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Structure of the CAP-DNA Complex at 2.5 Å
Resolution: A Complete Picture of the
Protein-DNA Interface

Gary Parkinson, Christopher Wilson, Angelo Gunasekera
Yon W. Ebright, Richard E. Ebright and Helen M. Berman*

Department of Chemistry and The crystallographic structure of the CAP-DNA complex at 3.0 Å
The Waksman Institute resolution has been reported previously. For technical reasons, the reported
Rutgers University structure had been determined using a gapped DNA molecule lacking two
New Brunswick phosphates important for CAP-DNA interaction. In this work, we report
NJ 08855-0939, USA the crystallographic structure of the CAP-DNA complex at 2.5 Å resolution

using a DNA molecule having all phosphates important for CAP-DNA
interaction. The present resolution permits unambiguous identification of
amino acid-base and amino acid-phosphate hydrogen bonded contacts in
the CAP-DNA complex. In addition, the present resolution permits
accurate definition of the kinked DNA conformation in the CAP-DNA
complex.

7 1996 Academic Press Limited

Keywords: catabolite activator protein (CAP); cAMP receptor protein
*Corresponding author (CRP); protein-DNA interaction; transcription; X-ray crystallography

Introduction

The Escherichia coli catabolite gene activator
protein (CAP; also referred to as the cAMP receptor
protein CRP) is a structurally, biochemically, and
genetically characterized transcription activator
protein (reviewed by Kolb et al., 1993). CAP
functions by binding, in the presence of the
allosteric effector cAMP, to specific DNA sites
located at or near promoters. The consensus DNA
site for CAP is 5'-AAATGTGATCTAGATCA-
CATTT-3' (Berg & Von Hippel, 1988; Ebright et al.,
1989; Gunasekera et al., 1992). The consensus DNA
site is 22 base-pairs in length and exhibits perfect
2-fold sequence symmetry. Positions 4 to 8 and 15
to 19 of the consensus DNA site (underlined above)
are the most important for CAP-DNA complex
formation.†

The crystallographic structure of CAP has been
determined to 2.5 Å resolution (Weber & Steitz,
1987). CAP is a dimer of two identical subunits,
each of which is 209 amino acids in length and
contains a helix-turn-helix DNA binding motif
(reviews of the helix-turn-helix motif by Brennan,
1992; Pabo & Sauer, 1992). The crystallographic
structure of the CAP-DNA complex has been
determined to 3.0 Å resolution (Schultz et al., 1991).
The CAP-DNA complex is approximately 2-fold
symmetric: one subunit of CAP interacts with one
half of the DNA site; the other subunit of CAP
interacts in an approximately 2-fold-symmetry-re-
lated fashion with the other half of the DNA site.
The majority of CAP-DNA interactions are medi-
ated by the helix-turn-helix DNA binding motif
present in each subunit of CAP. CAP sharply bends
DNA in the CAP-DNA complex (Porschke et al.,
1984; Wu & Crothers 1984; Liu-Johnson et al., 1986;
Kotlarg et al., 1986; Schultz et al., 1991). The
magnitude of the CAP-induced DNA bend is 90°;
the orientation of the CAP-induced DNA bend is
such that the DNA wraps towards and around the
sides of CAP.

The DNA molecule used in the previous
crystallographic study of the CAP-DNA complex
consisted of two 15 base-pair half-site oligodeoxyri-
bonucleotide duplexes annealed through 3'-over-
hanging ends (DNA molecule ‘‘31-2’’; Figure 1(b);
Schultz et al., 1990, 1991). Using two half-site
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et al. (1991) (Figure 1(a), convention 2).

