are 76 cycles of cooling, each compris-
ing 0.316 ps (158 integration time steps of 2 fs each), with a reduc-
tion in temperature of 25 K per cycle. During this period the force
constants for the dihedral angle, secondary carbon shifts, coupling
constants, and bond terms are held constant at 200 kcal mol-! rad-2,
0.5 kcal mol-! p.p.m.2, 1.0 kcal mol-' Hz2, and 1000 kcal mol-! A2
respectively, while the other force constants are slowly increased at
each cycle by a factor given by (initial value—final value)'76. The force
constants for the NOEs, angles, impropers, conformational database,
and van der Waals terms were increased from 2 to 30 kcal mol-1 A-2,
200 to 500 kcal mol-! rad2, 50 to 500 kcal mol-! rad-2, 0.001 to 1, and
0.004 to 4 kcal mol-! rad4, respectively. Concomitantly, the van der
Waals radius scale factor was decreased from 0.9 to 0.8. Finally, 500
cycles of Powell minimization were performed with the values of the
various force constants set to their final values attained at the end of
the cooling phase. In addition to the various terms mentioned, a
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weak planarity restraint of 10 kcal mol-! A-2 was applied throughout
the protocol for each base pair with the exception of the two termi-
nal ones where a strong base pair planarity restraint of 500 kcal
mol-' A-2 was applied to prevent artefactual distortions due to end
effects. The planarity force constant of 10 kcal mol-! A2 is sufficiently
weak to allow extensive propeller twisting and base roll to occur,
while ensuring good stereochemistry.

The coordinates of the 50 final simulated annealing structures of the
GAGA-DBD-DNA complex, together with the coordinates of the
restrained regularized mean structure, (SA)r, and the complete list of
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