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The cyclic AMP receptor protein (CRP, also called catabolite
gene activator protein or CAP) plays a key role in metabolic
regulation in bacteria and has become a widely studied model
allosteric transcription factor. On binding its effector cAMP in
the N-terminal domain, CRP undergoes a structural transition
to a conformation capable of specific DNA binding in the C-ter-
minal domain and transcription initiation. The crystal struc-
tures of Escherichia coli CRP (EcCRP) in the cAMP-bound state,
both with and without DNA, are known, although its structure
in the off state (CAMP-free, apoCRP) remains unknown. We
describe the crystal structure at 2.0 A resolution of the cAMP-
free CRP homodimer from Mycobacterium tuberculosis Hy,R,
(MtbCRP), whose sequence is 30% identical with ECCRP, as the
first reported structure of an off-state CRP. The overall struc-
ture is similar to that seen for the cAMP-bound EcCRP, but the
apo MtbCRP homodimer displays a unique level of asymmetry,
with a root mean square deviation of 3.5 A between all Ca posi-
tions in the two subunits. Unlike structures of on-state ECCRP
and other homologs in which the C-domains are asymmetrically
positioned but possess the same internal conformation, the two
C-domains of apo MtbCRP differ both in hinge structure and in
internal arrangement, with numerous residues that have com-
pletely different local environments and hydrogen bond inter-
actions, especially in the hinge and DNA-binding regions. Com-
parison of the structures of apo MtbCRP and DNA-bound
EcCRP shows how DNA binding would be inhibited in the
absence of cAMP and supports a mechanism involving func-
tional asymmetry in apoCRP.

The atomic coordinates and structure factors (code 3D0S) have been deposited in
the Protein Data Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).
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CRP? belongs to the large CRP/FNR family of bacterial tran-
scription factors that link a molecular sensor function to gene
expression modulation (1-3). The best studied of these is CRP
from Eschericia coli (EcCRP), although many homologous pro-
teins have also been analyzed (4 —6). The mechanism by which
effector binding in the N-terminal domain controls DNA bind-
ing in the C-terminal domain over 30 A away, with subsequent
recruitment of RNA polymerase, has been a subject of extensive
study (7-10). A general goal of these studies has been to infer
allosteric mechanism by comparing the inactive and active
states, ideally for the same protein. As yet, there is no single
protein for which structures of both inactive and DNA-bound
states are known.

Mpycobacterium tuberculosis H;,R, (Mtb) is one of the
world’s most lethal microbes, currently infecting about one-
third of human beings and killing about 5000 per day. The Mtb
genome encodes 15 isoforms of adenylyl cyclase (11-14); thus
cAMP is likely produced under a variety of metabolic condi-
tions including interactions with host cells. Considering the
known virulence role of adenylyl cyclase in other pathogens
such as Bacillus anthracis (15, 16), cAMP signaling is likely
involved in Mtb pathogenesis. The CRP ortholog in Mtb (Mtb-
CRP, gene 069644_MYCTU (UniProt), Rv3676) has been bio-
chemically characterized (17) and linked with 73 different pro-
moters, including several that are involved with metabolic
adaptation (18). Analysis of the regulatory functions of Mtb-
CRP may provide information useful for designing antituber-
culosis strategies.

We report the crystal structure of MtbCRP, a homodimer of
224-residue subunits, in the absence of cCAMP, refined at 2.0 A
resolution. The structure is distinctly asymmetric in its internal
organization, probably as part of a mechanism for blocking
transcription activity in the absence of cAMP.

EXPERIMENTAL PROCEDURES

Production and Purification of MtbCRP—MtbCRP was
cloned from M. tuberculosis H;,R, chromosomal DNA (kindly
provided by Drs. John Belisle and Patrick Brennan, Colorado
State University), expressed in E. coli as a histidine-tagged pro-
tein, and purified by nickel affinity methods. The histidine tag
was removed by thrombin, leaving the non-native 3-residue
extension Gly-Ser-His at the N terminus of the protein. The
selenomethionine form of the protein was produced similarly,
using appropriate host strain and media. Methods are detailed
in the supplemental materials.

Crystallization and Diffraction—Protein was prepared for
crystallization by concentration to 20 mg/ml (0.65 mMm dimer)
in 150 mm NaCl, 25 mm sodium Tris, pH 8.0. Crystal screening
and optimization were carried out by standard methods using
vapor diffusion in hanging drops. Final crystal conditions were

2 The abbreviations used are: CRP, cAMP receptor protein; EcCrp, Escherichia
coli CRP; Mtb, Mycobacterium tuberculosis H;,R,; MtbCrp, M. tuberculosis
Hs,R, CRP dimer; HTH, helix-turn-helix; r.m.s., root-mean-square; r.m.s.d.,
root-mean-square deviation; SAD, single-wavelength anomalous disper-
sion; PDB, Protein Data Bank.
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10% (v/v) polyethylene glycol 8000, 100 mm sodium Hepes, pH
7.5, with a 2-h time course of isopropyl alcohol from 15 to 3%
(details in the supplemental materials).

