and some will have @ < agpr. Because particles undergoing Lindblad resonant

forcing on opposite sides of a resonance would have apsidal lines differing by 180°,

a low optical depth ring (in which collisions are infrequent) composed of such
particles would exhibit a width that varies over 360°/42° = 8.5714° from essentially
zero (at the point where the particle orbits cross) to ~60 km (twice the radial
distortion arising from the Lindblad forcing) and back again to zero. As there is an
unmistakable and phased 30-km distortion across the arcs, we can dismiss the
possibility that Aa = W,.
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Crystal Structure of a CAP-DNA Complex:
The DNA Is Bent by 90°

STEVE C. SCHULTZ, GEORGE C. SHIELDS,* THOMAS A. STEITZ

The 3 angstrom resolution crystal structure of the Esch-
erichia coli catabolite gene activator protein (CAP) com-
plexed with a 30—base pair DNA sequence shows that the
DNA is bent by 90°. This bend results almost entirely
from two 40° kinks that occur between TG/CA base pairs
at positions 5 and 6 on each side of the dyad axis of the
complex. DNA sequence discrimination by CAP derives
both from sequence-dependent distortion of the DNA
helix and from direct hydrogen-bonding interactions be-
tween three protein side chains and the exposed edges of
three base pairs in the major groove of the DNA. The
structure of this transcription factor-DNA complex pro-
vides insights into possible mechanisms of transcription
activation.

been demonstrated by a variety of biochemical and biophysical
techniques (1-10), including a low-resolution crystal structure
of the nucleosome core particle (10). Current high-resolution crystal
structures of sequence-specific DNA binding proteins complexed
with their DNA binding sites have shown relatively modest depar-
tures from straight canonical B-DNA (11-14), although the lower
resolution (3.9 A) crystal structure of the A cro repressor-DNA
complex shows an overall bend of ~40° (15). We describe a 90°
bend in DNA bound specifically to the E. coli catabolite gene
activator protein (CAP) as observed in a 3 A resolution crystal
structure of this complex.
When CAP [or cAMP (adenosine 3',5’-monophosphate) recep-
tor protein (CRP)] is complexed with its allosteric effector cAMP, it
activates transcription at more than 20 different promoters in

SEVERE PROTEIN-INDUCED BENDING OF DUPLEX DNA HAS

Escherichia coli [reviewed in (16, 17)]. Activation occurs when’

CAP-cAMP interacts with a specific DNA sequence located at
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positions that vary from —41 to —103 relative to the transcription
start site in various operons.

The crystal structure of CAP-cAMP initially solved at 2.9 A
resolution (18) and then refined at 2.6 A resolution (19) showed
that the chemically identical 209-amino acid subunits of the CAP
dimer consist of a larger amino-terminal domain that binds cAMP
and a smaller carboxyl-terminal domain that binds DNA. The
CAP-cAMP dimer is structurally asymmetric in these crysta]s one
subunit has a large cleft between the two domains (the “open”
subunit), whereas the other does not (the “closed” subunit).
B-DNA was positioned across the helix-turn-helix motifs of CAP
according to electrostatic complementarity to generate a model for
the CAP-DNA complex (20, 21). Subsequent mutagenic experi-
ments are consistent, in part, with specific interactions proposed by
this model (22-27).

That CAP induces a sharp bend in its DNA binding site has been
demonstrated by analyses of the mobility of CAP-DNA complexes
in polyacrylamide gels (4, 5), electrodicroism measurements of the
rotational relaxation times of CAP-DNA complexes (3), enhanced
rates of cyclization of DNA fragments (6, 7), and model building
(21, 28, 29). Warwicker et al. (28) constructed CAP-DNA models
that bent the DNA by 100° to 160° in order to place the sugar-
phosphate backbone in contact with large regions of positive
clectrostatic potential that exist on the “sides” of CAP. Whereas
CAP could only interact with ~20 base pairs of straight DNA,
bending the DNA allows for interactions with a 28-bp segment that
Liu-Johnson et al. (29) demonstrated is required for full affinity.

The 3 A resolution crystal structure of CAP complexed with a
30-bp DNA sequence shows an overall bend of ~90° in the DNA
that results primarily from two 40° kinks, one on each side of the
dyad axis of the complex. The kinks, which occur in the conserved
TGTGA sequence, as well as smaller distortions in other conserved
regions of the CAP binding sequence, derive from interactions
between the protein and the DNA phosphates and provide, in part,
for specific binding through sequence-dependent distortability of
the DNA. In addition, sequence specificity is achieved through
direct hydrogen-bonding interactions between three side chains
emanating from the “recognition” helix of CAP and the exposed
edges of three base pairs in the major groove of the DNA helix.

