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ABSTRACT: The complex of a monomer of GAL4 with DNA has been investigated by two-dimensional 'H
nuclear magnetic resonance (NMR) spectroscopy. Previous X-ray analysis has revealed a structure in
which a dimer of the N-terminal 65-residue fragment of GAL4 forms a complex, 27 kDa in molecular mass,
with a 19 base pair full-binding-site DNA [Marmorstein, R., Carey, M., Ptashne, M., & Harrison, S. C.
(1992) Nature 356, 408-414]. We have developed a smaller system, half in molecular mass, which is
amenable for detailed analysis using NMR. Titration of a 10 base pair half-binding-site DN A with GAL4-
(65) shows 1:1 binding, illustrating that one monomer of the protein binds in a specific manner to half-site
DNA. The components of the protein~-DNA complex are mainly in fast exchange on the NMR chemical
shift time scale, with an equilibrium dissociation constant of 161 £ 12 uM. With a basis of chemical shift
data for free GAL4 protein and for the free half-site DNA, the fast exchange facilitates 'H resonance
assignments in the complex since cross-peak positions can be examined at different protein;:DNA ratios.
Chemical shift changes in the DNA reveal the base pairs that are important for recognition by GAL4.
Intermolecular NOE cross-peaks are also observed in spectra of the protein-DNA complex. Their
identification places the C-terminal end of the first a-helix (residues 12-17) in a position such that the
amino acids are able to read the DNA sequence in a manner entirely consistent with the X-ray structure
of the related complex. Dimerization of GAL4 therefore is not required for specific recognition of the base
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pairs present in half of the binding-site DNA.

The GAL4 protein activates transcription of the genes
required for galactose utilization in Saccharomyces cerevisiae
(Johnston, 1987). The protein of 881 amino acids binds as
adimer toapproximately 2-fold symmetric DN A sites present
inthe galactose upstream activating sequence (UASg)! (Bram
& Kornberg, 1985; Carey et al., 1989; Chasman & Kornberg,
1990; Giniger et al., 1985). The N-terminal portion (residues
1-65) contains the amino acid residues responsible for DNA
recognition and binding. The core of the DN A-binding domain
contains a Cys-(X)z-Cys—(X)s—Cys—(X)s—Cys—(X)~Cys—
(X)6—Cys motif in which the six cysteines, located on two
helix/extended strand units connected by a long loop,
coordinate two central zinc ions, forming a bimetal-thiolate
cluster (Baleja et al., 1992; Gardner et al., 1991; Kraulis et
al,, 1992; Marmorstein et al., 1992; Pan & Coleman, 1989).
The structure of the GAL4 DNA-binding domain represents
a novel DNA-binding motif and has been termed a class III
zinc-containing DN A-binding protein (Harrison, 1991). The
core of the domain changes little upon binding DNA.
Essentially the same conformation is observed for the compact
domain in solution using NMR techniques as for the central
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core of GAL4(65) bound to DNA using crystallographic
techniques (Marmorstein et al., 1992).

GALA4 appears to have a modular architecture consisting
of domains associated with DNA binding, catabolite repres-
sion, transcriptional activation, and GALSOQ regulation
(Johnston, 1987; Stone & Sadowski, 1993). Use of an
N-terminal portion of GAL4, which contains the DNA-binding
domain, has been a favorite tool in eukaryotic molecular
biology for the creation of fusion proteins that are directed
tobind DNA carrying the GAL4-binding site (Ma & Ptashne,
1987; Sadowski et al., 1988). The fragment of GAL4 studied
here is monomeric in solution (Baleja et al., 1992). Crys-
tallographic analysis of the same fragment in complex with
full-site DN'A shows that GAL4(65) becomes dimeric using
helices that are formed by residues 50-64 and through contacts
to DNA in the two half-sites (Carey et al., 1989; Marmorstein
etal., 1992). Our model for the GAL4 DNA-binding domain
isone in which two N-terminal DNA recognition modules are
connected by flexible linkers to a dimerization subdomain
(Baleja et al., 1992; Marmorstein et al., 1992). The 2-fold
symmetric nature of the DNA sequence and the dimeric form
of the protein would suggest that each half of the DNA-
binding siteis mainly recognized by one monomer of the protein
dimer (Kim & Little, 1992). Indeed, the structure of the
GAL4-DNA complex shows preservation of 2-fold symmetry
in the complex and mainly monomer < half-site DNA
recognition. Therefore, we have studied a system in solution
that highlights the recognition of DNA by this eukaryotic
transcriptional factor while avoiding complications of protein
dimerization and at the same time maintaining a molecular
sizeamenable for NMR analysis of the protein~-DNA complex.
Here, we describe the formation and structural analysis of a
protein-DNA complex in which one monomer of GAL4(65)
is bound to a 10 base pair DNA duplex containing half of the
DNA recognition element. Our results are consistent with
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the interaction sites of the complex determined by X-ray
crystallography (Marmorstein et al., 1992). In addition, the
NMR data provide an accurate measurement of the equi-
librium dissociation constant between protein and DNA.

