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A novel mode of DNA recognition by a B-sheet
revealed by the solution structure of the GCC-box
binding domain in complex with DNA
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The 3D solution structure of the GCC-box binding
domain of a protein from Arabidopsis thalianain
complex with its target DNA fragment has been deter-
mined by heteronuclear multidimensional NMR in
combination with simulated annealing and restrained
molecular dynamic calculation. The domain consists
of a three-stranded anti-parallel B-sheet and ana-helix
packed approximately parallel to the B-sheet. Arginine
and tryptophan residues in the B-sheet are identified
to contact eight of the nine consecutive base pairs in
the major groove, and at the same time bind to the
sugar phosphate backbones. The target DNA bends
slightly at the central CG step, thereby allowing the
DNA to follow the curvature of the B-sheet.

Keywords Arabidopsis thalian®DNA—protein
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Introduction

plants contain the GBD domain (Weigel, 1995; Elliott
et al, 1996; Klucheret al, 1996; Wilsonet al., 1996;
Okamuro et al, 1997). No animal or fungal protein
has been reported to possess a GBD.

In this paper we describe the solution structure of
the AtERF1 GBD in complex with the target DNA,
and discuss the mode of the specific interaction of the
two molecules. The GBD binds to the DNA via its
B-sheet. This is somewhat unexpected, since this study
reveals that GBD has an arrangement of secondary
structural elements which resembles that of zinc fingers
to some extent, although it is tha-helices of zinc
fingers that are known to bind to DNA. The mode of
DNA binding of the GBD[-sheet is different from that
of the B-sheets of other known DNA-binding domains
in the number and arrangement @fstrands, in the
contacting pattern of amino acid residues and DNA
bases, and in the number of base pairs contacted. The
solution structure of GBD determined in the absence
of DNA is also reported to enable better understanding
of the structural requirements imposed on the protein
structure for DNA recognition.

Results

Three dimensional (3D) structure of GBD

The solution structure of the AtERF1 GBD, Lys145-

Val206, in the absence of DNA was determined using
1187 unambiguous conformational constraints (Table )
obtained from multidimensional nuclear magnetic reson-
ance (NMR) experiments. Forty-six structures were
selected after simulated annealing, which showed the
smallest violations of the constraints (Figure 2A). The

Expression of pathogenesis-related proteins (Bowles, average root mean square (r.m.s.) deviation among the

1990) is induced in plants by stimuli including UV,
salicylic acid and ethylene (Green and Fluhr, 1995),

selected structures was 0.54 A for the heavy atoms in
the backbone, His146-Pro203 (Table 1). The final

and leads to a defence response by inhibition of bacterial structure (Figure 2B) was determined by energy minimiz-

and fungal growth (Hammond-Kosackt al, 1996;

Ryals et al, 1996). A consensus nucleotide sequence,

ation of the mean co-ordinates of the ensemble. All the
residues were identified in the favored or additionally

AGCCGCC, known as the GCC-box, has been identified allowed regions in theq( ) space (Morriset al., 1992).
in the promoter region of the pathogenesis-related genes The determined GBD structure consists of a three-

(Ohme-Takagi and Shinshi, 1995). Four cDNAs coding

stranded anti-parallel B-sheet comprising strand 1

ethylene-responsive element binding proteins (EREBPSs) (Val149-Arg152), strand 2 (Lys156-Aspl163) and strand

from tobacco have been isolated, which specifically
bind to the GCC-box (Ohme-Takagi and Shinshi, 1995).
Equivalents of EREBPs, AtERF1-4 (M.Ohta, H.Shinshi
and M.Ohme-Takagi, unpublished results) and AtEBP
(Buttner and Singh, 1997), have been identified in
Arabidopsis thaliana

A region of ~60 amino acid residues (Figure 1B) is
highly conserved among EREBPs (Jofu&ti al., 1994;

3 (Alal169-Phel76), packed along anhelix (Thrl78-
Arg194) (Figure 1A). The structure is stabilized by
extensive hydrophobic contacts of the side-chains of
Tyrl46, Val149, Phel57, Alal59, lle161, Vall71, Leul73,
Phel76, Alal79, Alal82, Alal83, Alal85, Tyrl86,
Alal189, Alal90, Ala198, Leu200 and Phe202 with each
other. The geometry of the-helix relative to thef3-
sheet appears to be determined by the interaction of

Ohme-Takagi and Shinshi, 1995). The region is referred the many Ala residues in the-helix and the larger

to here as the GCC-box binding domain (GBD). A

hydrophobic residues in the3-sheet, in particular,

large number of divergent genes in a wide range of Phel57, Phel76, Vall71l and llel61, which clamp the
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Fig. 1. The 3D structure and the amino acid sequence of GBI.The r.m.s. deviation of the structures refined by simulated annealing in the

absence of (blue line) or in the complex with (red line) the DNA. The two mean structures, one determined in the absence of (blue) and another
determined in the complex with (red) the DNA are shown inset by the superposition of the atoms whose positional difference in the two structures
(black line) is<0.5 A (shown by a broken line). The secondary structural elements, e.g-lilkedix, are labeled with the amino acid positions at the

ends, e.g. 178. The N- and C-termini are label®&).An alignment of the amino acid sequences of selected GCC-box binding domains with the
DDBJ/EMBL/GenBank (Bensost al., 1997) accession numbers on the right. Strongly conserved residues are highlighted in green. The arrangement
of the secondary structural elements (top) and the consensus sequence (bottom) are shown.