We believe that the bend is an integral part of the mechanism for
activation of transcription and propose that in addition to properly
orienting CAP for possible interaction with RNA polymerase,
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wrapping of the DNA around CAP may result in upstream DNA
contacts with RNA polymerase.

Structure determination. Crystals of CAP complexed with a
30-bp DNA duplex with protruding 5’-dG termini [31-2 sequence
in (30)] were grown in 5 percent (w/v) polyethylene glycol, 0.2 M
NaCl, 0.1 M CaCl,, and 2 mM cAMP, and then stabilized as
described previously (30). The crystals are space group C222,, with
unit cell dimensions of a = 138.0, b = 152.6, and ¢ = 76.0 A, and
contain one CAP-DNA dimer per asymmetric unit. The DNA
consists of a duplex half-site containing a four-nucleotide self-
complementary 3’-overhang that facilitates dimerization of two half
sites to form a completely symmetric 30-bp DNA segment.

The structure of the complex was solved by molecular replace-
ment methods with the use of x-ray intensity data between 20 and
3 A resolution (31) and a newly refined structure for CAP-cAMP
(32). The entire CAP-cAMP molecule was used as the search model
for calculating rotation and translation search functions with the
MERLOT computer program package (33). The resulting position
for CAP-cAMP in the co-crystal lattice showed no overlap between
adjacent protein molecules. Likewise, the protein did not overlap
with the positions for four Br atoms that had been located by
difference Patterson methods with the use of data collected from
crystals grown with 5-bromodeoxyuridine (5-BrdU) (34) in place of
Thy at positions 10 and 13 in each half-site of the DNA. Moreover,
the Br positions near the closed subunit of CAP were within 3 and
8 A of those predicted by the model of Warwicker et al. (28) for the
5-methyl groups of thymine 10 (T10) and T13, respectively; the
DNA in this model could be easily adjusted to precisely fit these
positions.

DNA associated with the open subunit in this model, however,
could not be fitted to the Br positions without severe overlap with
the protein. Rather, these Br positions were more consistent with a
closed subunit conformation. Indeed, when a difference electron
density map was calculated with diffraction amplitudes from bromi-
nated and unbrominated complexes (Fg, — Fyy,i) and phases were
calculated from the atomic positions of a symmetrized protein
model that contained two closed domains, the four largest peaks at

Fig. 1. “Annealed” elec-
tron density omit map
(39) at the DNA kink.
This electron density
map was generated as
follows: (i) all atoms of
base pairs 4, 5, 6, and 7
as well as those within 8
A of these nucleotides
were omitted from all
calculations, which in-
cludes all atoms shown
in the figure; (ii) the po-
sitions of atoms within 3
A of this omitted region
were held constant; (iii) the remaining atomic positions were refined with
the simulated annealing routine in XPLOR (38) (initial temperature =
3000°C); and (iv) the resulting atomic positions were used to calculate a
(2F, — F_)¢ . clectron density map, where F,, and F, are the observed and
calculated structure factor amplitudes and ¢, are the calculated phases. This
procedure produces an electron density map that is not biased by the model
in the region of the structure that was omitted. The contour level of this
electron density map is 1.5 SD. Electron density corresponding to base pairs
5 and 6 clearly define their base planes and verify that these base pairs are
~40° from being parallel to each other. Density exists for C7 and A6 at lower
contour levels (1.0 SD) than shown here. The side chains of Arg'%?, Glu'®!
and Arg'®s are clearly present in the major groove, although at 3
resolution the positions of side chain atoms are not unambiguously defined.
All non-hydrogen atoms are shown. Individual strands of the DNA are
colored orange or green. This figure was generated with FRODO (65).
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16, 14, 10, and 8 standard deviations (SD) were located at the
expected Br positions. In contrast, a difference electron density map
calculated with phases obtained from the atomic positions of the
CAP-cAMP structure contained only small peaks (<4 SD) corre-
sponding to the Br atoms. Therefore, in subsequent calculations a
model was used for the CAP-cAMP dimer that contained two closed
subunits.