EXPERIMENTAL PROCEDURES

NMR Sample Preparation. The DNA-binding domain
containing the N-terminal 65 amino acid residues of GAL4
plus a C-terminal Phe derived from the cloning construct was
prepared as described previously (Marmorstein et al., 1992;
Mau et al., 1992). Protein concentrations were measured
using a Coomassie blue dye-binding assay (Bio-Rad Labo-
ratories). Oligonucleotides corresponding to each strand of
the DNA duplex were synthesized on a Milligen DNA
synthesizer and purified by reverse-phase HPLC. The
nucleotide base sequence used was: The duplex was prepared

5d(C, C, Gy G As Gg Gy Ag Co Tio)®
3'd(Gyo Gio C1s Ci7 Tie C1s Cis Tiz Gz Ayg)¥

by mixing equimolar amounts of each strand (as determined
by A260) in a small volume (ca. 50 uL), heating to 80 °C, and
slow-cooling overnight to room temperature. NMR samples
contained a trace of TSP as an internal proton chemical shift
reference and 0.05% NaNj to retard bacterial growth. H,O
samples contained 10% DO for the deuterium lock signal.
Buffers consisted of 0.1 M NaCl, 10 mM Na,HPO,, and 10
mM NaH,;PO,, pH 7.0 £ 0.2 (direct meter readings).

NMR Spectroscopy. For the titration of DNA with Cd-
GALA4,a 2.5 mM protein stock solution was added in aliquots
of 1040 uL to 0.5 mM duplex DNA in 0.45 mL of buffer.
The titration was carried out at 25 °C and monitored with
one-dimensional spectra using a 1-1 binomial water suppression
sequence (Hore, 1983). Spectra were coliected on a Bruker
AMX-500 spectrometer with a proton frequency of 500.14
MHz. The carrier frequency in the proton channel was set
on the water resonance. Two-dimensional NOESY spectra
were taken midway through the titration ([GAL4]:[DNA]
ratio = 0.86) and again at the end ([GAL4]:[DNA] ratio =
2.31). A D,O sample was prepared by lyophilization and
resuspension in 450 uL of 99.996% D0, for which NOESY
and TOCSY spectra were recorded. No changes 'H NMR
resonance positions were observed after lyophilization, indi-
cating that the resolubilized protein—-DNA complex retains
its native conformation. NOESY spectra were acquired with
a mixing time of 150 ms, 128 summed scans, 1024 real ¢,
points with a spectral width of 6024 Hz, 512 r, TPPI
increments, and a relaxation delay of 1.2 s between scans.
Spectra were apodized with squared sine bells shifted by 45°
inz; and 60° in ¢, and zero-filled to a 2K by 1K (real) matrix
using the FELIX NMR processing program.

A TOCSY spectrum was collected using identical param-
eters, except with a mixing time of 43.8 ms using an MLEV-
17 mixing sequence (Bax & Davis, 1985), and processed with
squared sine bells shifted by 45° in #, and 60° in ¢, and zero-
filled to a 2K by 1K (real) matrix.

One-to-one binding of protein, P, and DNA, D, to form a
protein—-DNA complex, PD, can be expressed as

P+D=PD )

The equilibrium dissociation constant, Ky, for this reaction is

_ ks _ [PI[D]
"k, [PD]

Ky ()

Baleja et al.
With Py = [P] + [PD] and Dy = [D] + {PD], Ky is

{P, — [PDI}{D, - [PD]}

K= [PD] 3

When chemical shift changes are in fast exchange (8qbs = 0¢ft
+ dufy, where &y is the chemical shift of the unbound species,
8 is that of the bound species, and f; and f; are the fractions
free and bound, respectively, with f; + f, = 1), the observed
change in chemical shift, Ad, is

_ [PD]
Ad = —ﬂ(% ~ 8y 4)
or
[PD] = +22-D, = 1, D, )
b f

Substitution of eq 5 into eq 3 yields

_ Po=fD0(Dy-£,Dy)
: £,

(6

The titration data (plotting Ad versus Po/Dp) are fit using a
nonlinear least-squares method for the quadratic function
(Hull, 1975). K4 and 6, — & are solved using the analysis
program CRVFIT (R. Boyko, personal communication).
Concentrations of protein and DNA are corrected for dilution
through the titration by the measured changes in volume.
Equation 6 may be rearranged to yield

== ™)

which is the familiar Scatchard plot analysis (plotting f,/[P]
vs fv), with the y-intercept equal to K1, the slope of the line
equal to ~Kj~!, and the x-intercept equal to the number of
binding sites (Ferguson-Miller & Koppenol, 1981).