0022–2836/96/280395–14 $18.00/0 7 1996 Academic Press Limited



Structure of the CAP-DNA Complex396

oligodeoxyribonucleotide duplexes rather than an
intact, full-site oligodeoxyribonucleotide duplex
avoided complications due to the hairpin formation
by full-site oligodeoxyribonucleotides and facili-
tated the preparation of a series of different DNA
molecules for crystallization trials (Schultz et al.,
1990, 1991). However, the use of the particular
half-site oligodeoxyribonucleotide duplexes of
Schultz et al. resulted in a DNA molecule that
lacked two phosphates known from ethylation-in-
terference experiments (Majors, 1977; Shanblatt &
Revzin, 1986) to make critical interactions with
CAP; i.e. the phosphate 5' to the bottom-strand
nucleotide at position 9', and the phosphate 5' to the
top-strand nucleotide at position 14. Thus, use of
the half-site oligodeoxyribonucleotide duplexes of
Schultz et al. (1991) precluded obtaining infor-
mation about known critical interactions. Consist-
ent with the loss of known critical interactions,
electrophoretic mobility shift DNA binding exper-
iments indicate that the half-site oligodeoxyribonu-
cleotide duplexes of Schultz et al. (1990) bind at
least three orders of magnitude less well to CAP
than does an intact, full-site oligodeoxyribonucle-
otide duplex (A.G., Y.W.E. & R.H.E., unpublished
results).

The DNA seen in this complex has served as a
model for the understanding of DNA bending and

has been the subject of studies that have attempted
to relate sequence and protein interactions to the
DNA conformation (Zhurkin et al., 1991; Gorin
et al., 1995, Ivanov et al., 1995). Studies of this nature
depend on detailed analyses of the base mor-
phology parameters and would benefit from a more
accurate model of the DNA.

In this work, we report the crystallographic
structure of the CAP-DNA complex at 2.5 Å
resolution using a DNA molecule containing all
phosphates important for CAP-DNA interaction
(DNA molecule ‘‘31-2E’’; two 15 base-pair half-
site oligodeoxyribonucleotide duplexes annealed
through 5'-overhanging ends, Figure 1(c)). The
higher resolution, as well as the use of an updated
DNA parameter file (Parkinson et al., 1996), provide
an improved model for the complex and each of its
components.

Results

Overall structure

Figure 2(a) shows the structure of the CAP-DNA
complex at 2.5 Å resolution. The CAP-DNA com-
plex exhibits approximate 2-fold symmetry and
consists of the CAP dimer (residues 9 to 207 for
subunit A; residues 9 to 204 for subunit B), two

Figure 1. (a) DNA site for CAP. There are two conventions for numbering of positions within the DNA site for CAP:
convention 1 (Ebright et al., 1984a,b, 1987, 1989; Zhang & Ebright, 1990; Zhang et al., 1991; Gunasekera et al., 1992)
and convention 2 (Schultz et al., 1991). In this paper we use convention 1. (b) DNA molecule ‘‘31-2’’ used in the
previously reported structure of the CAP-DNA complex (Schultz et al., 1990, 1991). DNA molecule ‘‘31-2’’ contains
symmetry-related single-phosphate gaps between positions 9' and 10' and 13 and 14 (filled bars; see the text). (c) DNA
molecule ‘‘31-2E’’ used in the present structure of CAP-DNA complex. DNA molecule ‘‘31-2E’’ contains
symmetry-related single-phosphate gaps between positions 9 and 10 and 13' and 14' (filled bars; see the text).
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(a)

(b)

Figure 2. (a) Structure of the CAP-DNA complex at 2.5 Å resolution. For the DNA, the bases and backbone are shown.
The protein is represented as a ribbon diagram. (b) Least-squares superimposition of the previously reported structure
of the CAP-DNA complex (fine lines; Schultz et al., 1991) and the present structure (bold lines). Insets present enlarged
views of the transcription activating region (residues 155 to 165; Zhou et al., 1993, 1994; Heyduk et al., 1993) and the
helix-turn-helix motif (residues 169 to 191).
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molecules of cAMP bound to the CAP dimer, and
a sharply bent DNA duplex. The overall DNA bend
angle is 87°. The present structure at 2.5 Å
resolution is similar to the previously reported
structure at 3.0 Å resolution (Schultz et al., 1991;
Figure 2(b)). The average r.m.s. differences between
the present structure and the previously reported
structure are 0.53 Å for CAP backbone atoms, 1.2 Å
for CAP side-chain atoms, and 0.87 Å for DNA
atoms.

