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ABSTRACT It is shown that there is a structural similarity
between the presumed DNA-binding regions of the Escherichia
coli catabolite gene activator protein (‘CAP”) and the cro repres-
sor protein (“cro”) from bacteriophage A. The correspondence
between the two proteins is particularly striking for a structural
unit consisting of two consecutive a-helices. The 24 a-carbon at-
oms that constitute the two-helical structural units in the two pro-
teins can be superimposed with a root-mean-square disagreement
of 1.1 A. It is shown that this agreement is very unlikely to be due
to a chance correspondence. For both CAP activator and cro re-
pressor proteins it is the second a-helix of the two-helical unit that
has been proposed to bind within the major groove of left-handed
or right-handed B DNA, respectively [McKay, D. B. & Steitz, T.
A. (1981) Nature (London) 290, 744-749; Anderson, W. F., Ohl-
endorf, D. H., Takeda, Y. & Matthews, B. W. (1981) Nature (Lon-
don) 290, 754-758]. The structural correspondence between CAP
and cro seen here, together with other recent evidence of se-
quence homologies between cro, CAP, and other proteins that
bind double-stranded DNA, suggests that the two-helical unit is
likely to be a common feature of many DNA-binding proteins. The
results also suggest that some principles of specific protein—double-
stranded DNA interaction may be general and include recognition
via a-helices fitting into the major groove of the DNA.

Recently, the structures of two proteins that recognize specific
nucleotide sequences in double-stranded DNA have been de-
termined (1, 2). One of these proteins, the A phage protein
“cro,” acts as a repressor; that is, it prevents transcription by
RNA polymerase (3). The other protein, the Escherichia coli
catabolite gene activator protein (“CAP”), functions primarily
as an activator of transcription by RNA polymerase, although
it can in certain systems also function as a repressor (4, 5). In
this paper, we examine the similarities and differences in the
structures of these two proteins and the way in which they ap-
pear to interact with double-stranded DNA.

Cro repressor is a tetramer in the crystal but probably acts
as a dimer in solution. Each of the subunits is identical and has
a molecular weight of approximately 7,351 (6). Model building
suggests that the repressor binds to its operator DNA in the B
form with a twofold symmetry axis of the protein coincident with
that of the DNA (2). A pair of twofold-related a-helices of the
repressor lie within successive major grooves of the DNA and
are proposed to be a major determinant in recognition and bind-
ing. The centers of these two helices are 34 A apart and have a
tilt relative to the line connecting their centers that is appro-
priate for interaction with right-handed DNA.

CAP is a dimer of chemically identical 22,500 molecular
weight subunits, with each subunit consisting of two distinct
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Fic. 1. Schematic drawings comparing the backbone conforma-
tions in the presumed DNA binding domain of CAP (Upper) and cro
repressor (Lower). Helix nomenclature is as in refs. 1 and 2. In each
case, dimers of the protein are depicted as seen along their respective
twofold symmetry axes with the presumed DNA-binding a-helices (F
in CAP and ag in cro) towards the viewer. The difference in the tilt of
these a-helices is apparent.

structural domains (1). The larger, amino-terminal, domain is
observed to bind cyclic AMP within its interior, whereas the
smaller, carboxyl-terminal, domain is presumed to interact with
DNA. As in the case of cro repressor, the two DNA-binding
domains of CAP each contain a protruding a-helix. Likewise,
these two a-helices are 34 A apart, with their helix axes related
by a local protein twofold axis. However, the helices have a tilt
relative to the line connecting their centers that is opposite to
that observed for cro, and it has been proposed that CAP in-
teracts with DNA via these two a-helices interacting in two suc-
cessive major grooves of left-handed B DNA (1). The difference
in the arrangement of the presumed DNA-binding helices in
the respective cro and CAP dimers is shown in Fig. 1. As can
be seen, the twofold-related a-helices are the same distance
apart in the two proteins but are tilted in opposite directions.

Comparison of cro and CAP structures

The backbone structures of the cro repressor and the DNA-
binding domains of CAP were compared in our laboratories,
using the Evans & Sutherland Picture System II and MMS-X
computer graphics systems (7). In these comparisons we first

Abbreviation: rms, root mean square.
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Fic. 2. Diagram showing those parts of the backbone of CAP that can be approximately superimposed on the backbone of cro. The connected
solid bars indicate a-carbon. atoms that are structurally equivalent in the two proteins. For the 31 equivalences, R¢, = 3.1 A. The diagram also
shows that the D, E, and F a-helices of CAP approximately correspond to the a,, a;, and a3 helices of cro.

looked for structural correspondence between one carboxyl-ter-
minal domain of CAP and one monomer of cro, ignoring, for the
moment, the difference described above in the respective qua-
ternary structures. The atomic coordinates of cro have been
refined to a crystallographic R-factor of 0.27 at 2.2 A (unpub-
lished). The coordinates of CAP have been obtained from a
model in which the amino acid sequence has been fit to a 2.9-

resolution map of CAP and the coordinates regularized
(unpublished). -

The major similarity between the two proteins is the exis-
tence of three a-helices in sequence (Fig. 1). These helices are
labeled D, E, and F in CAP and are called a,, a,, and a; in cro.
It is the F helix in CAP and the a; helix in cro that have been
proposed, in the respective cases, to interact in the major
groove of B DNA.