RESULTS AND DISCUSSION

The study of the complex of GAL4(65) and the half-site
binding-site DNA was begun by examining each component
separately. Sequence-specific assignments were obtained for
residues 6—44 of the DN A-binding domain for the cadmium-
substituted form of GAL4 using standard techniques (J. D.
Baleja, T. Mau, V. Thanabal, and G. Wagner, unpublished
results; Baleja et al., 1992; Wiithrich, 1986). Our resonance
assignments in the metal-binding region (residues 10—40) do
not agree well with those previously published for Cd-GAL4
(Gardner et al., 1991; Pan & Coleman, 1991). However, we
do observe the same sequential NOE patterns and a great
similarity in resonance assignments with the NMR data
published for Zn-GAL4, a fact which reflects the homology
in structure between the zinc and cadmium forms (Baleja et
al., 1992; Gadhaviet al., 1990; Krauliset al., 1992; Shirakawa
et al,, 1993). Since the poorly structured regions (residues
1-9 and 41-65) exhibit either weak or no NOEs, complete
assignments have not yet been obtained for residues 1-5 or
residues 45-65 of Cd-GAL4 (Baleja et al., 1992; Kraulis et
al., 1992; Shirakawa et al., 1993). Our partial assignments
in this region agree with those completed for Zn-GAL4
(Gadhavi et al., 1990; Shirakawa et al., 1993). Analysis of
the GAL4(65)-10mer DNA complex is not compromised since
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FIGURE 1: Spectral changesin DNA imino resonances upon addition
of GALA4 protein. Shown are 'H NMR spectra between 12.5 and
13.9 ppm. Numbered resonances indicate the assignment of imino
protons to each nucleotide of the DNA. Aliquots of GAL4 protein
were titrated into the half-site DN A giving molar protein:DNA ratios
ranging from 0.00 to 2.31. Buffer conditions are 0.1 M NaCl/20
mM phosphate, pH 7.0, at 25 °C.

these parts of GAL4 are not required for the specific interaction
of GAL4 to DNA (Gadhavi et al., 1990; Marmorstein et al.,
1992).

DNA assignments were made following standard procedures
(Feigon et al., 1982; Gronenborn & Clore, 1985; Hare et al.,
1983; Scheek et al., 1983; Wiithrich, 1986) and are given in
Table 1. Analysis of NOE intensities from 150-, 300-, and
450-ms NOESY spectra and measurement of coupling
constants from E-COSY spectra show that the free duplex
generally adopts a B-DNA conformation in solution, in
agreement with earlier studies (Hansen et al., 1991). Imino
proton signals of the DNA were monitored as protein was
added to form the protein-DNA complex (Figure 1). The
spectra taken in the course of titration show an increase in
line width as the higher molecular weight protein—-DNA
complex becomes the predominant molecular species. Several
resonance lines change chemical shift and exhibit fast exchange
between free and bound resonance positions on the NMR
chemical shift time scale. Therefore, with the knowledge of
the chemical shift assignments for imino protons of free DNA,
chemical shifts in the protein-DNA complex could be
determined easily by extrapolating the change in resonance
position to 100% bound.

Summing the changes in chemical shift for all observed
imino protons and plotting the result against the protein:DNA
ratio yield a binding curve. Analysis of the curve, assuming
an equilibrium between one monomer of GAL4(65) and one
DNA duplex, gives a equilibrium dissociation constant of 161
£ 12 uM. The data can be recast into Scatchard plot form
and are presented in Figure 2. To reduce scatter, the data are
summed for all observed imino protons at each point in the
titration. Since the weighting of individual points is different
fromthat in the chemical shift vs ratio plot, Scatchard analysis
yields a Ky of 173 &£ 3 uM. Analysis for individual imino
protons that shift more than 0.04 ppm between free and bound
forms (3, 6, 7, 13, and 19) gives a narrow range of binding
constants (between 69 £ 15and 175+ 14 uM, X = 138 £+ 38
pM). Analyses of the two resonances that shift little between
free and bound forms have a much greater error associated
with the determined binding parameters (e.g., analysis for G4
indicates a Kyof 325 £ 277 uM and a chemical shift difference
of 0.014 % 0.004 ppm between free and bound forms). Only
1:1 binding of protein to DNA fits the observed change in
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FIGURE 2: Scatchard analysis of the binding of GAL4 protein to its
half-site DNA. Using an equation that describes the binding of one
monomer of GAL4(65) to one DNA duplex (see Experimental
Procedures), the line drawn through the points is calculated with an
equilibrium dissociation constant of 172 uM. The data are summed
for all observed imino protons at each point in the titration. The
initial DNA concentration was 0.5 mM, and the final concentration
was 0.36 mM.