Since CAP contributes only ~60 percent of the x-ray scattering
from this complex, electron density for the DNA was weak in maps
phased with the protein coordinates alone. In order to improve the
phases, solvent electron density was flattened outside of an envelope
surface calculated (35) to be 3.5 A from the protein and 5 A from
DNA derived from the model of Warwicker et al. (28) that was
symmetrized from the closed subunit and adjusted to fit the Br
positions previously identified. Solvent electron density outside the
envelope was set to 60 percent of the initial average density inside
the mask and density inside the mask was modified by truncating the
lowest and highest 10 percent of the map. This density-modified
map was Fourier transformed with the use of the Chicago fast
Fourier transform (36). The resulting calculated structure factor
amplitudes were modified according to the procedure of Read (37)
and used to calculate a new electron density map. This procedure
was repeated five times since additional cycles resulted in an average
phase change of <1°. Difference Fourier maps calculated with these
phases contained peaks at 16, 14, 11, and 10 SD that corresponded
to the Br atom positions.

The solvent-flattened electron density map was sufficiently im-
proved that 20 nucleotides (nt) (ten in each DNA half-site) could be
fit into the density in a B-DNA conformation. Rigid-body refine-
ment (38) of these 20 nt as individual base-sugar-phosphate units
together with the four domains of CAP resulted in an R factor of
0.42. The resulting atomic positions were used to calculate (38) a
(2F, — F.)¢. clectron density map (where F, and F_ are the
observed and calculated structure factor amplitudes and ¢, are the
calculated phases) that was used to fit several additional nucleotides.
Subsequent 2F,, — F_ maps were used to fit the remaining nucleo-
tides. The R factor was 0.36 after rigid-body refinement of the
individual base-sugar-phosphate units and the four protein domains.

Positional refinement was performed with the XPLOR software
package (38) with data from 15 to 3 A resolution, excluding ~1,000
of the smallest reflections, which provided 14,100 reflections for
refining the positions of 4,411 non-hydrogen atoms. Stereochemical
constraints were set such that the root-mean-square (rms) deviations
from standard bond lengths was <0.016 A and from standard bond
angles was <3.6°. Initially, only one overall B factor was applied. As
the refinement proceeded, group B factors were defined for each
base-sugar-phosphate unit, each protein large domain, each protein
small domain, and each of the two cAMP molecules. The R factor
was 0.281 with the use of all data from 12 to 3 A with the group B
factors described above. Refinement of individual temperature
factors yields an R factor of 0.235 with the use of only reflections
from 8.0 to 3.0 A whose F > 2 SD. The rms deviation from
standard bond lengths is currently 0.014 A and from standard bond
angles is 3.4°.

An “annealed” electron density omit map (Fig. 1) (39) was
calculated by omitting a region of the structure surrounding the kink
that includes all of the atoms shown in Fig. 1 and refining the
remaining atomic positions with the simulated annealing routine in
XPLOR (38). This procedure produces an electron density map that
is not biased by the model in the region of the structure that was
omitted and therefore verifies that these atoms are correctly posi-
tioned. The correctness of the overall DNA position is independent-
ly verified by an exact correlation between Br atom positions
obtained from difference Patterson and Fourier methods and posi-
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tions of the 5-methyl groups of T10 and T13 on each side of the
molecule.

General features of the CAP-DNA complex. The CAP dimer
with two bound cAMP molecules interacts directly with 27 of 30
base pairs of duplex DNA (Figs. 2 and 3). These interactions involve
the protein small domain exclusively except for one residue (Lys®®)
from the large domain. The amino end of the second helix of the
helix-turn-helix penetrates the major groove of the DNA with its
helix axis parallel to the base planes rather than the groove (Fig. 2).
Amino acid side chains emanating from this helix interact directly
with bases in the major groove of the DNA helix (Fig. 3).

The CAP protein in this complex is a symmetric dimer of closed
subunits rather than an asymmetric dimer with one open and one
closed subunit as in the CAP-cAMP structure (18) (Fig. 4). Whether
such a large change in the position of this domain has functional
significance or simply results from crystal packing influences in the
CAP - cAMP and CAP - DNA crystals is unknown. Not surprising-
ly, previously proposed models for the structure of the specific
complex (20, 21) and for DNA bending (28) constructed with the
structure of the asymmetric CAP-cAMP dimer were more correct
for the closed subunit.