In order to quantitate the agreement between the two pro-
teins we used the procedure developed by Rossmann and Argos
(8, 9). Starting with an approximate alignment of the helices
described above, the two proteins are rotated and translated to
optimize the agreement between them. Where necessary, ap-
propriate “deletions” are made in order to maximize the num-
ber of “equivalent” a-carbon atoms in the two structures. The
results of this comparison are shown diagrammatically in Fig,
2. Altogether 31 “equivalent” atoms were found with a root-
mean-square (rms) difference of 3.1 A. As indicated in Fig. 2,
and as can also be seen in the superposition of the two molecules
in Fig. 3, most of the equivalent residues lie within the three
consecutive a-helices. The correspondence of the first helices
(@ of cro with D of CAP) is not particularly good, but the struc-
tural similarity of the second and third helices in the respective
proteins (@, and a; of cro with E and F of CAP) is substantially
better. It should also be noted that the superimposed a; and
F helices are the presumed DNA-binding helices.

The structures of the rest of the subunits or domains are dif-
ferent in the two proteins. In the case of cro much of the rest
of the protein forms an antiparallel B-sheet structure and an
extended carboxyl-terminal arm that holds the subunits to-

gether. In the case of CAP the remaining polypeptide chain of
the small domain is folded into what appears to be three anti-
parallel strands. Unlike the situation in cro, there is no inter-
action at all between the two small DNA-binding domains of
CAP. Rather, the CAP dimer is held together entirely by the
second, larger domain. In both molecules there is a very small
portion of the structure that appears to be less well defined in
the electron density maps and may or may not interact with
DNA upon formation of a complex.

A two-helix supersecondary structure in CAP and cro

Because of the apparent close structural homology between the
helices @, and a5 of cro and the helices E and F of CAP we
determined the agreement between these two-helical structural
units. We found that the 24 consecutive a-carbon atoms 13-36
of cro superimposed within 1.1 A on residues 166-189 of CAP.
To estimate the error due to imprecision of coordinates, a-car-
bons 166-189 of one domain of CAP were superimposed on the
corresponding a-carbons of the other domain; the rms differ-
ence in atomic coordinates was 0.7 A in this case: For cro, the
corresponding discrepancy is 0.4 A. Therefore, the remarkable
structural correspondence between CAP and cro, shown in Fig.
4, approaches the experimental error of the coordinates. It
should be noted that the alignment of a-carbon atoms in cro and
CAP for the 24-atom comparison is not exactly the same as for
the whole-domain alignment shown in Fig. 2.

An estimate of the significance of the observed agreement
between the two a-helices in CAP and cro was obtained in two
ways. First, the empirical structure agreement probability plot
of Remington and Matthews (10) shows that an agreement of
1.1 A between 24 contiguous a-carbon atoms is significant at
the level of about 3.5¢" and is, therefore, quite unusual. Sec-
ond, as a further test of the significance of the structural agree-
ment between CAP and cro, we carried out a systematic search
through all the proteins listed in the Brookhaven Protein Data
Bank (11) in order to see if there were backbone segments of
other proteins that agreed with the 24-residue segment of cro

Fic. 3. Stereodrawing showing the backbone of CAP (open bonds) superimposed on the backbone of cro (solid bonds and residue numbers under-
lined). The presumed DNA-binding helices are labeled 24-36 (cro) and 179-191 (CAP). For cro protein, the extended carboxyl-terminal arm 56-63
is thought to be important in stabilizing the cro dimer, and the carboxyl-terminal residues 6366 are disordered in the crystals (2).
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FiG. 4. Stereo drawing showing the close structural correspondence between the E and F helices of CAP (open bonds) and the a; and a3 helices

of cro (solid bonds).

as well as or better than had been observed for CAP. This search
involved 21,540 comparisons of the two-helical cro segment
with all possible 24-residue segments from 134 coordinate files.
The best structural correspondence obtained from this search
was for a part of the backbone of hen egg-white lysozyme and
had an rms difference of 2.8 A for the 24 contiguous a-carbon
atoms. The average structure agreement for this exhaustive
search through virtually every known protein structure was 6.9
A, with a standard deviation of 1.7 A [i.e., close to the values
expected for a 24-residue comparison (10)]. It is striking to find
that no other comparison even approaches the value of 1.1 A
for cro and CAP.

Thus, we conclude that identical two-helix supersecondary
structures exist in CAP and cro and that this motif does not oc-
cur in any other protein in the protein structure data bank.
Furthermore, the identity in structure between cro and CAP
exists precisely in the region proposed in the two structures to
bind specifically to DNA.