imino chemical shift positions. Although other regions of the
DNA spectrum could possibly be monitored as GAL4 is added,
only the imino protons are sufficiently disperse in a one-
dimensional spectrum so that each resonance can be followed
individually throughout the titration, and only this region of
the DNA spectrum (in H,O solution) is clear of protein
resonances. Parenthetically, the measured Ky for GAL4(65)
binding to a full UAS is about 1 uM (S. D. Liang, R.
Marmorstein, S. C. Harrison, and M. Ptashne, unpublished
results). For fully dimeric GAL4(147), the Ky is about 2 X
10-11 M (Carey et al., 1989).

Since the resonances for individual imino protons could be
followed from free DNA to the complex with protein, their
assignment in the protein~-DNA complex was trivial. As-
signment of the remaining DNA 'H resonances was more
demanding because of resonance overlap in one-dimensional
spectra. Therefore, a two-dimensional NOESY spectrum was
taken near the midpoint of the titration, and again at the end
of the experiment. The sample was then lyophilized and
resuspended in D,O for further NMR analysis using NOESY
and TOCSY spectra.

Assignment of DNA resonances within the protein~-DNA
complex (in equilibrium with free protein and DNA) was
carried out by extending the known imino assignments to
adenine H2 and cytosine H4 protons, assuming Watson-Crick
base-pairing interactions (Gronenborn & Clore, 1985). In
turn, cytosine H4 protons gave cross-peaks to cytosine H5,
which, in turn, had cross-peaks to H6 protons. Having
chemical shift positions for the cytosine H6 and H5 protons
as a base, assignment to the remaining protons was obtained
using standard procedures for right-handed DNA in D,0
solution, as carried out previously for the unbound DNA.

In a solution of GAL4(65) and the half-site DNA, an
equilibrium exists between free protein, free DNA, and the
protein-DNA complex. Since the lifetime of the complex is
much shorter than the frequency difference between free and
bound resonances (i.e., it shows fast exchange behavior), the
population-averaged resonance is observed. Assignments for
a protein-DNA complex can be obtained in a facile manner
by altering the ratio of protein to DNA. This changes the
populations of free and bound forms of the molecule and
consequently produces shifts in resonance positions that
circumvent problems of resonance overlap. For DNA res-
onances that shift upon addition of protein, the addition of



Table 1: 'H NMR Chemical Shifts (in ppm) for GAL4 Binding-Site DNA?