DNA bending. The overall DNA bend is ~90° in the CAP-DNA
complex (Fig. 2B), which agrees well with the value of ~100°
proposed by Zinkel and Crothers (40) and is smaller than the value

Fig. 2. (A) Structure of
the CAP-DNA complex.
The protein is represent-
ed as an a-carbon back-
bone trace with the
cAMP binding domain
in blue and the DNA
binding domain in pur-
ple. The DNA is repre-
sented as a space-filling
model with the bases in
white and the sugar
phosphate backbone in
yellow. DNA phos-
phates whose ethylation
interferes with DNA
binding to CAP (66) are
shown in red, and phos-
phates that are hypersen-
sitive to deoxyribonu-
clease I (DNase I) are
shown in blue. The
cAMP  molecules are
shown as a ball-and-stick
model in red. The phos-
phates whose ethylation
interferes with binding
to CAP all lie at the pro-
tein-DNA interface as required for direct interaction. The phosphates that
are hypersensitive to DNase I bridge the kinks where the minor groove is
very wide with an accessible groove width k67) of ~10 A. A dramatic change
occurs in minor groove width from ~10 A at the kinks to ~3 A 1.0 helical
turn from the dyad axis of the molecule where the minor groove faces the
protein. This figure was generated with Maximage (68) and Szazam (69). (B)
Angle of DNA bending in the CAP-DNA complex. The DNA helix axis as
defined by the program “Curves” (70) is shown as a black line running down
the middle of the DNA helix. The complex is positioned with the recognition
helix perpendicular to the page and lines are extended across the axis of the
central ten base pairs and from the axis of the five terminal base pairs. The
measured angles are as shown. The DNA on the right side of the complex
(beyond the kink) is essentially straight, whereas the DNA on the left side is
bent ~8° toward the protein near base pairs 10 and 11. In addition, the bend
is out of plane such that the axis on the right side of the complex protrudes
in front of the page and the axis on the left side extends behind the page. The
angle of out of plane bending is ~35°. This figure was generated with
Maximage (68).
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of 140° proposed by Thompson and Landy (8). The bend results
almost entirely from 40° kinks between base pairs 5 and 6 on each
side of the dyad axis (Fig. 3, B and C) that are formed by roll angles
(rotation around the long axis of the base pairs) of ~40°. This roll
angle is sufficiently large that base pairs 5 and 6 are unstacked.
Discussions on the nature of DNA bending in nucleosomes distin-
guish kinks, in which the bases are unstacked to provide sharp
localized bends, from smooth curving, in which the base pairs are
only partially unstacked so as to spread the energy of bending over
several base pairs ( 1, 41). Accordingly, we are distinguishing these
distortions as true DNA kinks.

In addition to these kinks, the left side of the complex (Fig. 2) is
bent ~8° toward the protein at ~10 bp from the dyad axis of the
DNA (Fig. 2B). This small bend allows Lys>® of the cAMP binding
domain to interact with a DNA phosphate (Fig. 3A). The analogous
region of DNA on the other side of the complex is essentially
straight, and Lys?® of this subunit cannot interact with the DNA. As
discussed below, crystal-packing forces may influence bending near
the ends of the DNA and may result in loss of the Lys®® interaction
on the right side of the complex that accompanies a lack of
additional bending. Perhaps in solution the DNA would be more
bent. Indeed, the extension assay of Liu-Johnson et al. (29) demon-
strates that the phosphate that interacts with Lys®® (as observed on
the left side of the complex) (Fig. 3A) is necessary for full affinity in
solution.

Source of the DNA bend. What contributes to the energy of
DNA binding and bending in the CAP-DNA complex? Binding of
CAP to its specific DNA site involves (i) hydrogen-bonding inter-
actions in the major groove of the DNA helix between three protein
side chains and three base pairs (per half-site) and (ii) hydrogen-
bonding and ionic interactions between 13 protein’ functional
groups and 11 DNA phosphates (per half site) (Fig. 3).

The central 10-bp region is anchored to the protein by eight
hydrogen bonds to the six DNA phosphates that face the protein at
the dyad axis (Figs. 2 and 3). The protein hydrogen-bonding groups
include the backbone amide of residue 139, which occurs at the
amino terminus of the D-helix, and the hydroxyl groups of Thr'4°,
Ser'”®, and Thr'®? on both sides of the dyad axis. The central ten
base pairs bend slightly toward the protein, apparently to allow for
these phosphate interactions. In addition to these phosphate inter-
actions, Glu'®! and Arg'3® interact directly with bases in the major
groove of the DNA helix.