The fact that the CAP-DNA complex exhibits
approximate 2-fold symmetry rather than perfect
2-fold symmetry appears to be a consequence of
asymmetric packing environments in the crystalline
lattice. The pseudo-2-fold axis of the CAP-DNA
complex does not coincide with a crystallographic
2-fold axis, and therefore the packing environments
of half-complexes A and B are substantially dif-
ferent. The packing environment of half-complex B
tightly constrains the DNA conformation in
half-complex B and is incompatible with the DNA
conformation in half-complex A. In contrast, the
packing environment of half-complex A does not
tightly constrain the DNA conformation in half-
complex A and is compatible with the DNA
conformation in half-complex B. We infer that, in
solution, the CAP-DNA complex is likely to be
perfectly or nearly perfectly 2-fold symmetric and
is likely to exhibit CAP conformation, DNA
conformation, and CAP-DNA contacts correspond-
ing to those in the A half-complex in the
crystallographic structure.

CAP structure

In both CAP subunits, the domain-domain
interface is in a ‘‘closed’’ conformation (see Weber
& Steitz, 1987), and the bound cAMP molecule
exhibits an anti glycosidic-bond conformation
(Figure 2(a),(b)).

There are subtle differences in the structure of
CAP in the present structure as compared to in the
previously reported structure (Schultz et al., 1991;
Figure 2(b)), especially on the protein surface, at
turns, and at sites involved in packing interactions
in the crystalline lattice. The largest difference is for
residues 150 to 165 as shown in Table 1. There are
several large differences in the p, 8 values that
result in a loss of hydrogen bond contacts in the
loops. This difference is of importance in that
residues 150 to 165 comprise the ‘‘activating
region’’ of CAP, which makes direct protein-pro-
tein contact with RNA polymerase in transcrip-
tional activation (Zhou et al., 1993, 1994a,b; Heyduk
et al., 1993; Chen et al., 1994). In the present
structure, residues 150 to 165 fold as a canonical b
turn, with residues 159 through 162 being positions
i through i + 4. Half-complex A has a type (2:4) turn
while half-complex B has a type (6:6) turn (Sibanda
et al., 1989). Residues 150 to 165 exhibit much
higher than average temperature factors; 44 Å2 in
half-complex A, 47 Å2 in half-complex B. Average
temperature factor for surface amino acid residues
135 Å2, indicating that residues 150 to 165 have
high conformational flexibility.

DNA structure

The DNA contains two extremely sharp kinks
between pseudo symmetry-related nucleotide pairs
6 and 7 in half-complex A and 16 and 17 in half
complex B (‘‘primary kinks’’; Figures 2, 3(a)). The
primary kinks exhibit roll angles of 52° and 35° and
twist angles of 17° and 12° (Babcock & Olson, 1993;
Figure 3(c)). The DNA deformation in each primary
kink is remarkably localized, with all DNA defor-
mation occurring at a single nucleotide pair-
nucleotide pair step and with the flanking
nucleotide pairs exhibiting the standard B-DNA
geometry (Figure 3(c)). The primary kinks result in

Table 1. Distances and angles
A. Hydrogen bonding distances in the activating region

Distance i-j (Å)
Atom i Residue Atom j Residue Half-complex A Half-complex B

N Met157 O Gln164 3.2 (2.9) 3.5 (2.7)
N His159 O Gly162 3.4 (3.0) 4.5 (2.9)
N Asp161 O His159 3.1 (2.9) 3.3 (2.6)
N Gly162 O His159 3.9 (2.9) 4.1 (3.5)
ND1 His159 O Asp161 2.8 (2.9) 2.9 (3.8)

B. Torsion angles
Half-complex A Half-complex B

Residue 8(°) c(°) 8(°) c(°)
Met157 −68 (−82) 150 (141) −130 (−90) 128 (154)
Thr158 −82 (−52) 150 (141) −38 (−92) 93 (150)
His159 −139 (−132) 141 (135) −78 (−129) 150 (100)
Pro160 −40 (−53) −59 (−36) −43 (4) −65 (−78)
Asp161 −112 (−129) 134 (98) −120 (−111) 87 (109)
Gly162 68 (124) 176 (−175) 95 (123) 115 (170)
Met163 −106 (−131) 135 (136) −48 (−100) 166 (158)
Gln164 −91 (−113) 107 (127) −111 (−129) −177 (124)

The numbers in parentheses are the values found in the CAP-DNA by Schultz et al.
(1991).