a-helix at the four corners. The NC direction of the Turn 1, Arg152-Lys156, betweeBrstrands 1 and 2 is
a-helix is approximately parallel to that ¢-strand 2. classified to type 3:5, and turn 2, Asp163-Alal69, between
This arrangement is slightly unusual, since ashelix strands 2 and 3 is classified to type 5:5 (Sibaetal.,

is typically tilted slightly with respect top-strands 1989). The N-terminus of thex-helix is capped by
(Janin and Chothia, 1980). hydrogen bonds to and from Thr178. The N-terminal loop,
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Table |. Structural constraints and characteristics of the models

Structural constraints GBD in the absence of DNA GBD-DNA complex
Protein intra-residue NOEs 453 474
sequential NOEs 228 2007
medium-range NOEs (& |i—| < 4) 147 102
long-range NOEs (Ji-j> 4) 292 218
hydrogen bonds 61 607
torsion (p) angles ] 02
DNA intra-residue NOEs N.A. 3R
sequential NOEs N.A. 140
interstrand NOEs N.A. pas)
hydrogen bonds N.A. r
torsion angles N.A. 187
Intermolecular NOEs N.A. Fr
Total 1186 1898°¢
Characteristics Ensemble of Final Ensemble of Final
46 structure's structure 25 structurks structure

R.m.s. deviation from constraints
NOEs and hydrogen bonds of

protein and DNA (&) 0.0096+ 0.000% 0.0078 0.0157+ 0.0036-¢ 0.0087d

Protein torsion angles (degrees) 0.050.116 0.00¢* N.A. N.A.

DNA torsion angles (degrees) N.A. N.A. 0.8280.60%F 0.037
van der Waals energy (kcal/mol) 3.771.2489 5.389 9.58 + 4.1(~°9 -985.5.d:
R.m.s. deviation from the ideal geometry

Bond lengths (A) 0.002= 0.000%¢ 0.00249 0.0061+ 0.0002-¢9 0.005R-4h

Bond angles (degrees) 0.530.0129 0.59*9 0.93 + 0.02-9 1.28dh

Improper angles (degrees) 0.290.029 0.40%9 0.37 + 0.12¢9 0.472dh
Average r.m.s. deviation among the ensemble (A)

Protein (N, G, C) 0.54+ 0.11° N.A. 0.61+ 0.11° N.A.

Protein (all heavy atoms) 1.32 0.21° N.A. 1.21+ 0. 09 N.A.

DNA (all heavy atoms) N.A. N.A. 0.86- 0. 0% N.A.

DNA and protein (all heavy atoms) N.A. N.A. 1.20 0. 120 N.A.

aalues calculated with Lys144-Val206.

bvalues calculated with His145-Pro203.

%alues calculated with G1-C13 in the coding strand and G14—C26 in the complementary strand.
dvalues calculated with T3—C13 in the coding strand and G14—-A24 in the complementary strand.
®alues calculated with T3—A11 in the coding strand and T16—-A24 in the complementary strand.

fRefined by simulated annealing.

9Values calculated by using force-field parameters in X-PLOR.

PValues calculated by using force-field parameters in AMBER.

N.A., not applicable.

His145-Gly148, is better defined than the C-terminal loop, which was much closer to the values in the known

Gly195-Pro203 (Figure 1A). crystal DNA structures. The improvement was due to
consideration of the effects of water molecules, which
DNA recognition by GBD resulted in the hydrophobic effects of base-stacking being

The solution structure of the GBD-DNA complex included in the rMD calculation.

(Figure 3B) was determined by simulated annealing by The orientation of the protein surface with respect to
using NOE constraints obtained from NMR spectra the target DNA was determined unambiguously on the
(Figure 3A) followed by restrained molecular dynamic basis of 37 intermolecular nuclear Overhauser effect
(rMD) calculation (see Figure 4D for the nucleotide (NOE) connectivities identified in homonuclear two

sequence and the scheme for the numbering of the bases)imensional (2D) NOE spectroscopy (NOESY) spectra:

The 25 structures selected after the simulated annealingArg162 to T16 and G17, Arg150 to C19, Trpl54 to T3,
(Figure 3A) had an average r.m.s. deviation of 0.61 A for A4 and C22, Trp172 to A4, G5 and C6, and Thrl75 to
the heavy atoms in the protein backbone, His146-Pro203.A4 (Figures 5C and 6). The intermolecular cross-peaks
The average r.m.s. deviation for all the heavy atoms in were observed isolated from the other peaks in two sets
the polypeptide, His146-Pro203, nucleotides 3-11 in the of NOESY spectra measured at different temperatures,
coding strand, and nucleotides 16—24 in the complementary298 and 303 K, and were assigned to the same protein—
strand, was 1.20 A. DNA connectivities.