Interactions between CAP and the ten base pairs flanking the kink
(distal to the dyad axis) require that the DNA be bent. Warwicker et
al. (28) proposed that favorable electrostatic interactions between
the DNA phosphates and regions of positive electrostatic potential
on the “sides” of CAP could easily compensate for the energy
required to bend DNA. The difference in electrostatic energy of
interaction between a model-built complex similar to the one
observed here and one with straight DNA interacting with CAP was
calculated to be approximately —17 to —20 kcal/mole (28). As
shown in Fig. 3A, the ten base pairs flanking the kink interact
extensively with the protein to provide five ionic interactions and
four hydrogen bonds to DNA phosphates as well as hydrogen
bonding between Arg'®® and G7. These interactions could not
occur with straight DNA and therefore can contribute to binding
only if the DNA is bent. Thus, the energy required to bend the
DNA in this complex is largely supplied by extensive hydrogen-
bonding and ionic interactions with the DNA phosphates of the two
flanking 10-bp segments that can only occur when they are kinked
~40° relative to the central 10-bp segment.

Crystal packing influence on DNA bending. Of the nine
high-resolution crystal structures of proteins complexed with duplex
DNA, eight contain individual DNA segments stacked end-to-end
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to form an extended DNA helix (11-15, 42, 43). In the CAP-DNA
crystals, end stacking is also observed despite a 90° bend in the DNA
(Fig. 5A). The DNA in adjacent asymmetric units does not stack to
form a continuous helix, however. Instead the 3’-dG from the
terminal GC base pair stacks against the same base of the adjacent
molecule. The protruding 5’-dG nucleotide is positioned to form a
triple-base structure with the terminal GC base pair of the adjacent
molecule (Fig. 5B).

The importance of crystal packing and its effect on the observed
conformations of DNA in crystals has been clearly demonstrated
(44). DNA structure in protein-DNA crystals may be less influenced
by crystal packing effects than it is in crystals of DNA alone because

Phosphate interactions
A NH169,NH170 NH139 Backbone amide H-bonds
Q170 T168 S179 (T182) T140 Side-chain H-bonds
K166 R169 a 1in s
K26 H199
G C G(LA A gIA
G COoT®TeT!T
15 1 13 12 1L 10
R180  R185 . X
Base interactions
= = =B = PG YT TGRS = Consensus sequence
GC-rich AT-rich | I I I s
T/ACT
bends bends / N Lower binding
better better | |
c C/A No binding

*  Phosphates whose ethylation interferes with binding
0 Phosphates that increase the binding affinity in the
extension assay of Liu-Johnson er al.

®m  40° kink 8 10° roll ¥ Twofold axis

Fig. 3. (A) Nucleotide sequence of the half-site DNA fragments contained in
the CAP-DNA complex described here and assignments for interactions with
the protein. Criterion for assigning hydrogen-bonding and ionic interaction
are given in (71). Note that at 3 A resolution, these assignments should be
considered as probable rather than certain since the average error in the
positions of side chain atoms is ~0.5 A. Numbering of the base pairs is from
the dyad axis as described in Steitz (47). The missing phosphate that results
from the use of half-site sequences occurs between base pairs 2 and 3. One
of the interactions (Thr'32 with the phosphate of T2) is not observed directly
since this phosphate is absent due to the half-site sequences used to grow the
crystals (30). However, a phosphate can easily be placed into the gap without
altering the DNA backbone conformation; this phosphate is within hydro-
gen-bonding distance of Thr'®2. Also noted are phosphates whose ethylation
interferes with binding (66); phosphates that increase binding affinity in the
extension assay of Liu-Johnson et al. (29); the consensus CAP binding site
(16); and base pair changes that alter binding affinity (23-25). (B) Schematic
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of the large energy of interaction with the protein. Nevertheless,
favorable stacking could select for a conformation that might be
somewhat less favored in solution, particularly for the ends of the
DNA. Crystal packing considerations are unlikely to affect the two
kinks observed in this structure since the interactions between CAP
and DNA in this region are extensive. However, the DNA termini
are not as tightly tethered to the protein and, indeed, differ slightly
in their structures, presumably because of crystal packing forces.
The influence of crystal packing and possible additional protein
contacts on DNA conformation can only be assessed by determining
structures of complexes that contain different DNA lengths and
packing arrangements. The structure of the 434 repressor fragment

drawing of potential interactions between one DNA halfsite and one small
domain of the CAP dimer. Protein helices are shown as tubes and B strands
as arrows. Side chains of the small domain that are close enough to interact