Structure of the CAP-DNA Complex 399

(a)

(b)

Figure 3(a–b) legend overleaf
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(c)

Figure 3. (a) Stereo diagram of the primary DNA kink (half-complex A, positions 3 to 10). (b) Stereo diagram of
the secondary DNA kink (half-complex A, positions −3 to 3). (c) DNA helical parameters: roll, twist, tilt and propeller
twist (calculated as described by Babcock & Olson, 1993). Illustrations in this and subsequent Figures were prepared
using MOLSCRIPT (Kraulis, 1991).

compression of the DNA major groove from 17.5 Å
in standard B-DNA to 14.4 Å and 16.8 Å in
half-complexes A and B, respectively, and expan-
sion of the DNA minor groove from 17.5 Å in
standard B-DNA to 19.4 Å and 20.0 Å in half-com-
plexes A and B, respectively (distances measured
from phosphate 7 to 7' and 16' to 16, respectively).
Most of the DNA bend angle of 87° in the
CAP-DNA complex is accounted for by the primary
kinks.

The DNA contains two additional and less sharp
kinks between symmetry-related nucleotide pairs
−1 and 1 in half-complex A, and 22 and 23 in
half-complex B (‘‘secondary kinks’’; Figures 2, 3(b)).
The secondary kinks exhibit roll angles of
approximately −22° and −16° (Figure 3(c)). The
secondary kinks are less highly localized than the
primary kinks, with DNA deformation distributed
over 1-2 adjacent DNA base-pairs. The secondary
kinks result in compression of the DNA minor
groove from 11.5 Å in standard B-DNA to 6.7 Å

and 8.3 Å in half-complexes A and B, respectively
(distances measured from phosphate −3' to 2 and
24 to 21', respectively). The secondary kinks are
located within A/T-rich DNA segments. The
A/T-rich DNA segments exhibit unusually large
nucleotide-pair propeller twists, and at their
junctions with non-A/T-rich DNA segments, low
twist angles. The A/T-rich character of these DNA
segments probably facilitates CAP-induced kink-
ing (see Gartenberg & Crothers, 1988; Dalma-
Weiszhaus et al., 1990).

There are relatively large differences in DNA
conformation between our structure and the
structure previously reported (Schultz et al., 1991).
These occur at the positions flanking the phos-
phates that are present in the previously reported
structure but missing in our structure: nucleotides
9, 10, 13', and 14'. R.m.s. differences for these
nucleotides are 0.88 Å. In terms of the base
morphology, the propeller twist of the base-pairs
show dramatic differences between the two
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Table 2. CAP-DNA contacts
A. Half-complex A
Base contacts

Hydrogen bonds
Atom i Residue Chain Atom j Residue Distance i-j (Å)
N7 G5 C NH2 Arg180 3.3
O6 G5 C NH2 Arg180 2.5
N7 G7 C NH1 Arg185 2.8
O6 G7 C NH1 Arg185 3.5
N4 C7' F OE2 Glu181 2.7

Thymine methyl interactions (<4.2 Å)
C5A T4 C NE Arg180 3.8
C5A T4 C OE1 Gln170 3.9
C5A T6 C CE Glu181 3.5
C5A T6 C NZ Arg185 3.8
C5A T8' C CD Glu181 3.1

Phosphate contacts
Hydrogen bonds

Atom i Residue Chain Atom j Residue Distance i-j (Å)
O2P T10' F N Val139 3.3
O2P G9' F OG Ser179 3.0
O2P G9' F N Ser179 3.3
O2P G9' F CB Thr182 3.3
O2P G9' F OG1 Thr182 2.4
O2P T-1' F O His199 3.3
O1P T-2' F NZ Lys166 3.3
O1P C-3' F NZ Lys26 3.4
O2P C-3' F NZ Lys26 3.2
O1P G3 C NE2 Gln170 3.1
O1P T4 C N Gln170 3.5
O2P T4 C NH1 Arg169 2.9
O2P T4 C N Arg169 3.0
O1P T6 C NZ Lys188 3.0

B. Half-complex B
Base contacts

Hydrogen bonds
Atom i Residue Chain Atom j Residue Distance i-j (Å)
N7 G18' E NH1 Arg180 3.5
O6 G18' E NH1 Arg180 2.6
N7 G14 D NH2 Arg185 2.7
O4 T15 D NH1 Arg185 3.5
N4 C16 D OE1 Glu181 3.4

Thymine methyl interactions (<4.2 Å)
C5A T19' E NE2 Gln170 4.1
C5A T15 E CG Glu181 3.9

Phosphate contacts
Hydrogens bonds

Atom i Residue Chain Atom j Residue Distance i-j (Å)
O2P T13 D N Val139 3.1
O1P G14 D N Ser179 3.4
O2P G14 D OG1 Thr182 2.7
O2P T22 D NE2 His199 3.4
O1P T19' E N Gln170 2.9
O1P T19' E N Arg169 3.2
O2P T19' E N Arg169 2.5

structures most noticeably in the region of the
primary kink.