During the rMD calculation the van der Waals energy By using?3C, 1N-labeled GBD in the complex with the
term in the AMBER force field decreased by 684 kcal/ unlabeled DNA, the 37 intermolecular NOE connectivites
mol. The average inter-base pair rise parameter in thewere studied further (Figure 7). Splitting of cross-peaks
GBD-DNA complex before the rMD calculation had a was expected in one of the two frequency dimensions
value of 4.02+ 0.26 A. In contrast the structure after the only for intermolecular NOE connectivities (see Materials
rMD calculation possessed a value of 3.210.25 A, and methods). The splitting was observed for 16 out of
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(Figure 7C), which was further evidence that the peaks
were those of intermolecular connectivities.

The GBD binds to the major groove of the GCC-box
via the three-strande@-sheet. The N.C direction of
strand 2 is approximately parallel to thé-53’ direction
of the coding strand (Figure 3). Only one residue from
thea-helix, Tyr186, is identified as binding to a phosphate,
while no contact is identified to the bases.

The guanidyl groups of four arginine residues are
identified to contact five guanine bases through hydrogen
bonds (Figure 5B); Arg150 to O6 of G20, Argl52 to O6
and N7 of G5 and 06 of G21, Argl162 to N7 of G17, and
Argl70 to N7 of G8. The stems of the arginine side-
chains make hydrophobic interactions with pyrimidine
bases; Arg150 to C19, Argl70 to C7, and Argl62 to T16.
The side-chain © of Glu160 is positioned close to HN4
of C19. Although the distance, 3.11 A, is slightly larger
than would be expected for a standard hydrogen bond, no
space remains for accepting a water molecule. The aro-
matic rings of Trpl54 and Trpl72 make hydrophobic
interactions with T3 and A4, and G5 and C6, respectively.
These interactions cover six base pairs in the conserved
AGCCGCC sequence and thus serve as the specific
recognition of the GCC-box by GBD.

All the Arg and Trp residues which contact the bases
also bind to the sugar phosphate backbones either by
ionic interactions to the phosphates or by hydrophobic
interactions to the sugars, with the exception of Arg152
which does not bond to the backbone: Arg150 to C19
phosphate; Argl62 to G17 phosphate and T16 sugar;
Argl70 to C7 phosphate; Trpl54 to T3 sugar and A4
phosphate; and Trpl72 to G5 phosphate and G5 sugar.
Certain other residues bind to the sugar phosphate back-
bones: Lys156 to A4 phosphate; Thrl75 to G5 phosphate
and A4 sugar; Arg147 and Tyrl86 to G17 phosphate; and
the backbone amide of Gly148 to G18 phosphate. These
interactions determine the geometry of GBD relative to
the DNA and thereby comprise a framework for the
specific base recognition.

Although some of the intermolecular contacts identified
after the rMD calculation were not formed correctly before
the rMD calculation, i.e. one of the four ionic contacts
and eight of the 13 hydrogen bonds, the deviation of the
candidates in question from the criteria used for identifying
contacts was small. In one of the eight hydrogen bonds
the distance criterion was satisfied, while in the other
seven hydrogen bonds and in the single ionic contact in
Fig. 2. Comparison of GBD with a zinc fingerAj Superposition of question the deviation from the distance criteria was 0.74
the backbones of 46 GBD structures, Lys145-Val206, in the absence of A on average. Only two of the eight hydrogen bonds did
the DNA refined by simulated annealing. Different colors are used for not fully satisfy the angle criterion; the excess being
indicating the secondary structural elements. The N- and C-termini are ~44.7-45 .6°.

labeled. B) A diagrammatic drawing of the final structure made by . .
energy minimization of the mean co-ordinates of the ensemble shown For the final complex structure around the eight hydro-
in (A), superimposed on a presentation of electropolarization. Positve gen bonds that were not correctly formed before the
charges are shown in blue and negative charges in red. The side that rMD calculation 33 intermolecular NOE connectivities
recognizes DNA is indicated with an arrovC)The 3D structure and — are expected, where the intermolecular distances between
electropolarization of the first zinc finger of SWI5 (Protein Data Bank L .
code INCS) shown in the same way as in (B). the protons are<4 A. Here connectivities that involve
protons whose resonances are not expected to be observed
at neutral pH are not included in the calculation. In the
37 connectivities. For the rest (21 connectivities) the NOESY spectra 16 of the 33 were identified, i.e. the
intensities of the cross-peaks were too weak for examina- identification rate was 49%. Comapred with a similar rate
tion. The splitting of the 16 peaks was terminated by of identification of intramolecular NOE connectivities
decoupling of the heteronuclear spin connectivities calculated for the well-determined core of GBD, 58%, the
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Fig. 3. The 3D structure of the GBD—DNA complexA) Superposition of 25 GBD-DNA complex structures refined by simulated annealing. Only

the backbone is shown for the GBD moiety of the complex structures. Residues Lys145-Val206, nucleotides G1 to C13 in the coding strand (shown
in crimson) and nucleotides G14 to C26 in the complementary strand (shown in cyan) of the DNA are included in the caldiiaiion. (

diagrammatic representation of the final structure determined by restrained molecular dynamic calculation using the mean co-ordinates of the
ensemble shown in (A). Nucleotides 1 and 2 in the coding strand, and 25 and 26 in the complementary strand were not included in the calculation
since these were not contacted by GBD and a meaningful experimental constraint was not observed with them. (C and D) A view of the complex
viewed along thex-helix axis of GBD C) and another view looking along the double helix axis of the DND). (Strands 1-3 are labeled. The

position of Alal59 in strand 2 is highlighted in red, the position that separateg%sheet into two parts (see Figure 5D). The upstream half of the
B-sheet is shown in yellow, while the downstream half is in green. The up—down transcription direction is indicated. Note that the direction coincides
with the N C direction of strand 2.