with the DNA are included. The DNA sugar-phosphate backbone is represented
as an arrow pointing 5’ to 3’. This figure was generated with Arplot (72). (C)
Stereo view of one small domain of CAP (shown as an a-~carbon backbone)
bound to one half of the CAP binding site. The helix-turn-helix motif is
highlighted in bold. All protein side chains close enough to interact with the
DNA (71) are shown, including Lys® in the large domain. Potential hydrogen
bonds between the in and DNA are indicated as dotted lines. This figure was
generated with FRODO (65) and Plot (73). (D) Apparent hydrogen-bonding
interactions between protein side chains and nucleotide functional groups in the
majorgmovcofDNAgﬂ).'I‘hcamamcolomiaowrdingtotypc: O, red; N,
blue; and C, green. Arg'®® interacts with the O-6 and N-7 of G7, Glu'®! interacts
with the N4 of C5, and Arg'®S interacts with the O-6 or N-7 of G5 and the O4
of T6. This figure was generated with FRODO (65).
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Fig. 4. Comparison of
a-carbon backbone trac-
es of CAP-cAMP (or-
ange) and CAP-cAMP-
DNA (blue). Whereas
the crystal structure of
the CAP-cAMP dimer
contains an open and a
closed subunit, the CAP-
DNA complex shows a
symmetric dimer of
closed subunits. The rms
difference in a-carbon
posidons of the two pro-
tein subunits in CAP-
DNA are 0.61 A and
0.71 A with respect to
the closed subunit of
CAP-cAMP. This figure
was generated with
FRODO (65).

(residues 1 to 69) complexed with a 20-nt DNA exhibits slightly
greater DNA bending (12) than with a 14-nt fragment (42).
Additional crystal forms of CAP-DNA complexes have been ob-
tained with different DNA sequences and lengths (30, 45) whose
structures could be used to show the effect of crystal packing on the
DNA conformation.

Sequence-specific DNA binding. Two important sources of
DNA sequence specificity in protein-DNA complexes are: (i) direct
hydrogen-bonding and van der Waals interactions between protein
side chains and the exposed edges of base pairs in the major groove
of B-DNA (11-13, 46, 47); and (ii) sequence-dependent bendability
or deformability of duplex DNA (14, 28, 47-49). The former results
from structural complementarity that allows better interactions with
correct than with incorrect sequences, while the latter results from
the ability of some nucleic acid sequences to adopt a particular
structure required for binding to a protein at lower free energy cost
than other sequences (47).

Specific base contacts. Three side chains emanating from the
“recognition helix” of the helix-turn-helix motif in CAP appear to
hydrogen bond directly to three base pairs in the major groove of
the DNA (Fig. 3). The guanidinium group of Arg'3® hydrogen
bonds to the O-6 and N-7 of G7, as proposed in earlier models (20,
21, 23), which is consistent with the altered DNA affinity exhibited
by CAP mutated at residue 180 (22, 27). The carboxylate of Glu'®!
interacts with the N-4 of C5, again as expected from model building
(20, 21) and mutagenic studies (23, 24). Reduction of CAP affinity
due to a G to A base change at position 5 is suppressed by Glu'®!
to Val or Leu mutations in CAP (23). This suppression results not
because the Glu'®! interaction is lost and replaced with another
favorable interaction of Val or Leu with thymine at position 5, but
because the interaction between Glu'®' and other nucleotides at
position 5 is unfavorable such that nonspecific DNA binding affinity
is enhanced for the mutant protein (24). This result demonstrates
the importance of negative as well as positive complementarity for
sequence discrimination.

Although Arg'®® interacts with either the O-6 or the N-7 of G5
and the O-4 of T6, its role in sequence discrimination is less clear
since the mutation Arg'®® to Leu has little effect on specific DNA
binding in vitro or activation of transcription in vivo (22). The Arg
side chain may be flexible enough to accommodate a number of base
sequences in the major groove and therefore may not be effective in
sequence discrimination. Nevertheless, these results do not eliminate
the possibility of a role for Arg'®® in sequence discrimination since
the affinity of the Arg'®® to Leu mutant protein for DNA mutated
at base pairs 5 and 6 has not been determined.
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DNA bendability and specificity. The kink between base pairs 5 and
6 in the CAP-DNA complex occurs at a TG step in the sequence
GTG. These TG steps are highly conserved on both sides of the dyad
axis in different CAP binding sites (16). Lu et al. (50) have observed
that the rate of imino proton exchange in duplex DNA segments
shows a local maximum at GTG sequences. This result might be
explained by more frequent transient kinking of the DNA at these
sequences such that the imino proton would be more exposed to
solvent. Conservation of the TG sequence at positions 5 and 6 in
CAP binding sites might be due in part to the ease with which it can
be kinked, as is required for CAP binding.