Specific cro and CAP binding to DNA

The structural correspondence between CAP and cro described
here gives additional support to the proposed models for the
binding of these two proteins to DNA (1, 2). In particular, we
have proposed that it is the F helix of CAP and the a; helix of
cro that bind within the major groove of double-stranded DNA
(1, 2). Further, in both CAP and cro (12) the amino-proximal
region of the E (or ay) helix is capable of making specific con-
tacts with the phosphate backbone of DNA. Now, independent
of those proposals, we find that cro and CAP have a precise
structural correspondence between the ay-a; and E-F helical
units. In each case, the a; and F helices protrude from the sur-
faces of the proteins and are separated by 34 A from an (ap-
proximately) twofold-related helix in another subunit. This is,
at minimum, consistent with the postulate that these helical
units have similar functions in the two proteins. This proposal
is further strengthened by the evidence from sequence ho-
mology that the same two-helical unit very likely occurs in a
number of other proteins that also bind double-stranded DNA
(see below).

However, it has to be emphasized that the comparisons made
here are for isolated subunits of cro and CAP and therefore do
not pertain to the question of the binding of right-handed or
left-handed DNA as has been proposed for cro (2) and CAP (1).
The reasons for favoring a left-handed or right-handed DNA
conformation come from the relative arrangement of the DNA-
binding helix of one subunit relative to the DNA-binding helix
in the second subunit in the dimers of cro and CAP (Fig. 1), and
not from the polypeptide conformation within a single mono-
mer. Thus, individual monomers of cro and CAP have a common
ag-a; (or E-F) helical conformation, but the relative arrange-

ments of these structural units within the dimers of CAP and
cro are very different (Fig. 1), leading to the different models
for DNA binding. The tilt that the two pairs of proposed DNA
binding a-helices make with respect to the line connecting their
centers differs in a “mirror image” fashion (Fig. 1). That is, the
hand of the DNA to which these helices are complementary is
different in the two cases. The difference in the tilt of the a-
helices can be attributed to a difference in the subunit inter-
action in the proteins. Examination of Fig. 1 shows that the
difference in the hand of the DNA to which each protein is com-
plementary can be changed (at least in principle) by sliding one
subunit relative to the other along the direction of the F or a;
helices, or, alternatively, by rotating one subunit relative to the
other by about 60°.

A general two-helix motif for DNA recognition

Sequence comparisons (refs. 12 and 13; unpublished) suggest
that the two-helical DNA-binding fold observed in CAP and cro
probably occurs in a number of other DNA-binding proteins.
On the basis of amino acid sequence comparisons and DNA
gene sequence comparisons, it appears that parts of the cI and
cll proteins from bacteriophage A, the repressor protein from
the Salmonella phage P22, and 434-cro, the cro-like repressor
from phage 434, are all homologous with the helical DNA-bind-
ing region of cro (13). In addition, there is also an apparent
amino acid and gene sequence homology between lac repressor
of E. coli and the above proteins. In this case it appears that
the first 26 or so amino-terminal residues of lac repressor may
fold similarly to the a, and a; helices of cro (12). Furthermore,
the recently determined gene sequence of CAP shows a striking
homology to lac repressor on the level of both the DNA and
protein sequence in the 24 amino acid region of the two-helical
fold described here (unpublished observations).

These data taken together suggest that a similar motif of a-
helices will be found in many of the proteins that bind specif-
ically to double-stranded DNA. One common component of the
specific recognition of the DNA sequence is likely to be pro-
vided by the amino acid side chains of an a-helix that protrudes
from the surface of the protein and fits into the major groove
of B DNA. We would anticipate that the structures of many
other proteins that specifically recognize double-stranded DNA
sequences would have at least this two-helix motif and further
that some DNA or protein sequence similarity would exist.

CAP is different from all the other DNA-binding proteins
listed above in that its presumed DNA binding region is toward
the carboxyl terminus of the molecule. Cro and 434-cro are both
very small proteins of about 70 amino acid residues, and in this
case the polypeptide folds to form a single DNA-binding do-
main. Association of a pair of monomers about a twofold sym-
metry axis then yields a dimer in which the twofold axis of the
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protein can align with the local twofold symmetry axis normal
to the DNA, thereby doubling the area of interaction between
protein and DNA (1, 2). In the case of the larger proteins cI,

P22, and lac repressors, the amino-terminal part of the poly-

peptide folds to form a DNA-binding “headpiece” whereas the
carboxyl part of the molecule forms an essentially separate do-
main (14-17). The addition of this second domain adds another
level of sophistication to the function of the protein. It is not
unlikely that the first double-stranded DNA-binding proteins
to evolve were relatively small and had elements in common
with the cro protein we see today. Subsequently, additional
domains were added in different instances, as a result of which
the basic DNA-binding function could be modified. Thus, the

structural fold observed in cro and the DNA-binding domain .

of CAP—two helices folded in such a way that one protrudes
from the surface. of the protein and hence could penetrate the
major groove of a- DNA helix—may be a general motif for se-
quence-specific recognition of DNA by proteins.
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