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ABSTRACT Calculation of the electrostatic potential en-
ergy surfaces of Escherichia coli catabolite gene activator pro-
tein (CAP) dimer suggests a model for the complex between
CAP and a specific DNA sequence. The positive electrostatic
charge density of CAP lies on the two COOH-terminal do-
maips and about 20-30 A from the molecular 2-fold axis. As-
suming that the 2-fold axes of the CAP dimer and the DNA to
which it binds are coincident, the positions of the positive elec-
trostatic potential surfaces strongly suggest the rotational ori-
entation of the DNA relative to the protein. A specific complex
between CAP and its DNA binding site in the lac operon has
been built with the DNA in this orientation. The amino ends of
the two protruding F a-helices interact in successive major
grooves of the DNA. Four side chains emanating from each F
helix can form hydrogen bonds with the exposed edges of four
bases in the major groove. Electrostatic considerations as well
as the necessity to make interactions between CAP and a DNA
site as much as 20 base pairs long require us to bend or kink
the DNA. In our model of CAP complexed with B-DNA, as
with those proposed for Cro and XcI repressors, the protrud-
ing second helices of the two-helix motif from both subunits
interact in successive major grooves of B-DNA. However, un-
like Cro and similar to XcI, the protruding a-helices are nearly
parallel to the bases rather than the groove.

The catabolite gene activator protein (CAP), also known as
the cyclic AMP receptor protein (CRP), regulates transcrip-
tion from many operons in Escherichia coli (1-3). In the
presence of the allosteric effector cAMP, CAP binds to spe-
cific DNA sites at or near the promoter. CAP stimulates
transcription from some operons, such as the lac and gal
operons, while it inhibits transcription from others, such as
the ompA (4) and crp genes (5). CAP also binds nonspecifi-
cally to DNA in both the presence and absence of cAMP.
The structure of the 45,000-Da CAP dimer complexed with
cAMP has been solved at 2.9-A resolution (6, 7), and the
coordinates have been partially refined at 2.5-A resolution
(unpublished data). The CAP subunit consists of a large
NH2-terminal domain that binds cAMP, and a smaller
COOH-terminal domain is implicated in DNA binding.
The crystal structures of CAP (6, 7), A phage cro protein

(8), and a proteolytic fragment of XcI repressor (9), three
proteins that regulate transcription, have led to a number of
general conclusions concerning the structural basis of DNA
sequence recognition by proteins. The structures of CAP
and cro contain an identical two a-helix structure (10) as
does the NH2-terminal proteolytic fragment of XcI repressor
(11). Sequence homologies found between these proteins
and other transcription regulators (12-14) suggest that this
two-helix motif will be found in many repressors and activa-
tors. Mutations in surface residues that alter DNA binding
lie in this two-helix motif in XcI protein (15) as do mutations

that abolish its ability to activate transcription (16). Thus, it
is likely that the two-helix motif is directly involved in DNA
sequence recognition. A detailed model of cro interacting
with its operator DNA has been presented (17), and less de-
tailed models for CAP (18) and XcI interaction (19) have been
published. We conclude here that all three proteins interact
with DNA in related, though not identical, ways.
McKay and Steitz (6) noted that the shape of the a-carbon

backbone structure of CAP is complementary to the struc-
ture of a left-handed B-DNA, and they suggested that CAP
might bind to left-handed B-DNA with one protruding a-he-
lix from each subunit fitting into successive major grooves.
They pointed out that if specific CAP binding converts two
turns ofDNA from right- to left-handed, the super helix den-
sity of closed circular DNA would be altered. Kolb and Buc
(20) measured the change that occurs in the super helix den-
sity on binding CAP to specific sites in closed circular DNA
and found very little change, which demonstrates that CAP
binds to right-handed B-DNA.
Here we use the electrostatic complementarity between

CAP and DNA to determine the orientation of B-DNA rela-
tive to the protein. The electrostatic charge distribution is
calculated using the solvent accessibility modified Tanford-
Kirkwood theory that was developed by Gurd and co-work-
ers (21). The method has previously been applied to. ribonu-
cleases (22) and to a complex of flavodoxin and cytochrome
c (23). Our calculations strongly suggest the orientation of
DNA when bound to CAP and are also consistent with the
possibility that CAP is bending or kinking the DNA. Specific
side-chain interactions between CAP and DNA are pro-
posed. Preliminary accounts of the electrostatic calculations
and model building with B-DNA were presented at the 1982
Cold Spring Harbor Symposium (18) and at the 1983 Bioste-
reodynamic Symposium (24).