Do the binding constants of CAP to altered DNA binding sites
support the proposal that TG steps are more easily kinked and
therefore contribute to specific binding? When the T:A base pair at
position 6, which is not contacted directly by CAP, is changed to a
C:G base pair, the dissociation constant increases ~6.7 fold (24).
Likewise, altering the G:C base pair at position 5 dramatically
reduces binding (5, 23-25, 51), which presumably results primarily
from interaction of this base pair with Glu'3! (23, 24). However,
mutation of Glu'®! to Val or Leu removes this interaction. These
mutant proteins discriminate very poorly between DNA binding
sites containing TG, TC, TA, and TT base steps at position 5 and 6
(23, 24). This result suggests that either the differences in stacking
energies of these base sequences are smaller than expected from
various estimates (52) and therefore such forces are not effective in
sequence discrimination, or that base pairs 5 and 6 are not unstacked
upon binding to the mutant protein. Perhaps Glu'®! positions base
pair 5 in a way that requires a kink, and a different mode of bending
occurs when this interaction is removed. Indeed, the 6.7-fold
reduction in wild-type CAP binding to DNA molecules that contain
a C:G rather than a T:A base pair at position 6 becomes a 1.6-fold
reduction in binding to the mutant proteins (24).

The smaller bend that occurs about ten base pairs from the dyad
axis on one side of the complex also contributes to specific DNA
binding through sequence-dependent distortion of DNA. Garten-
berg and Crothers (49) found that CAP binding sites containing AT

Fig. 5. End-to-end stacking of DNA

in crystals of the CAP-DNA com- B
plex. (A) DNA molecules from six
adjacent asymmetric units are col-
ored alternately yellow and red. The
protein is represented as an a-car-
bon backbone trace in blue. Notice
that the DNA stacks 3’ to 3’ such
that it does not form a continuous
DNA helix. This figure was generat-
ed with Szazam (69). (B) Triple base
pairing structure in which the 5'-dG
terminus (G16) of one asymmetric
unit hydrogen bonds to the terminal GC base pair (C15 and G15) of the
adjacent asymmetric unit at each of the three functional groups in the major
groove of the DNA helix. This figure was generated with Loliplot (74).
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bases at nucleotides 10 and 11 bend more than those containing GC
bases when bound to CAP (as assessed by polyacrylamide gel
electrophoresis) and also bind 14-fold more tightly, thereby corre-
lating sequence-dependent distortion with binding affinity. The
structural distortions in the DNA that facilitate binding to the
protein are a narrower minor groove and an 8° bend near base pair
10 that allows Lys>® to interact with a DNA phosphate (on one side
in the crystal). The narrow minor groove allows better interaction
between the sugar-phosphate backbone and Lys'®® and His'®®. The
reduced minor groove width could result in part from the AT base
pairs present in this region (53). Furthermore, AT base pairs at
positions 10 and 11 allow DNA to be more easily bent in the

Fig. 6. (A) Position of the CAP-DNA complex relative to the RNA
polymerase binding site in the lac operon. The DNA is extended on one side
of the CAP-DNA structure such that CAP is positioned at —61.5. The
rightmost base is —1 and the —10 and —35 base pairs are shown in blue.
Phosphates whose ethylation interferes with RNA polymerase binding in the
lac UV5 promoter (75) are shown in red, as are base functional groups
protected by RNA polymerase binding (75). The side chains in lavender are
those that when mutated reduce transcriptional activation by CAP but do
not affect DNA binding (57). Note that these side chains sit on the surface
of CAP such that they could easily be contacted by RNA polymerase. (B)
Same as (A) except rotated 90° around the long axis of the DNA. Note that
the DNA functional groups that interact with RNA polymerase (75) are on
the same face of the DNA helix as CAP. (C) Arrangement of CAP relative to
the RNA polymerase binding site in the gal operon. Of particular importance
is that CAP interacts with the major groove at —35 such that the CAP and
polymerase binding sites overlap. Thus, it is not possible that polymerase binds
to the gal promoter in the same way as the lac promoter. Either CAP binds
elsewhere or RNA polymerase does not interact at the —35 site. (A), (B), and
(C) were generated with Szazam (69). (D) Schematic of DNA wrapping model
for activation of transcription by CAP. Protein-protein interactions between
CAP and RNA polymerase that may occur when CAP is bound at —61 could
not occur when CAP is bound at —71 or —103. However, interactions
between RNA polymerase and DNA upstream from the CAP binding site
would be unaffected by the position of CAP binding, assuming that the DNA
bend is in plane or that nonplanarity could compensate for the relative “phase”
of the CAP and RNA polymerase binding sites.
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direction of the minor groove, which faces the protein at this
position. The nucleosome binds to DNA with a preference for AT
base pairs when the minor groove faces the protein and GC base
pairs when the major groove faces the protein (54). Accordingly,
Drew and Travers (54) have proposed that adjacent AT base pairs
favor bending into the minor groove and GC base pairs favor
bending into the major groove. The 7 A resolution crystal structure
of the nucleosome core particle (10) shows that the major and minor
grooves are compressed when facing the protein and bend toward
the protein in these regions.