posi- H6/HS8 I 2 27 3 4 5,5” NH? AH2 CH5 TH7
tion base & A é A o A ) A ) A o A ) A ) A & A
1 C 765 +004 598 0.00 206 -0.13 249 -0.03 466 -0.01 4.11 -0.04 3.72,3.76 -0.04,-0.10 5.96 —0.00
2 C 749 +033 554 042 203 +0.24 235 -0.09 482 +0.01 409 -0.02 4.01,¢ -0.00,¢ 8.67,6.94 -0.12,0.04 567 +0.07
3 G 784 +0.03 549 +0.55 265 -0.11 2.71 +0.04 496 +0.07 437 +0.09 3.954.07 -0.02,40.02 13.12 +0.31
4 G 1776 +0.04 553 -0.33 259 -0.03 272 -0.20 498 -0.01 435 -0.04 4.14,4.19° f+0.02 12.77 -0.01
5 A 800 +0.17 6.01 +0.16 255 +0.08 2.84 +0.13 502 +0.08 438 +0.09 4.134.17 -0.01,-0.03 7.67 +0.04
6 G 1751 +0.07 548 +0.08 245 +0.01 2.60 +0.03 492 +0.07 4.30,c +0.01 4.15,c +0.03,c 12.84 +0.14
7 G 757 +0.04 564 +0.03 250 -0.04 269 -0.01 494 0.00 435¢ -0.01 415422 f-0.04 12.68 -0.05
8 A 810 +0.04 6.19 +0.05 260 +0.03 284 +0.05 499 +0.04 4.41 -0.005 4.134.18 +0.07,1+0.01 794 +0.04
9 C 734 001 598 0.00 210 +00Ff 241 -001 476 +0.03 4.18,c 000 4.12c +0.05,¢ 8.146.70 f 5.30 0.00
10 T 751 4001 622 000 225 +0.01 225 +0.0f 453 0.00 4.05 000 4.13,4.04c f-0.01 1.67 +0.03
11 A 804 +001 597 0.00 250 +0.01 2.63 -0.01 482 000 420 -0.01 3.693.69 0.00,0.00 790 +0.02
12 G 788 +0.01 592 +0.01 2.67 +0.01 279 +0.01 495 +0.01 4.40 0.00 4.12,412 0.00,0.00 12.73 +0.01
13 T 731 +001 6.08 +0.01 2.22 +0.01 2.55 -0.01 4.88 0.00 4.28 0.00 4.164.23 -0.05-0.01 13.69 +0.07 1.33  +0.03
14 C 758 000 6.00 -0.04 229 +0.12 252 -0.04 482 +001 423 001 d d 8.31,6.74 +0.02,+0.08 5.62 +0.01
15 C 1756 +001 585 -0.20 2.12 +0.12 249 -0.03 474 -0.21 417 1001 d d 8.31,6.87 --0.18,-0.10 5.59 —0.01
16 T 747 4026 605 +0.18 220 0.00 2.55 +0.04 4.87 -0.05 421 +0.12 4.10,c 0.00,c 13.78 -0.02 1.62 —0.03
17 C 755 -028 590 -0.16 2.12 -022 238 -0.18 482 007 414 +0.03 4.07¢ fec 8.46,6.80 -0.16,+0.61 567 +0.17
18 C 743 4004 546 +0.53 193 -0.13 224 +0.11 480 +0.11 407 +0.13 4.044.17¢ f-0.01 8.70,6.90 +0.61,+0.79 5.66 +0.03
19 G 783 +0.12 560 -042 263 -0.04 270 -0.13 495 -0.01 431 —0.09 3.96,404 -0.01,0.00 13.22 +0.06
20 G 780 +0.12 6.13 +0.12 251 +0.09 234 +005 464 +0.04 418 +007 4.104.12¢ £0.00

4 Chemical shifts £0.02 ppm are relative to HOD at 4.76 ppm (also the carrier frequency at 25C) for the free, unbound DNA. Beside each chemical shift is the change when
fully bound to GAL4 protein. 5’ and 5” protons are not assigned stereospecifically.  Assignments are the for the H1 imino protons of guanine, the H3 imino protons of thymine,
or the hydrogen-bonded/non-hydrogen-bonded amino protons on N4 of cytosine. A and G amino protons and NH protons of terminal nucleotides were not observed. ¢ Unassigned
for free and bound forms. 4 Unassigned for frec and bound forms. In the free form, resonances are between 4.13 and 4.22 ppm. ¢ Assignment derived from the bound complex,
assignment in the free form has an error of +£0.04 ppm. / Unassigned for the bound form.
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FIGURE 3: Chemical shift changes in 'H NMR resonances of DNA
upon addition of GAL4 protein. Total chemical shift changes are
summed for all assigned protons of each nucleotide (except 5 and
5’ protons) and then divided by the number of measurements for
each nucleotide (7, 9, 7, and 8 for A, C, G, and T, respectively).

different amounts of protein acts as a chemical shift reagent.
'"H NMR assignments were obtained for the individual protein
and DNA compnents (each 0% bound), a complex with
[GAL4]:[DNA] ratio = 0.86 (corresponding to 57% bound
protein and 49% bound DNA), and a complex with [GAL4]:
[DNA] ratio = 2.31 (corresponding to 33% bound protein
and 76% bound DNA). The different positions for the DNA
at the various protein:DNA ratios (0, 49, and 76% bound)
solved any overlap problems for the imino, cytosine amino,
base H2, H5, H6, and HS, and sugar 1’, 2/, 2", 3/, and 4
protons. In addition, a few 5 and 5” resonances could be
assigned. By extrapolationn to 100% bound, chemical shift
assignments were obtained for the DNA within the protein-
DNA complex. Chemical shift changes from free DNA are
reported in Table 1.