value appears to be acceptable to justify the formation of observations are consistent with the previous analysis of

the hydrogen bonds. the DNA bending at pyrimidine—purine steps in crystal
structures (Suzuki and Yagi, 1995a; Suzekial., 1997).
Changes in the two molecules upon binding The plot of the major groove width reveals a W-shaped

The overall structure of the DNA in the complex is close feature around the CG step (Figure 4B). This seems to be
to the standard B-DNA structure, with the r.m.s. difference a consequence of two contradictory requirements; namely,
of 0.62 A, but it is kinked by ~20° around the major a primary requirement that the major groove needs to
groove at the CG step (Figure 4A). The roll value of the become narrower globally to allow a better fit around the
CG step is the largest among the steps, while the helical B-sheet, which is carried out by the rolling of the CG step
twist value is the smallest (Figure 4C). The width of the in the center, and a secondary requirement thatfhe
major groove around the CG step is slightly narrower sheet is widest around Alal59, which is close to the CG
than that expected for the standard B-DNA, while step (Figure 5D), and thus the groove becomes wider
the minor groove is distinctively wider (Figure 4B). These locally and approaches its standard size around the step.
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shown by the straight line running horizontally. The CG step is
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labeled. The up—down transcription direction is indicated. (B and C)
Widths of the major (M) and minor (m) grooveB)( and the roll (R)

and helical twist (T) anglesQ). Symbols are used to represent
different structures;X) the final rMD structure, {) a reference

structure made by restrained molecular dynamic calculation using a
straight DNA, and (O) another reference structure made by restrained
molecular dynamic calculation using a largely bent artificial DNA. The

DNA recognition by GBD B-sheet

rMD calculations resulted in structures very similar to
those described above (Figure 4B and C).

The overall GBD structure does not change much upon
binding to the target DNA (Figure 1A). The average r.m.s.
difference between the mean structure determined in the
complex with the target DNA and that determined in the
absence of the target DNA is 0.78 A for the backbone
heavy atoms, His146-Pro203, and 1.38 A when the side-
chain heavy atoms were included. These values are com-
parable with the average r.m.s. deviation in each of the
two ensembles (Table I). Locally, turn 1 bends slightly
towards the DNA, thereby enhancing the concave curva-
ture of the DNA-binding surface (Figure 1A, inset).

Higher disorder is observed at turn 1, turn 2 and the
C-terminal loop in the GBD structure (blue and red lines
in Figure 1A) compared with that observed in the GBD-
DNA complex. At turn 2 the difference between the two
mean structures is subtle (black line in Figure 1A) with
only a slight change in the disorder (compare blue and
red lines in Figure 1A). However, at turn 1 disorder
decreases upon DNA binding, and the r.m.s. difference
between the two mean structures is more substantial. It is
likely that the changes observed are induced either for or
by the binding of Arg152, Trp154 and Lys156 to the DNA.

Discussion

Comparison of GBD with some other DNA-binding
domains
The DNA-binding domains of MetJ and Arc repressors
interact with the target DNA vig-sheets (Breget al.,
1990; Somers and Phillips, 1992; Raumagiral., 1994).
The B-sheets are composed of two identical strands, one
from each subunit, and form the dimerization interface.
Their target nucleotide sequences are essentially palin-
dromic. In contrast, GBD is monomeric, if&sheet is
three-stranded, and it interacts with the nucleotide of a
non-palindromic sequence. In tifiesheet of GBD many
residues contact both bases and the backbones, while in
Arc and MetJ repressor residues are differentiated for the
two types of function. Bases in six consecutive base pairs
can be recognized by f-sheet of the MetJ-Arc type
(Suzuki, 1995), while bases in nine consecutive base pairs
are recognized by the GBP-sheet. Thus, the interaction
of GBD with the target DNA reported here represents a
novel mode of protein—~DNA interaction.

The first zinc finger of SWI5 (Dutnaltt al., 1996) has
the same arrangement of the secondary structural elements
as that in GBD. However, zinc fingers bind to the DNA

values expected for the standard B-conformation are shown by dotted via the a-helix and not thef-sheet. Calculations of

lines. O) Nucleotide sequences of the two nucleotide strands and the
numbering scheme for the bases used in this study. The seven
conserved base pairs are shown boxed. The up—down transcription
direction is indicated.