RESULTS
Electrostatic Complementarity in CAP-DNA Model. The

positive electrostatic charge density of the CAP dimer lies on
the two COOH-terminal small domains and extends along
the outside of the two protruding F a-helices (Fig. la). It is
similar, but not identical, on the two subunits due to the non-
equivalent conformation of the subunits. The net negative
electrostatic charge potential lies on the cAMP-binding NH2-
terminal domains (18). The positive electrostatic charge den-
sity is concentrated away from the molecular symmetry axis
and is located more on the sides of the DNA binding domains
rather than on the top, as viewed in Fig. la. The location of
positive electrostatic charge potential strongly suggests the
orientation of B-DNA bound to the small domains of CAP. If
we assume that in the CAP-DNA complex the approximate
2-fold axis of the CAP dimer is coincident with the approxi-
mate 2-fold axis of DNA, then there are only two parameters

Abbreviations: bp, base pair(s); CAP, catabolite gene activator pro-

tein.
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FIG. 1. (a) The positive (dashed lines) electrostatic potential energy surfaces of the CAP dimer with cAMP are shown together with the a-
carbon backbone of CAP and 24 bp of B-DNA (25) bent to a radius of curvature of 70 A. The electrostatic potential surfaces were calculated
using a modification (21, 22) of the Tanford-Kirkwood theory (26) and are contoured at levels of 2 kT outside the van der Waals surface of the
protein. The charged sites were taken from the crystallographic coordinates of the titratable amino acid side chains and the phosphates of the
two bound molecules of cAMP. The electrostatic work factors were taken from ref. 27, and the calculation was performed for an ionic strength
of 0.01 and at pH 7.0. (b) The CAP-DNA complex and the positive electrostatic potential are viewed along their mutual 2-fold axis. Only the
COOH-terminal domains of CAP are shown. The DNA is oriented to best overlap the positive electrostatic potential of CAP in this projection.
The model was built with an Evans and Sutherland Picture System 2 Interactive Graphics interfaced to a PDP 11/70 computer. The molecular
graphics computer program FRODO was modified by Steve Anderson to allow the adjustment of the DNA relative to the protein.

left to relate the DNA and the protein-their relative rota-
tional orientation and the distance between them. Only one
relative orientation of DNA and protein strongly overlaps
the negative electrostatic potential surface of the DNA with
the positive electrostatic potential surfaces of the protein
(18) (Fig. lb), and we have used it in building the specific
complex. This orientation also maximizes the interactions
between the F a-helices and the major grooves of B-DNA.
A Specific CAP-DNA Complex. In the model for the com-

plex between CAP and the specific DNA sequence to which
it binds in the lac operon, hydrogen bonds are formed be-
tween side chains of the protein and the exposed edges of
base pairs in the major groove and to the sugar-phosphate
backbone. The electrostatic free energy calculated for the
formation of this complex of CAP and straight DNA (28) is
-10.5 kcal/mol (1 cal = 4.184 J) at pH 7.0 and 0.01 ionic
strength. This was calculated by subtracting the electrostatic
energy of the two separate molecules from that of the com-
plex.
The number of interactions between CAP and DNA can

be increased by bending or kinking the DNA so that it con-
tacts more of the protein surface and also is closer to the
positive electrostatic potential surface. The DNA may be
smoothly bent to some appropriate radius of curvature, as
we have done. However, it must be recognized that it could
be singly or multiply kinked at specific locations to result in
a bend of somewhat different conformation. Bending the
DNA lowers the electrostatic free energy of complex forma-
tion by -1 kcal/mol, to -11.4 kcal/mol. Furthermore, a
smooth bend to a radius of 70 A allows CAP to make addi-
tional interactions over 20-21 base pairs (bp) of DNA. Two
arginine-180 side chains, one from each F helix, now make
hydrogen bond interactions with two guanine bases instead

of interacting mainly with the phosphates. Bending the DNA
also allows additional interactions to the sugar phosphate
backbone at the extreme ends of the site by lysine-201 and
glutamine-170. Although some or all of the increased con-
tact between CAP and DNA could result from a change in
the CAP structure, the number of possible conformational
changes is too large to be explored usefully by model build-
ing.