The greatest chemical shift changes in the DNA occur in
the nucleotides in the base pair triplet 5’d(CGG)3/:5’d(CCG)-
3’ located 1 base pair from one end of the half-site DNA
(Figure 3). Inthefull-site 17 base pair DNA, this corresponds
to the 3 base pairs at the extreme ends of the site. From the
11 known GAL4-binding sites, these (and only these) base
pairs occur 10 or 11 times at this position, and would therefore
appear to be the major determinant of specificity in the
recognition of DNA by GAL4 (Marmorsteinet al,, 1992). In
the crystal structure of the GAL4(65)-DNA complex (Mar-
morstein et al., 1992), the small zinc-binding module lies in
the major groove of the DNA in contact with these three base
pairs. Some large downfield chemical shift changes are
observed for cytosine N4 amino protons on bases 17 and 18
that indicate replacement of the usual hydrogen-bond-
accepting water molecules by carbonyls from amino acid
residues of the protein (MacMillan et al., 1993). In the case
of GALA4, the crystal structure of the complex shows exactly
this—the carbonyl of Lys-17 accepts a hyrogen bond from
one of the N4 protons on cytosine-18, and the carbonyl of
Lys-18 accepts hydrogen bonds from the remaining N4 proton
on cytosine-18, as well as the non-Watson~Crick hydrogen-
bonded N4 proton on cytosine-17.

After completion of the DNA assignments in DO solution,
there remain a few cross-peaks in the NOESY spectrum that
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FIGURE 4: Expanded region of a NOESY spectrum in D,0 showing
contacts between the DNA and the protein. Labels starting with
numerals are DNA,; those starting with one-letter amino acid codes
are protein. In particular, for the intermolecular NOEs, which are
boxed, labels along w, indicate DNA resonances, and labels along
w, show protons from amino acid residues of GAL4 protein. The
spectrum is recorded for a 0.4 mM solution of the complex at a
protein:DNA ratio of 2.31 in 0.1 M NaCl/20 mM phosphate, pH
7.0, 25 °C.

cannot be explained by intramolecular DNA-DNA or protein—
protein cross-peaks. Several of these NOEs are shown in
Figure4. Inw,, these resonances are from the assigned DNA
protons since the resonance position in w; changes between
free and bound forms concurrent with the percentage of DNA
bound in the two spectra taken at different protein to DNA
ratios,

The identities in w) of the extra NOE cross-peaks could not
be from protons of the assigned bound DNA and are therefore
due to protein. Resonance positions in w; for spectra taken
at different protein to DNA ratios were extrapolated back to
0% bound protein. One cross-peak occurs between cytosine-1
HS and a methyl group of the protein that resonates at 0.87
ppm in the free protein (Figure 4). The protein resonance
corresponds to one of the methyl groups of Leu-19 and
definitely not one of the other methyl groups in the metal-
binding module of GAL4, such as Leu-16 or Leu-32. On the
basis of the NMR data alone, however, we cannot rule out
that this cross-peak is from a methyl from an amino acid
residue in the C-terminal tail region of GAL4. As discussed
above, this is unlikely since available crystallographic and
genetic data indicate that the metal-binding subdomain
(residues 10—40) is the part of the GAL4 that is responsible
for sequence-specific recognition. Likewise, protons of Lys-
18 are observed to make intermolecular contact to the DNA.
In total 11 NOEs are seen between protein and DNA (Table
2). They involve four residues of the protein (A10, K18,L19,
and K20) and four residues of the DNA (C1, C2, T16, and
C17). All are consistent with the contacts defined from the
crystal structure of the GAL4(65)—full-site DNA complex
(Marmorstein et al., 1992). Our model for the metal binding
of GAL4-half-site DNA complex is presented in Figure 5.

Complete reassignment of protein resonances within the
protein-DNA complex was much more difficult than reas-
signing the DNA resonances. Although many resonances of
the complex exhibit fast exchange behavior on the NMR
chemical shift time scale, several show substantial broadening.
In particular, the amide protons of Lys-17, Lys-18, Leu-19,
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Table 2: Observed Intermolecular Contacts between GAL4(65) and
Half-Site DNA

GAL4(65) DNA GALA4(65) DNA
Ala-108 T2 Lys-18 é's C, Hé
Lys-18 a Cy7 HS Lys-18 ¢’s CyHS
Lys-18 @'s C, H5 Lys-18 ¢'s C; Hé
Lys-18 v’ C, HS Leu-19 §;M? C, HS
Lys-18 4's C;7 H5 Lys-20 o Cy7 H6
Lys-18 6's C; HS

4 Stereospecificity of assignment taken from the crystal structure of
the GAL4 protein—full-site DNA complex (Marmorstein et al., 1992).
b Tentative assignment.

5
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FIGURE 5: Schematic representation for the complex between the
DNA-binding domain of GAL4 and DNA. This structural model
is adapted from the crystallographic work of Marmorstein (1992) to
show half of their dimeric GAL4-DNA complex and is drawn using
the MOLSCRIPT program (Kraulis, 1991). The nucleotides are
numbered in the DNA duplex. Amino acid residues that interact
with DNA are labeled starting with the one-letter amino acid code.
The two central metal ions ligated by GAL4 are shown as spheres.