CAP-DNA interactions: bases

Three amino acids of CAP make hydrogen bonds
with DNA base edges: i.e. Arg180, Glu181, and
Arg185 (Table 2; Figures 4(b), 5(a)).

The contacts by Arg180 and Glu181 in the
present structure are essentially as in the previous
structure (Schultz et al., 1991; Figure 4). In
half-complex A, the guanidinium side-chain of

Arg180 forms hydrogen bonds with the O6 and N7
atoms of G5, and the carboxylate side-chain of
Glu181 forms a hydrogen bond with the N4 atom
of C7'. In half-complex B, Arg180 and Glu181 form
symmetry-related hydrogen bonds with G18' and
C16.

The contacts by Arg185 differ from those in the
previous structure (Schultz et al., 1991; Figure 4). In
half-complex A, the guanidinium side-chain of
Arg185 forms hydrogen bonds with the O6 and N7
atoms of G7, one water-mediated hydrogen bond
with the N7 atom of G9', and another water-medi-
ated hydrogen bond involving a different water
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molecule with the phosphate of T6. In half-complex
B, the guanidinium side-chain of Arg185 donates
hydrogen bonds to the O4 atom of T15 and the N7
atom of G14.

CAP-DNA interactions: phosphates

As described in the Introduction, the DNA
molecule in the previously reported structure
(Schultz et al., 1991) was missing the DNA
phosphates of symmetry-related nucleotides 9'
and 14 (Figures 1(b), 4(a)). The DNA molecule in
the present structure contains these phosphates
(Figure 1(c), 4(b)) and thus permits for the first time
definition of interactions involving these phos-
phates. The present structure shows that CAP
makes extensive hydrogen-bonded interactions
with these phosphates (Table 3; Figures 4(b), 5(b)).
In each half-complex, the backbone NH of Ser179
forms one hydrogen bond with the phosphate in
question, and the hydroxyl side-chains of Ser179
and Thr182 both form hydrogen bonds with the
phosphate in question.

Discussion

Structure

The improved resolution of the present structure
permitted unambiguous interpretation of the DNA
geometry and of the hydrogen-bonded contacts
between CAP and DNA bases and DNA phos-
phates. It also permitted the inclusion of water
molecules in the CAP-DNA interface. The im-
proved resolution of the present structure is
attributable to: (1) use of a DNA fragment with all
phosphates important for CAP-DNA interaction,
(2) use of synchrotron radiation in data collection,
and (3) use of an improved DNA-structure
dictionary in refinement.

As described in Results, the structure of the
CAP-DNA complex is not perfectly 2-fold sym-
metric, and the differences from perfect 2-fold
symmetry appear to be due to asymmetric packing
environments in the crystalline lattice. Since the
conformation of half-complex A, but not half-
complex B, appears unconstrained by packing
environment in the crystalline lattice and thus is

Figure 4. Summary of CAP-DNA contacts in the structure of Schultz et al. (1991) (see footnote to p. 000). Contacts
in the half-complex A are from Schultz et al. (1991); contacts in the half-complex B are from the inspection of coordinates
(Brookhaven Protein Data Bank accession code 1cgp). (b) Summary of the CAP-DNA contacts in the present structure.
Contacts to the DNA phosphates missing in the structure of Schultz et al (1991) are in boldface.
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likely to correspond more closely to the confor-
mation in solution, the following discussion focuses
exclusively on interactions as observed in half-
complex A.

Implications for specificity

Otwinowski et al. (1988) have introduced a useful
distinction between ‘‘direct readout’’ and ‘‘indirect
readout’’. Direct readout refers to DNA-sequence
recognition mediated by direct hydrogen-bonded
or van der Waals interactions with DNA base-pairs.
Indirect readout refers to DNA-sequence recog-
nition mediated by the sensing of DNA-sequence-
dependent effects on DNA-phosphate position,
DNA-phosphate solvation, or susceptibility to
DNA deformation (such as protein-induced DNA
bending and protein-induced DNA twisting). In
principle, base-pairs can be recognized exclusively
through direct readout, exclusively through indi-
rect readout, or by a combination of direct and
indirect readout.