Gartenberg and Crothers also found that GC-rich sequences
around nucleotide 16 also favor bending in the CAP - DNA com-
plex (49). The structure described here does not address the
possibility of an additional bend near base pair 16 since our crystals
contain DNA that extends only 15 base pairs from the dyad axis.
However, we note that an additional bend near base pair 16 would
allow phosphates of a longer DNA segment to contact regions of
positive potential further down on the large domain of CAP and
produce a bend larger than 100°.

Transcription activation by CAP. DNA bending by CAP could
contribute to activation of transcription in two ways: (i) by properly
orienting CAP and RNA polymerase for direct (protein-protein)
interactions or (ii) by wrapping the DNA around CAP to provide
for contacts between RNA polymerase and DNA upstream of the
CAP binding site.

The severe DNA bend results in a very different relative orienta-
tion of CAP and RNA polymerase than would occur with straight
DNA such that a rather unexpected surface of CAP is adjacent to the
—35 region of the RNA polymerase binding site. Indeed, because of
the bend, we see that the helix-turn-helix of CAP is essentially
inaccessible to RNA polymerase (Fig. 6).

Two lines of evidence have suggested that direct contact between
CAP and RNA polymerase might be important for transcriptional
activation. First, CAP-cAMP and RNA polymerase holoenzyme
(including 0-70) interact in solution with a dissociation constant of
~1 pM (55). Second, four examples of single-site mutations in CAP
are reported to affect activation of transcription without altering
DNA binding (56, 57). Two of the residues implicated (Glu'”* and
Glu”?) (56, 57) are not exposed to the surface and therefore cannot
contact RNA polymerase directly. However, the other two residues
(His"®® and Gly'®?) (57) are positioned on the outer surface of the
small domain of CAP more than 14 A from the DNA. These
residues are very accessible and could be contacted by RNA
polymerase (Fig. 6).

However, a simple model of transcription activation that postu-
lates only a common interaction between these two proteins is
difficult to reconcile with the ability of CAP to activate transcription
when bound to positions that vary from —41 to —103 nt from the
transcription start in different operons (16, 17) and when the
binding sites are moved by intervals of ten base pairs in the lac (58)
and gal (59) operons. A model for activation of transcription that
invokes DNA bending might explain these data more readily.

DNA wrapping model for activation of transcription. CAP
induces a hairpin bend in the DNA that might facilitate contacts
between RNA polymerase and DNA upstream from the CAP
binding site (Fig. 6D). Such a model could explain how CAP can
activate transcription from such a variety of positions since the size
of the loop could vary. Busby and Buc (60) have shown that for the
gal operon DNA upstream of the CAP binding site is protected from
deoxyribonuclease I digestion in the presence of RNA polymerase
and have suggested that this might be important for activation.
However, as shown in Fig. 6C, the gal operon is unusual in that the
binding sites for CAP and RNA polymerase actually overlap in the
—35 region such that these proteins cannot simultaneously occupy
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their binding sites in the same manner as for the lac operon. The 90°
DNA bend induced by CAP would not be sufficient to provide
upstream contacts as shown in Fig. 6D, but as discussed previously,
additional bending might occur 10 and 16 base pairs from the dyad
axis. A larger DNA bend may be transient with CAP alone but could
be stabilized by upstream DNA interactions with RNA polymerase.

The observed synergistic interaction (58, 61) in the binding of
CAP and RNA polymerase to promoter DNA could be produced by
upstream contacts between polymerase and DNA that are facilitated
by CAP binding as well as by direct contact between the two
proteins.

Two lines of evidence suggest that DNA bending alone can
activate transcription. First, CAP binding sites can be replaced by
A-tract sequences that are expected to intrinsically bend the DNA
such that activation of transcription occurs in a phase-dependent
manner both in vitro (62) and in vivo (63); A-tract activation in
vitro requires supercoiled template DNA (62). Second, replacing the
\ repressor sites with a site for the integration host factor, which is
known to produce a severe DNA bend, results in IHF-dependent
activation of A\-Py, (64). DNA wrapping provides a simple model
that might explain in part how CAP-induced DNA bending could
activate transcription at a variety of distances from the RNA
polymerase binding site.
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