Table 3: Protein 'H Chemical Shift (in ppm) Assignments®

% protein bound

proton 0.00 0.33 0.57 1.00
Ala-10 8 1.52 1.54 1.54 1.57
Lys-18 & 3.88 381 3.72 3.63
Lys-18 8 2.11, 1.85 2.06, 1.96 2.00, 2.00 1.94,2.13
Lys-18 ¥ 1.33 1.26 1.21 1.12
Lys-18 6 1.66, 1.71 1.64, 1.71 b 1.58, 1.71
Lys-18 ¢ 3.03 2.98 b 2.88
Leu-19 6 0.87 0.88 0.90 0.91
Lys-20 & 4.31 4.29 b 425

¢ 'H NMR chemical shift assignments are shown for residues of the
protein involved in intermolecular NOEs. Assignments for fully bound
protein are determined by extrapolation of observed resonance positions
at 0, 33, and 57% bound to 100%. ? Not observable at this protein:DNA
ratio in H;O solution.

and Cys-21 could not be observed, some of which are implicated
to be in contact with the DNA from the crystal structure
(Marmorstein et al., 1992). Therefore, we report here only
resonance chemical shifts for residues of the protein that show
intermolecular NOE cross-peaks to DNA (Table 3).
Several intermolecular contacts predicted by the crystal
structure of GAL4 with the full-site DNA, which should result
in intermolecular NOE cross-peaks, cannot be discerned in
our NOESY spectrum. This is most likely due to rapid ex-
change with solvent or resonance overlap. No intermolecular
contacts are seen from the protein to labile protons of the
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DNA, despite, for example, the close approach of the non-
hydrogen-bonded H4 proton on C4 to one of the methyl groups
of Leu-19. Presumably, the lifetime of the labile proton of
the DNA is too short to allow the buildup of an NOE. Not
all expected intermolecular NOEs can be distinguished in
crowded spectral regions. For example, we do not see the
strong NOE cross-peak that would be predicted for a T16 3
to Ala-10 methyl group contact. Not only does the T16 3
resonate near the residual water signal, it also overlaps with
the Ala-10 « proton, which would give a strong cross-peak to
the Ala-10 methyl group. Other NOEs might be expected to
appear, for example, between the backbone 4" and 5 protons
of G12 and T13 of the DNA and the methyl groups of Leu-49
and Thr-50 of the protein. However, in this case, the backbone
protons of the DN A overlap with the « protons of the protein.
In addition, although we have not assigned the methyl groups
of Leu-49 and Thr-50 for the free, unbound protein, the
available assignments (Gadhaviet al., 1990; Pan & Coleman,
1991; Shirakawaet al., 1993) in dicate that they would overlap
with other leucine and threonine residues in this part of the
protein. Since the protein assignments for intermolecular
cross-peaks were made by extrapolation to the unbound form,
the identity for the amino acid residue would be ambiguous.

We do see additional stabilization of the protein structure
beyond the core residues 10-40. Previously, assignments were
obtained for Ile-7, Pro-42, and Lys-43 in free GAL4. These
residues gave strong intraresidue TOCSY peaks, but weak
NOE peaks, indicating that they are mobile. Inthe complex,
these residues give NOE cross-peaks with intensities com-
parable to amino acids within the central core of GAL4. In
addition, there are now clearly a large number of NOEs from
a protons (4.3—4.4 ppm) to methyls ina region of the spectrum
that is blank for the free protein. From the chemical shifts
published for the N- and C-terminal ends of Gal4(65)
(Gadhavi et al., 1990; Pan & Coleman, 1991; Shirakawa et
al., 1993), these are due to leucines in the part of the protein
that is now more rigid in the protein-DNA complex.

There are several avenues left open to characterize more
fully the protein-DNA complex for which we have some initial
results and comments. The rate of dissociation of the protein—
DNA complex can be determined from chemical exchange
broadening. The line widths of DNA resonances change at
different ratios of protein to DNA, especially for resonances
with large chemical shift differences between free and bound
forms. For example, the G3 imino resonance (at 13.12 ppm)
is 11.5 Hz wide when 0% bound, is 22.5 Hz wide when 50%
bound (the resonance appears at 13.16 ppm), and is 21.5 Hz
wide when 75% bound (at 13.25 ppm). Although other line-
broadening mechanisms may be taking place, an estimate of
the dissociation rate can be obtained as follows. If we assume
that the fully bound G3 imino resonance is 22 Hz wide, the
natural line width is 16.8 Hz at 50% bound. Therefore, we
have 5.7 Hz of line broadening due to chemical exchange,
which corresponds to an off rate, kg4, of 3300 s7! (Sykes &
Scott, 1972). Using our measured equilibrium constant, Kg,
of 160 uM, the on rate, k,, is 2 X 107 M-1 s-1, Although the
rate of association is slower than that expected from diffusion
control (ca. 10° M~! s7!), it is within the range observed for
enzyme—substrate and protein—nucleic acid interactions
(Fersht, 1985). The GAL4 protein—-DNA system may require
some desolvation for binding to occur, or the binding could
be a multistep process.