Direct readout

Of the four most highly conserved base-pairs
in the DNA half-site, three are clear candidates
for recognition through direct readout: i.e., G·C
base-pair 5, G·C base-pair 7, and A·T base-pair 8.

At G·C base-pair 5, Arg180 of CAP forms
H-bonds with the guanine O6 and N7 atoms
(Figure 5; Table 2). The experimentally observed

rank order of base-pair preferences at position 5
(G·C � T·A > A·T > C·G; Gunasekera et al., 1992) is
in agreement with rank order predicted by simple
enumeration of possible hydrogen bonds by
Arg180 (respectively, two hydrogen bonds, one
sub-optimal hydrogen bond, one sub-optimal
hydrogen bond, and zero hydrogen bonds; see
Seeman et al., 1976). More important, removal of the
side-chain of Arg180 eliminates base-pair prefer-
ences at position 5, in compelling agreement with
direct readout by Arg180 (Zhang & Ebright, 1990).

At G·C base-pair 7, Glu181 of CAP forms an
H-bond with the cytosine N4 atom, and Arg185
forms hydrogen bonds with the guanine O6 and
N7 atom (Figure 5; Table 3). The experimentally
observed rank order of base-pair preferences at
position 7 (G·C � T·A > A·T C·G; Gunasekera et al.,
1992) is in agreement with the rank order predicted
by enumeration of hydrogen bonds by Glu181 and
Arg185 (respectively, three hydrogen bonds, two
sub-optimal hydrogen bonds, one sub-optimal
hydrogen bond, and no hydrogen bonds). Elimin-
ation of the side-chain of Glu181 eliminates
base-pair preferences at position 7, in compelling
agreement with direct readout by Glu181 (Ebright
et al., 1984a,b, 1987; Ebright, 1991).

Indirect readout

Of the four most highly conserved base-pairs in
the DNA half-site of the CAP-DNA complex, T·A

(a)

Figure 5(a) legend overleaf



(b)

Figure 5. (a) Stereo diagram of contacts by CAP with DNA bases (half-complex A). (b) Stereo diagrams of contacts
by CAP and with DNA phosphates at symmetry-related positions 9' (half-complex A) and 14 (half-complex B). These
DNA phosphates were missing in the previously reported structure (Schultz et al., 1991).
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Table 3. Crystallographic and data collection parameters
Contents of asymmetric unit

Molecules of CAP 1 (dimer)
Molecules of DNA 1 (duplex)
Vm (Å3) 3.0

Space group C2221

Average unit cell
a (Å) 136.99
b (Å) 152.80
c (Å) 76.06

a = b = g (°) 90
Data collection parameters
Temperature (°C) −15
Crystal mounting capillary
Data collection source CHESS
Radiation (l) (Å) 0.908
Number of crystals used 9
Total reflections collected 165,000
Unique reflections collected 23,876
Rsym %a 11.47
Percentage of total to 2.5 Å, =F = > 2s 84.9

a Rsym = ShSk = < Ik − Iki > =/ShSiIk × 100.

(McNamara, et al., 1990; Zhurkin et al., 1991; Beutel
& Gold, 1992; Lyubchenko et al., 1993).

Prospect

The crystallographic structure of the CAP-DNA
complex at 2.5 Å resolution provides baseline
information for further analysis of DNA binding,
DNA bending, and transcription activation by
CAP. Determination of the crystallographic struc-
ture of mutant CAP-DNA complexes containing
mutant CAP derivatives and/or mutant DNA-site
derivatives is in progress.

Materials and Methods

CAP

CAP was purified by cAMP-affinity chromatography
as described by Zhang et al. (1991) except that the third
column wash was with 500 mM potassium phosphate
(pH 7.2), 0.1 mM EDTA, 2 mM dithiothreitol, 0.02%
(w/v) NaN3, and the column elution was with the same
buffer plus 5 mM cAMP. CAP was stored in elution
buffer in aliquots at −70°C. The typical yield was 10 mg
per liter of bacterial culture (protein estimated as
described by Bradford, 1976), and the typical purity was
greater than 98%.