To confirm the DNA bending the rMD calculation was

electrostatic potentials suggest that the combination of
positive charges on thB-sheet and negative charges on
the a-helix in GBD (Figure 2B), and that of negative
charges on the3-sheet and positive charges at the N-
terminus of thea-helix in the zinc finger (Figure 2C)
are important for creating the different DNA-binding

repeated twice more by replacing the initial DNA structure mechanisms. All zinc fingers of the,B, type are substan-
by the straight standard B-conformation and the standardtially smaller than GBD (compare Figure 2B and C). Zinc
B-conformation but modeled to bend to a large degree by co-ordination to the four amino acid residues can stabilize
inserting an untwisted-rolled CG step found in a crystal the core of zinc fingers as effectively as the extensive
DNA structure (Hegdet al., 1992), respectively. The two  hydrophobic interactions in the core of GBD.

5489



M.D.Allen et al.

Fig. 5. Contacts between GBD and the GCC-bok) @ stereo subfigure of part of the GBD—-DNA complex structure. The contacts are indicated by
broken lines with different colors; green for hydrogen bonds and yellow for ionic contacts. Different colors are used for the coding (crimson) and
complementary (cyan) strand®)(A diagrammatic representation of the contacts identified after restrained molecular dynamic calculation. The DNA
is drawn by looking into the major groove. Yellow circles represent the phosphate groups. The contacted bases are highlighted in cyan. The same
color code as in (A) is used for typing the contacts and, in addition, brown for hydrophobic contacts. The distance between Glu160 and C19 is
slightly larger than the standard hydrogen bonding distance (shown by a broken line). The up—down transcription direction is indicated. The coding
and complementary strands are labeled. Gd: guanidyl gr@)pA (diagrammatic representation of the NOEs observed between amino acid residues
and the target DNA. The bases with which the NOEs are observed are highlighted in of2n@ke(three strandefl-sheet of GBD. Residues are

colored differently depending on the function; base-contacting only (blue), backbone-binding only (yellow) and having both functions (green). An
ellipsoid is drawn by connecting the green positions, which is divided into two halves by the broken line that crosses Alal59. The CG step is
highlighted in cyan. The up—down transcription direction is indicated. The coding and complementary strands are gbgledo (stranded

B-sheet of the MetJ—Arc type. The figure was made using the co-ordinates of the MetJ-DNA complex (Protein Data Base code 1CMA). The six
amino acid positions used for base recognition by the MetJ-Arc family are in blue. An ellipsoid is drawn enclosing the blue residues. Compare the
ellipsoid with the larger ellipsoid shown in (D) for an appreciation of the difference in size of the two interaction sites.
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Comparison of the DNA-binding modes of the

P-sheets

In GBD, B-strand 2 is twisted slightly at Ala159 to follow

DNA recognition by GBD B-sheet

strand 3 contacts the bases in the coding strand, while
strand 2 contacts bases in the complementary strand
(Figure 5D). In the other half, upstream of Alal59, strand
1 contacts the bases in the both strands, but strand 2
contacts no base. At no point do the three strands fit side
by side in the center of the major groove as strands 2 and
3 in the upstream half are separated slightly from the
groove (Figure 3D). Consequently, the DNA groove
accepting the three-strandesheet is not much wider or
smaller than that accepting two-strandqiesheets of MetJ—
Arc (Suzuki and Yagi, 1995b).

A two-strandedp-sheet is not totally flat but has a
curvature. Thus, there are essentially two ways of placing
a two-stranded antiparall@lsheet in the DNA groove; in
one mode the convex side of tlesheet faces the DNA,
while in the other way it is the concave side (Suzuki,
1995). If the N- C direction of each strand follows the
5’3" direction of the nearest nucleotide strand fhe
sheet forms a concave mode, but if the-I8 direction
of each strand follows the’3.5" direction of the nearest
nucleotide strand, th@-sheet forms a convex mode. A
convex mode, which is used by the MetJ—-Arc family, is
suitable for contacting bases since the major groove is
concave (Figure 3C), but it is unable to follow the groove
for more than six consecutive base pairs as it does not
curve around the DNA helix axis (Figure 5E). In contrast,
a concave mode is appropriate for following the DNA
backbone, which is convex if viewed along the double
helix axis (Figure 3D). However, the concave mode
prevents a-sheet completely entering the groove, and
hence residues are unable to contact the DNA bases
effectively (Suzuki, 1995). The concave mode has been
found in B-sheets which bind to the minor groove, which
is shallower than the major groove, by following the DNA
backbones (Viet al, 1995; Riceet al., 1996).

A convex mode is observed in the downstream half of
the GBD-sheet (Figure 5D), while tH&sheet is extended
upstream by adopting a concave mode, where strand 2
and irregular strand 3 bind to the DNA via the sugar
phosphate backbone, creating a curvature appropriate for
following the DNA (Figure 5D). Hence, the GBP-sheet
represents a better design by combining the different
modes in two halves, resulting in contact with a larger
number of base pairs. The curvature of flasheet closely
follows the DNA helix axis (Figure 3D) as well as closely
fits into the major groove (Figure 3C).