In this model with bent DNA (Figs. 2-5) there are 14 hy-
drogen bonds that have been made between 8 protein side
chains and the exposed edges of 8 bp in the major grooves
(Fig. 5). These are arginine-180, glutamate-181, arginine-185,
and lysine-188 from the F a-helix of each subunit. The posi-
tion of glutamate-181, which makes hydrogen bond interac-
tions with two adjacent base pairs, may be stabilized by salt
bridges to arginine-180 or lysine-188. Furthermore, 9 hydro-
gen bonds or salt links can be made to the phosphates of the
DNA backbone. Since the DNA to which CAP binds may
not have precisely the regular structure that has been as-
sumed and the protein conformation could also change,
there may be more interactions in the complex than we have
described. CAP binds most tightly to the lac operon; 0.5,
1.5, and 2.4 kcal/mol less tightly to the Mal T, gal, and lac 2
operons; and 2.7 kcal/mol less tightly to the L8 mutant in the
lac operon (32). Models with these DNAs appear to have one
fewer hydrogen bond in the case of Mal T and two fewer
hydrogen bonds for the others. Model building predicts that
CAP may bind in a similar manner to other known sites.

DISCUSSION
Guided by the location of the positive electrostatic charge
potential in CAP, we have oriented DNA on CAP and con-
structed a detailed model of a complex between CAP and the
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FIG. 2. A schematic drawing of the two CAP DNA binding do-
mains interacting with the CAP binding site in the lac operon. On the
right is a summary of results from chemical (29, 30) and enzymatic
(31) protection by CAP binding in the lac operon. These data suggest
that CAP is interacting with 18-24 bp. Dots mark phosphates in
which ethylation prevents CAP binding; circled Gs are protected
from methylation when CAP binds; * indicates the lac L8 and L29
mutations that decrease CAP affinity. Boxed sequences are >75%
conserved in eight sequenced CAP sites (18), and the x indicates a T
that can be crosslinked to CAP (29).

DNA sequence to which it binds in the lac operon (Figs. 2-
5). This complex maximally overlaps the positive electro-
static potential of CAP with the negative potential of DNA
and is calculated to have an electrostatic contribution to its
stability of approximately -11 kcal/mol. Various experi-
mental data on the expected nature of the CAP-DNA com-

plex appear to be in broad agreement with this model (Fig.
2).
DNA sequences of CAP binding sites in various operons

suggest that CAP is recognizing a sequence spanning 17 to 19
bp and making some interactions over a region spanning as
much as 20 bp. The chemical protection data (29) are consist-
ent with the model of CAP binding to bent DNA as follows:

(i) All of the phosphates in which ethylation decreases
binding (30) are either in contact with the protein or within 5
A of it (Fig. 2), except for two positions at the extreme end
of the site.

(ii) Guanines in which methylation by dimethyl sulfate is
prevented by CAP binding (29, 30) are hydrogen-bonded to
arginine-180 and lysine-188.

(iii) The thymine that can be crosslinked to CAP by UV
irradiation (29) is in contact with threonine-182 and is 8 A
from the thiol of cysteine-178.

(iv) The G-C base pair that is changed to A-T in the lac L8
and L29 mutations (33) is interacting with lysine-188 and glu-
tamate-181 in our model. While this manuscript was in prep-
aration, R. Ebright, J. Beckwith, P. Cossart, and B. Gicquel-
Sanzey (personal communication) selected a CAP revertant
to the L8 or L29 mutations. They found that a change from
glutamate-181 to leucine, valine, or lysine increased CAP af-
finity for lac L8 or L29 DNA. These results (obtained after
the construction of our model) provide support for our spe-
cific model. Ebright et al. have proposed a similar model
based on different criteria. Since glutamate-181 does not in-
teract with DNA in the model complex with left-handed
DNA, these genetic data also support the conclusion that
CAP does not bind to left-handed DNA.
Comparison of the sequences of the numerous sites to

which CAP binds specifically suggests that CAP shows pref-
erence for a sequence 5' A-A-N-T-G-T-G-A-N-N-T 3' on
one side of the 2-fold axis in the site (18) (Fig. 2). In our
model of the complex, specific interactions between protein
side chains can only be made with the exposed edges of 4 bp,
5' G-T-G-A 3' (Figs. 4 and 5). The apparent preference of
CAP for the preceding A-A-N-T sequence may arise from
CAP recognizing a sequence-dependent variation in the sug-
ar-phosphate backbone structure. Bending the DNA in our
model of a CAP complex increases both the favorable elec-
trostatic free energy of interaction and the number of con-
tacts between CAP and DNA. As pointed out earlier (18),
straight DNA can only interact with CAP over a 14-bp

FIG. 3. A stereo drawing of one COOH-terminal domain of CAP interacting with one-half of the DNA binding site. Only those protein side
chains that are proposed to interact with DNA are shown, together with the a-carbon backbone.
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FIG. 4. A stereo drawing of a portion of the CAP-DNA complex showing four amino acid side chains from CAP hydrogen-bonded to the
exposed edges of 4 bp in the major groove.

stretch. Experimental evidence suggesting bending has been
obtained by Wu and Crothers (34), who conclude from the
anomalously low gel mobility of a CAP complex with a 203-
bp lac operator fragment that CAP bends DNA by some un-
known amount.