The titration data from chemical shift changes in the DNA
as GAL4 is added indicate a binding stoichiometry of 1:1.
However, this does not rule out other complexes, perhaps of
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different stoichiometry, making a minor contribution to the
species of molecules in the NMR tube. For example,
resonances of the G12 and T13 imino protons broaden at
protein:DNA ratios greater than 1 (Figure 1), although some
intensity from the terminal imino proton of G20 may be
appearing near the G12 resonance. At high protein concen-
trations (and low temperature), GAL4(65) may be transiently
forming dimers, as suggested by the a-helical structure seen
for GAL4(62) (Serikawa et al., 1992) that is consistent with
the a-helical coiled-coil dimerization element observed in the
crystal structure of the GAL4(65)—full-site DNA complex
(Marmorstein et al., 1992). Since the spacing between the
CGG base pair recognition triplets is critical for GAL4 (S.
D. Liang, R. Marmorstein, S. C. Harrison, and M. Ptashne,
unpublished results) and since our half-site DNA contains
the middle base pair of the 17 base pair binding site, two of
these half-sites cannot simultaneously bind to a GAL4 dimer
in exactly the same manner as one.

Ideally, we would use a high concentration of protein and
DNA to improve the signal to noise ratio of the NOESY
spectrum. In addition, labeling the protein with 3C would
be useful for distinguishing intermolecular NOEs from
intramolecular NOEs in heavily overlapped regions of the
NMR spectrum (Ikura & Bax, 1992; Meadows et al., 1993).
Given NOE cross-peaks of greater intensity for residues
C-terminal to Pro-42 in the GAL4(65)-half-site DNA
complex, assignments within the protein~-DNA complex could
be completed.

The rather weak binding of GAL4(65) to the half-site
binding-site DNA results in a rapid rate of dissociation and
a short lifetime for any particular protein-DNA complex.
Since the lifetime of the complex is short compared to the
chemical shift differences between free and bound forms, the
complex shows fast exchange behavior. One disadvantage of
fastexchangeis that the observed NOE is an average between
free and bound forms. Another is that a large molar excess
of protein must be used to saturate the DNA (and vice versa).
Finally, the transient nature of the complex may allow other
processes to occur when the components are not bound. For
example, amide exchange rates for the protein may not be
expected to show selective retardation of individual protons
upon binding to DNA (Mauetal., 1992). Thegreatadvantage
of fast exchange is that resonance positions change smoothly
as the protein:DNA ratio is altered, which in turn may be
used as an aid in chemical shift assignment for the protein—
DNA complex.

A general understanding of the way in which proteins
interact with DNA has been gained from indirect techniques,
such as DNA footprinting, and more detailed pictures have
come from crystallographic analysis of protein—-DNA com-
plexes (Alber, 1993; Beese et al., 1993; Clark et al.,1993;
Ferré-D’Amaré et al., 1993; Harrison, 1991; Kim et al,,
1993a,b; Marmorstein et al., 1992; Morikawa, 1993; Pabo &
Sauer, 1992; Steitz, 1990; Wolberger, 1993). Inrecent years,
a number of investigations have demonstrated the increasing
capability of NMR to examine protein—-DNA interactions in
solution (Kaptein, 1993). These include the Lac repressor
(Chuprina et al.,, 1993), the glucocorticoid receptor (Re-
merowski et al., 1991), the Antp homeodomain (Otting et al.,
1992; Qian et al., 1993), and the GATA-1 DNA-binding
domain (Omichinski et al., 1993). This study of the GAL4—
DNA complex contributes to progress in the field. We have
observed intermolecular NOE cross-peaks confirming the
specificinteraction of GAL4 with DNA in solution. We have
alsoobtained an accurate measurement of the binding affinity
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of the GAL4 monomer to a half-site DNA recognition se-
quence, along with other information concerning the dynamics
of the binding reaction. As more powerful NMR techniques
become available, similar experiments can be performed on
larger GAL4 protein—-DNA complexes to provide more insight
into the recognition problem.
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