Implication for GBD-protein interaction

Many amino acid residues are identical among the GBD
sequences and most of the changes are conservative
(Figure 1B). To confirm the formation of essentially the
same 3D structure by other GBDs, GBD of C-repeat/DRE
binding factor 1 (CBF1) protein (Stockinget al., 1997)

was modeled. The side chains in the AtERF1 GBD were
replaced with those presentin CBF1 followed by molecular
dynamic simulation in water (M.Tateno, K.Yamasaki and
M.Suzuki, unpublished results). The same arrangement of

strand 3 (Figure 5D), whose biphasic regularity is disturbed the secondary structural elements was observed in the
by the insertion of Gly174; Ala159 makes hydrogen bonds modeled CBF1 structure; the average r.m.s. difference
with Leul73 and Gly174. It has been reported that between the modeled and original structures was 2.59 A.

mutation of Gly174 in another GBD caused malfunction
of the protein (Jofukuet al., 1994). In one half of the

In a previous discussion (Okamuet al, 1997) the
GBD sequence was divided into two halves, the YRG

protein—DNA interaction site, downstream of Alal59, element in the N-terminal half and the RAYD element in
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Fig. 7. Examples of intermolecular NOE connectivities observed from the unlabeled (A}%&nd®N-labeled (B and C) GBD to the DNAA( Part

of the homonuclear NOESY spectrum of the unlabeled compRXEguivalent part of the homonuclear NOESY spectrum of the complex@f
15N-labeled GBD and the unlabeled DNACY Equivalent part of homonuclear NOESY spectra of the compleX®f 1°N-labeled GBD and the
unlabeled DNA as in (B) but measured by decoupling the spin connectivities bet#@emdH (middle and lower), of°N andH (upper) in the

F1 dimension. The resonances of the protons in GBD are shown in the F1 dimension, while the resonances of the protons in the DNA in the
F2 dimension. The cross-peaks that reflected three intermolecular NOE connectivities are focussed on; the connectivity betweea #urd162M
H8 in the upper line, that between Arg15@tdnd C19 H5 in the middle line, and that between Thr1%& End A4 H3 in the lower line. The
cross-peaks were split along the F1 dimension, when the labeled GBD was used (B), by the effects of thel3gifspafer) or'3C (middle and
lower) in the protein, while similar splitting was not observed in the F2 dimension, since the nucleotide protons were not covalently B8Nded to
or 13C in the unlabeled DNA. The splitting was terminated by decoupling the heteronuclear spin connectivities (C). The spectra were measured by a
750 MHz spectrometer at 298 K. The mixing time used for measuring (A) and (B) was 100 ms, while for (C) mixing time was either 100 ms
(upper) or 50 ms (middle and lower).

the C-terminal half, and it was predicted that the RAYD predicteda-helix of the RAYD element, DNA-binding or
element would fold into am-helix. The two elements do  interaction with another protein (Okamueo al., 1997).

not, however, exactly correspond to tfesheet and the Amino acids of the AtERF1 GBD identified to contact
a-helix, respectively, as reported in this paper. The YRG DNA bases are well conserved among the GBD sequences.
element corresponds to the N-terminal loop and strands 1Thus, it is likely that the DNA-binding specificity of the
and 2, while the RAYD element corresponds to strand 3, known GBDs is essentially the same. In the GBD-DNA
the a-helix and the C-terminal loop. Two alternative complex many amino acid residues bind to both bases
possibilities have been discussed for the function of the and the sugar phosphate backbones. Alternation of these
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residues could cause truncation in the binding geometry. resonances of protons which were covalently bonded*® or *N

Thus, it seems more difficult to design a DNA-binding
domain of different binding specificity on the basis of the
GBD structure than that of some other DNA-binding
domains.

The majority of the conserved residues in the GBD

sequences can be classified into two categories: thosefh

in GBD would be split by the coupling effects fC or 15N spins,
while such splitting was not expected with the resonances of protons
in the unlabeled DNA.

Amide hydrogen—deuterium exchange experiments were carried out
at 283 K (D = 5.0) in the absence of the DNA, and at 298 K
(pD 6.0) in the complex with the DNA, in order to identify
ydrogen bond donors. Thirty hydrogen bond donors were identified

or GBD in the absence of the DNA. For GBD in complex with

that stabilize the protein structure, and those that are pna, 30 hydrogen bond donors were identified, among which 28

responsible for DNA recognition. However, a few residues

appear to have no attributable function. Three such res- o .
eDetermlnat:on of the 3D structure of GBD in the absence

idues, Aspl87, Arg194 and Phe202, are accessible to th
solvent. It is conceivable that tleehelix or the C-terminal

were the same as those identified in GBD in the absence of DNA.

of the DNA
All the spectroscopic characteristics suggested that Glyl143 and

loop might be used for interaction through these residues Asn207-Glu210 in GBD were unfolded. Thus, residues Lys144-Val206
with another domain, either in the same protein or another were included in all calculations.

protein. In vitro studies have demonstrated the ability of
AtEBP to interact with some other transcription factors
(Buttner and Singh, 1997).