Immediately before use in crystallization, 0.7 ml
samples of CAP were further purified by gel-filtration
chromatography on two consecutive 2.5 ml columns of
Bio-Gel P-6DG (Bio-Rad, Inc.) in 5 mM Tris-HCl (pH 7.5),
200 mM NaCl, 0.1 mM EDTA, 2 mM dithiothreitol, 0.02%
(w/v) NaN3, and concentrated to 0.2 mM by centrifugal
ultrafiltration (Centricon 30 filter unit, Amicon, Inc.;
5000 g; 80 minutes at 4°C).

DNA

The 17 nucleotide oligodeoxyribonucleotide 5'-ATAT-
GTCACACTTTTCG-3'and the 14 nucleotide oligodeoxy-
ribonucleotide 5'-GCGAAAAGTGTGAC-3' were syn-
thesized using solid-phase b-cyanoethylphosphoramidite
chemistry on an AB380A automated synthesizer
(Applied Biosystems Inc.). Oligodeoxyribonucleotides

base-pair 6 is a clear candidate for recognition
exclusively through indirect readout.

At T·A base-pair 6, CAP does not make any
hydrogen bonds with base-pair functional groups
(Figure 5). T·A base-pair 6, together with G·C
base-pair 7, form the primary CAP-induced DNA
kink. We propose that specificity for T·A at position
6 results from either: (1) effects of T·A at position
6 on the orientation of G·C base-pair 7 and thus on
the ability to make, or the free energy contribution
of, the contacts to G·C base-pair 7 by Glu181 and
Arg185; and/or (2) effects of T·A at position 6 on
susceptibility to DNA kinking. With respect to
mechanism (1), it is noteworthy that elimination of
the side-chain of Glu181 reduces or eliminates
specificity at position 6 (Ebright et al., 1987;
Gunasekera & Ebright, unpublished data). With
respect to mechanism (2), it is noteworthy that T·A
base-pair 6 is part of a T·A-G·C dinucleotide-pair
step, and is one that has been proposed to exhibit
higher-than-average susceptibility to DNA kinking

Table 4. Refinement statistics
Atoms included in refinement 6120
Solvent molecules included in refinement 286
Reflections with =F = > 2s between 10.0 Å and 2.5 Å 23,644
Reflections possible between 10.0 Å and 2.5 Å 27,527

Deviations from ideal geometry Combined Protein DNA
Bond lengths (Å) 0.017 0.018 0.015
Bond angles (°) 2.27 2.31 2.11
Torsion angles (°) 22.9 22.9 23.0
Improper torsion angles (°) 1.4 1.3 1.5
Average overall isotropic B factor (Å2) 30.9
Average B factor for solvent molecules (Å2) 40.3

Statistics Resolution range (Å) Percent observed =F = > 2s R-factora (%)
10.0–3.91 89 15.8
3.91–3.13 91 20.8
3.13–2.75 86 25.0
2.75–2.50 77 29.5

Cumulative 86 19.9
a R = S[=Fo= − =Fc=]/S=Fo=.
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were purified by trityl-on C18 reversed-phase HPLC
followed by trityl-off C18 reversed-phase HPLC.
Oligodeoxyribonucleotide concentrations were deter-
mined from absorbance at 260 nm using calculated
extinction coefficients (Fasman, 1977; 160,000 M−1 cm−1

for the 17 nucleotide oligodeoxyribonucleotide;
140,000 M−1 cm−1 for the 14 nucleotide oligodeoxyribonu-
cleotide). Oligodeoxyribonucleotides were annealed to
yield DNA molecule ‘‘31-2E’’ by combining 0.125 mmol 17
nucleotide oligodeoxyribonucleotide and 0.125 mmol 14
nucleotide oligodeoxyribonucleotide in 65 ml solution
containing 5 mM sodium cacodylate (pH 7.4), 200 mM
NaCl, 5 mM EDTA, heating for five minutes at 90°C, and
then allowing it to cool over 12 to 15 hours to 22°C.