Since the two DNA binding domains of the CAP dimer are
not related by a precise 2-fold axis in the crystal (6), the in-
teractions between CAP and DNA are also not precisely 2-
fold symmetric (Fig. 5). In our current model, some of the
interactions made by the two subunits with sugar-phosphate
backbone differ as shown by comparison of Fig. 5 a and b.
Several observations suggest that the CAP structure in the
CAP-DNA complex may be asymmetrical (35, 36). Howev-
er, we cannot exclude the possibility that the asymmetric
structure of CAP in the crystal is a result of the crystal envi-
ronment and not a property of the dimer in solution.
Comparison with Models of cro and XcI Complexes. There

are several general conclusions that can be made about the
mechanisms of DNA sequence recognition by regulatory
proteins from the structures and proposed DNA complexes
of X phage cro repressor (17), cI repressor fragment (19), and
CAP. It appears that much of the specific sequence recogni-

tion is achieved by a two a-helix structural motif that is com-
mon to these three proteins (10, 11) and probably to many
sequence-specific DNA binding proteins (12-14). The sec-
ond helix of the two-helix structure (i) protrudes from the
surface of the protein, (ii) is separated by 34 A across a mo-
lecular diad axis from a dimer related mate, and (iii) is pro-
posed to interact in the successive major grooves of B-DNA.
Some of the specific DNA sequence recognition is achieved
by hydrogen bonds formed between side chains from the
protruding helix and the edges of base pairs exposed in the
major groove. Furthermore, the same residue positions in
the two-helix motif appear to be making the DNA interac-
tions in all three cases (Fig. 6). Additional specific interac-
tions, with both the bases and the backbone, are likely to be
made by either the extreme NH2 or extreme COOH terminus
of cro and XcI (17, 37) and may also occur with CAP (6).
There are, however, differences among the three known

regulatory protein structures and their proposed complexes
with DNA. Although each protein has the two-helix tertiary
structure motif, the quaternary structure of these proteins
differs in a manner that makes the tilt of the two dimer-relat-
ed protruding helices (F in CAP and a3 in cro and Xci) rela-
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FIG. 5. A schematic diagram of some of the interactions proposed between the two small domains of a CAP dimer and its DNA binding site
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a HELIX E a HELIX F

CAP I-T-R-6-E-I -G-Q-I -V-G-C-9A-E-T-V-G-0- I -L-K-
4F* * XF*** **X *

CRO F-G-Q-T-K-T-A-K-D-L-G-V-Y-Q-S-A-I-N-K-A-I-H
* XF*** * *

XCI L-S-Q-E-S-V-A-D-K-M-G-M-G-Q-S-G-V-G-A-L-P-N-

FIG. 6. Comparison of the homologous amino acid sequences of
CAP, cro, and XcI in the region of the CAP E and F helices. Resi-
dues proposed to interact with DNA in each case (17, 19) are shown
by an asterisk. Amino acids are represented by the standard one-
letter abbreviations.

tive to the line connecting their centers different, which af-
fects the ways that it is possible to fit the protruding a-heli-
ces into the major groove. In the cro-DNA model the a3-

helix axis is nearly parallel to the major groove, which is
inclined at about 32° to the plane of the bases, whereas in
both the XcI and CAP models with DNA the F helix is nearly
parallel to the bases and therefore does not extend as far into
the groove, so that fewer interactions are possible. It ap-
pears that, although the two-helix DNA binding motif has
been conserved, the exact way in which it interacts with
DNA has not.
A second difference between cro and CAP is the location

of the positive electrostatic potential. The positive electro-
static charge potential of cro (38) lies entirely between the
two a3-helices in cro, whereas it lies outside the F helices in
CAP. This may suggest that the extent and manner in which
CAP is bending or kinking the DNA is both greater and dif-
ferent from the effect of cro on DNA.

Although the overall orientation of DNA on CAP and
many of the specific interactions have probably been cor-
rectly identified, the extent and nature of protein-induced
changes in the DNA structure and vice versa cannot be
guessed by model building.
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