Materials and methods

Preparation of the protein and the DNA

The GBD region of theAtERF1 gene, corresponding to Gly143-
Glu210, was cloned into vector pAF104 (Fukueh al, 1997) and
expressed by theEscherichia colistrain BL21(DE3). For isotope-
labeling, K-MOPS minimal medium (Neiderhardét al, 1974)
containing 10 mM!N-labeled NHCI and/or 0.2% (w/v) }*C]glucose
was used for the culture. The protein was purified by cation

exchange chromatography (Pharmacia Resource™ S) and gel filtration

The distance constraints derived from the NOESY spectra were
classified into four categories corresponding to inter-proton distance
constraints of 1.8-2.8, 1.8-3.5, 1.8-5.0, and 1.8-6.0 A, respectively.
To the protons whose resonances were not assigned stereospecifically,
i.e. all the protons in the methyl groups, and some protons in the
methylene groups and the aromatic rings of Phe and Tyr, the
constraints were imposed by using ther®> averaged distances
from all the identical protons in the groups or rings (Bger et al,
1986). To maintain a hydrogen bond, a constraint of 1.5-2.5 A was
imposed on the distance between the hydrogen and the acceptor
oxygen, while another constraint of 2.5-3.5 A was imposed on the
distance between the donor nitrogen and the acceptor oxygen. A
force constant of 50 kcal/molAwas used in order to impose the
distance constraints outside the allowed regions using the method of
Brunger (1992).

Five torsion angle constraints were obtained by HMQC-J (Kuboniwa

(Superdex™ 75). By electrospray mass spectrometry it was indicated et al, 1994) and were imposed ap angles in GBD in the absence

that the N-terminal methionine had been removed, possibly after
translation. The GBD and the GBD-DNA complex were dissolved
into a 50 mM potassium phosphate buffer (pH 5.0 or 6.0) containing
40 mM KCI in the different BO/H,O ratio, depending on the type
of the NMR measurements to yield 2.5 and 1.5 mM solutions,
respectively.

Spectroscopic measurements

The NMR spectra were recorded on Bruker DMX-750 (750.13 MHz
for 'H, 188.64 MHz for'3C and 76.02 MHz for'>N) and DMX-500
(500.13 MHz forH, 125.75 MHz for13C and 50.68 MHz for'®N)
spectrometers at 283-303 K; 2D NOESY (Jeemeral, 1979), 2D
total correlation spectroscopy (TOCSY) (Braunschwieler and Ernst,
1983), 2D double-quantum-filtered (DQF) correlation spectroscopy
(COSY) (Braunschwieleet al.,, 1983), 2D'H-"N HSQC (Bodenhausen
and Ruben, 1980), 3BH-'*N NOESY-heteronuclear multiple-quantum
coherence (HMQC) (Marioret al, 1989a), 3D!H-'N TOCSY-
HMQC (Marion et al, 1989b), 3D HNCA (lkuraet al, 1990) and

3D HN(CO)CA (Bax and lkura, 1991). Quadrature detection in
indirect dimensions was carried out by the time-proportional phase
incrementation method (Marion and “Wuch, 1983). During the
detection of amide protons, GARP¥N-decoupling (Shakaet al,
1985) was used. The mixing time chosen for TOCSY was 50 ms,
and for NOESY, 25-150 ms. Spectra were referenced relative to
external sodium 2, 2-dimethyl-2-silapentane-5-sulfonate for proton and
carbon signals, or liguid ammonium for that of nitrogen.

of the DNA. The angle constraints were classified into three categories,
—120 = 60°, —-120 = 50°, and —120=* 40°, corresponding to the
3Jyn coupling values,<7.5, 7.5-8.5 and>8.5 Hz, respectively. A
force constant of 200 kcal/mol/radvas used following the method

of Bringer (1992).

Dynamic simulated annealing (Nilge=t al, 1988a,b) was carried
out using the algorithm implemented in the X-PLOR package riBeu,
1992). Eighty initial structures were created in the form of random
arrays of atoms (Nilgeset al, 1988a). Forty-six structures were
selected, where no distance violation wa®.2 A and no torsion
angle violation was>3°; the rate of acceptance was 57.5%. The
mean co-ordinates of the ensemble was submitted to 400 cycles of
energy minimization (Powell, 1977). Differences between the 46
structures were characterized by calculating the average r.m.s.
deviations of the co-ordinates from the unminimized mean structure
of the ensemble (Table I).

The simulated annealing was repeated twice. In the first round no
hydrogen bond constraints were imposed. Of the 54 structures accepted
after the first round, candidates for the acceptors were identified using
part of a program NAOMI (Brocklehurst and Perham, 1993) for the
hydrogen bond donors that were identified by the H-D exchange
experiments. When two or more candidates of acceptors were found
for the same donor in different structures, the most frequently
occurring candidate was selected. In all such cases the pairs selected
possessed the most favorable pseudo-energy values. A hydrogen bond
donor, thed nitrogen of Asn201, was identified to form two hydrogen

The resonances were assigned using sequential inter-unit NOE bonds by using both of the two hydrogens to the same acceptor

connectivities by the standard procedures (Weh, 1986). Thet3C,—
15N-coupling connectivities observed in the HNCA and HN(CO)CA

atom, producing three constraints. For the 30 hydrogen bond donors
identified by the H-D exchange experiments, 61 constraints were

spectra were also used for the sequential assignment. In the NOESY made. The hydrogen bond constraints were imposed in the second
spectra of the complex the resonances due to the protein moiety andround of the simulated annealing in order to maintain the selected

those due to the DNA moiety were identified and separated from
each other using thé3C- and !®N-filtration method (Otting and
Withrich, 1990; lkura and Bax, 1992). Approximately half of the

donor—acceptor pairs. The method used was essentially the same as
that of Kaliaet al. (1993).