CAP-DNA crystals

Crystals were grown by vapor diffusion as sitting or
hanging drops using conditions similar to those of
Schultz et al. (1990, 1991). Wells (1 ml) contained 50 mM
Mes-NaOH (pH 6.5), 200 mM NaCl, 100 mM MgCl2,
100 mM CaCl2, 0.02% (w/v) NaN3, 2 mM dithiothreitol,
2 mM spermine, 2 mM cAMP, 0.3% (w/v) n-octyl-b-D-
glucopyranoside, and 6.5% (w/v) polyethylene glycol
3350. Drops (3 to 20 ml) contained 0.1 to 0.2 mM CAP and
a 1.2- to 1.5-fold molar excess of DNA molecule 31-2E
in 50% well buffer. Crystals grew to approximately
0.4 mm × 0.3 mm × 0.25 mm in 30 to 72 hours at 19°C.
Crystals were stabilized by successive transfers into
stabilization solutions as described by Schultz et al. (1990,
1991) except that stabilization was carried out at 4°C over
a period of one hour. Immediately before data collection,
crystal temperature was reduced from 4°C to −15°C.

Data collection

X-ray crystallographic data were collected on the Fl
beam line at the Cornell High Energy Synchrotron Source
(CHESS), using a fixed monochromatic X-ray source of
wavelength 0.91 Å. Data were collected on Fuji image
plates or film using a rotation camera (Arndt, 1968) with
oscillation steps of 1.5° with a 0.2° overlap, and
collimation of 0.1 mm. The film-to-detector distance was
240 mm, and the crystal temperature was −15°C. One to
nine image plate exposures were recorded at each crystal
position, with exposure times of 6 to 12 seconds.
Typically, crystals decayed from 2.4 Å to 2.7 Å resolution
during each set of exposures. Nine crystals were used
and 71 image plates and films were generated. A
summary of crystallographic data and collection par-
ameters is presented in Table 3.

Processing, indexing and refinement of image plates
and films were performed as described (Rossmann, 1979,
1985; Rossmann et al., 1979). Merging, scaling, and
post-refinement of data were done using programs
developed specifically for synchrotron sources (Vriend
et al., 1986).

Data analysis

Initial phases were derived from the previously
reported structure at 3 Å (Schultz et al., 1991). The model
included residues 9 through 205 of CAP and all residues
of DNA; the initial R-factor was 36%. Rigid-body
refinement, including data with F > 2s to 3.5 Å resol-
ution, was followed by a combination of Powell
positional refinement and molecular dynamics using the
X-PLOR slow cool protocol (Brünger, 1992). The initial

annealing temperature of 2000 K was reduced during
subsequent cycles of refinement. Individual weights were
applied to both the protein and DNA constraints and
were monitored by checking the r.m.s. deviations of bond
distances, bond angles and dihedral angles. Rescaling
of constraints was applied to ensure balanced refine-
ment between the protein and the DNA. (A scale of
approximately 0.65 was found appropriate in most
cases.) Manual rebuilding, using CHAIN (Sack, 1988),
was used to improve the DNA backbone and protein
side-chain geometries. Omit maps, in which specific areas
of the protein and all DNA atoms were systematically
removed, were calculated as a method of checking each
section of the structure. After several cycles of refine-
ment, the R-factor was 22.5% for data between 10 to 2.5 Å
before the addition of water molecules.

Water molecules were included when three criteria
were met: (1) the spherical difference density map peaks
(Fo − Fc) were greater than 3s, (2) the peaks overlapped
observed density in the 2Fo − Fc maps, and (3) the
modeled waters were within hydrogen bonding distance
of acceptor or donor atoms on DNA or protein.
Individual water temperature factors were refined and
water molecules removed when the temperature factor
was greater than 55 Å2.

In the final stages of refinement, a new dictionary for
DNA parameters was used (Parkinson et al., 1996). This
resulted in lower r.m.s. deviations and improved electron
density maps. The final refinement statistics are
presented in Table 4. The final R-factor was 19.9% for
23,644 reflections, with F > 2s between 10 and 2.5 Å
resolution. Ramachandran analysis using the program
PROCHECK (Laskowski et al., 1992) indicated that 81%
of the residues were in the most favored region and
2% within the generously allowed region. Only one
non-glycine residue, Glu78 of half-complex A, was in a
disallowed region. Analysis of the DNA geometry, using
programs developed by the Nucleic Acid Database
(Berman et al., 1992), indicates that all parameters were
within acceptable ranges.
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