HB resonances were assigned stereospecifically by analyzing the Determination of the 3D structure of the GBD-DNA

NOESY and TOCSY spectra (Vhrich, 1986).

Intermolecular NOE connectivities were identified by homonuclear
NOESY spectroscopy (Figures 6 and 7) to the same protein—-DNA
connectivities at two different temperatures, 298 and 303 K. The
intermolecular NOE connectivities were further studied by usit@,
15N-labeled GBD in the complex with the unlabeled DNA. Intermolecu-
lar NOE cross-peaks were expected to be split in one of the two

complex

Nucleotides 1-13 in the coding strand and 14-26 in the complementary
strand were included in the simulated annealing of the complex. In
the rMD calculation, nucleotides 3-13 in the coding strand and 14—
24 in the complementary strand were included, since the upstream
end of the DNA was not contacted by the protein and a meaningful
experimental constraint was not observed with the end section.

frequency dimensions in homonuclear 2D NOESY spectra, since the Residues Lys144-Val206 of GBD were included in all the calculations.
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The simulated annealing of the GBD-DNA complex was carried
out essentially in the same way as in that of GBD in the absence
of the DNA. The initial structures of DNA were random arrays of
atoms, as were the initial structures of GBD. In addition to the 1632
experimental constraints the following theoretical constraints were
imposed: 72 constraints on the intra-base pair hydrogen bonds in
order to maintain the base-pairing (Werregral,, 1995) with a force
constant of 200 kcal/mol/A 65 constraints on the rotation of bases
around the intra-base pair hydrogen bonds in order to ensure
good stereochemistry in terms of propeller-twisting and base-rolling
(Omichinski et al., 1997) with a force constant of 200 kcal/mol/fad

from the side-chain HN to the phosphate oxygen (Billettr al,
1993). The criteria for an intermolecular hydrogen bond was a donor—
acceptor distance 0k3.4 A and a donor—proton—acceptor angle of
>110°, while the criterion for a hydrophobic interaction was a C-C
distance of <4 A (Chuprina et al, 1993). The criteria used for
identifying hydrogen bonds in the protein were the same as those
described by Brocklehurst and Perham (1993).

The co-ordinates of the structures determined and a list of the
experimental constraints have been deposited in the Protein Data
Bank (Bernsteinet al, 1977). The accession code for the final
structure of the GBD-DNA complex is 1GCC, while those for the

and 122 constraints on the rotation of the atoms around the covalent GBD in the absence of DNA is 2GCC for the minimized mean
bonds in the DNA backbones in order to prevent problems associated structure, and 3GCC for the ensemble after the simulated annealing.

with the mirror image (Omichinsket al., 1993) with a force constant
of 200 kcal/mol/rad.

Starting with 200 random structures, 25 structures were refined,
where no distance violation in the protein structure wa.2 A, no
distance violation in the DNA structure was0.3 A, no GBD-DNA
distance violation was>0.3 A, and no torsion angle violation was
>3°. Although the rate of accepting structures after the simulated
annealing of the complex of 12.5% was different from that of GBD
in the absence of the DNA (57.5%), the calculation algorithm and
the criteria for the selection of structures were kept essentially the
same. In fact, the r.m.s. deviation values of GBD structures in the
two ensembles are found to be similar, i.e. 1.210.09 A for all
the heavy atoms of GBD in the complex with the DNA, and
1.32 + 0.21 A for those of GBD in the absence of DNA (Table I).
The difference between the two acceptance rate values is likely to
be due to the difference in molecular weight.

After energy minimization in the AMBER force field the total
energy value of the minimized mean structure became significantly

lower than the smallest among the values calculated with the ensemble

structures. The minimized mean structure was submitted to the rMD
calculation.

The rMD calculation was carried out by using the force field
(Cornell et al,, 1995) implemented in the AMBER package (Pearlman
et al, 1994) by imposing only the NOE distance constraints and not
by imposing a torsion angle constraint or a hydrogen bond constraint.
A force constant of 30 kcal/molAwas used in order to impose the
NOE constraints. The net charge of the protein and the DNA were
neutralized by counterions. Approximately 5000 water molecules were
modeled by the TIP3P method (Jorgens¢ral., 1983). Approximation
of the electrostatic force by truncated Coulombic potentials, which
ignores interactions beyond a chosen cut-off length, can distort the
molecular system significantly. In this study, long-ranged electrostatic
forces were taken into consideration by the particle mesh Ewald
method (Darderet al, 1993). The lengths of covalent bonds from
hydrogens were kept constant using the SHAKE method (van
Gunsteren and Berendsen, 1977).

Trajectories were generated every 0.002 ps under the pressure of

1 atm. For the first 20 ps the co-ordinates of the atoms in the protein
and the DNA, and of the counterions were kept the same, while
only the co-ordinates of the atoms of the water molecules were
changed. Temperature was kept constant at 300 K. For the following
6 ps only the co-ordinates of counterions and water molecule atoms
were changed for every 2 ps at 100, 200 and 300 K. For the
following 8 ps the calculation was continued by changing the co-

ordinates of all the atoms every 2 ps at 100, 150, 200 and 250 K.
The calculation was further continued for 302 ps at 300 K. The co-
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