Structure Determination and Refinement—Diffraction data
were collected from a crystal of the selenomethionyl protein to
a resolution of 2.3 A (supplemental Table S3) at National Syn-
chrotron Light Source (NSLS) beamline X29 (Brookhaven
National Labs, Upton, NY). The data were indexed, integrated,
and scaled using the Denzo/Scalepack suite (19). Selenium
locations were determined using SHELXD (20), and single-
wavelength anomalous dispersion protein phases were calcu-
lated using PHENIX (21). The resulting map enabled subunit
tracing and model construction using XFIT (22). Refinement
was performed using the program Refmac5 (23); statistics are
given in supplemental Table S4.

Diffraction data were also collected from a crystal of the
native (non-selenium) protein to a resolution of 2.0 A (supple-
mental Table S3) at the Advanced Photon Source (APS) beam-
line 24-ID (Argonne National Laboratory, Argonne, IL). The
data were indexed, integrated, and scaled as above. The 2.3 A
selenium-phased model from the previous paragraph was used
as a starting model for the native structure and further refined
at 2.0 A resolution by additional rounds of model adjustment
using XFIT and restrained refinement using Refmac5. This led
to the final model with R, ., = 0.284 described below (statistics
are in the supplemental tables), analyzed using PROCHECK
(24), and deposited in the Protein Data Bank under accession
code 3DOS.

RESULTS

In the refined cAMP-free MtbCRP structure, the A chain
contains the complete native sequence (residues 1-224; supple-
mental Fig. S1), whereas the B chain includes the 3-residue
N-terminal extension but lacks residues 216 —224 due to disor-
der. The quality of the experimental map (see supplemental Fig.
S2), the final map (see Fig. 2), and the model are good (esti-
mated coordinate error, 0.22 A; full statistics in supplemental
Tables S2—-54), except for one weak region, residues 1-25 of the
A chain, which have no crystal contacts and have thermal fac-
tors about twice the overall mean of 37.0 A% Overall the struc-
ture generally resembles that of ECCRP, with the same second-
ary structure elements except for the fact that MtbCRP, which
has 8 additional residues at the N terminus, forms three addi-
tional short helices in the N-domain (Fig. 1 and supplemental
Fig. S1). Unfortunately, this gives the important, highly con-
served helices in the C-domain different numbers, so to facili-
tate comparison, the lettering designations used for helices in
EcCRP are maintained in this study. Thus the long central helix
is called helix C, the hinge helix is D, and the two helices in the
helix-turn-helix (HTH) DNA-binding motif are E and F. The
N-terminal cAMP-binding domain is linked to the C-terminal
DNA-binding domain by the long C helix (residues 116 —144 in
the A subunit), which also forms the majority of the dimer
interface. Although no cAMP was added, the cAMP sites
appear partially occupied, principally by a large monoatomic
anion bound by the guanidinyl group of Arg-89 and between
the amide-presenting main chain turns at residues 80—82 and
residues 90—91. This anion site corresponds closely with the
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FIGURE 1. Overall shape of the MtbCRP homodimer. The molecular dyad is
vertical (dashed line). Asterisks show the DNA-binding regions at the N termini
(N term) of the D and F helices. The locations of the observed chloride ions,
coinciding with the phosphate moiety of the cAMP-binding pocket, are
shown as yellow spheres. Note that the B chain has an extra short helix in its
N-domain, whereas the A chain has an extra helix (the C-terminal helix G,
behind D and E in this view) in the C-domain. Because the view direction is
perpendicular to the dyad, the image would have approximate mirror sym-
metry if the dimer were two-fold symmetric, but in fact there are many devi-
ations from mirror symmetry, e.g. the purple E helix is much closer to the dyad
than the green E helix is.

phosphoryl site in cAMP-complexed EcCRP structures. This
adventitious ligand has been modeled as chloride (crystal con-
ditions include NaCl at ~100 mm); in addition, several water
molecules are bound in the cAMP-binding regions.

The dimer is asymmetric in both domains, but the N-do-
mains differ only by isolated rotamers and smooth global defor-
mations, generally preserving the local environment of each
residue. The differences in the C-domains are more profound,
involving many residues that have completely different local
environments, including different H-bonds. The r.m.s.d.
between the two C-domains (70 Ca positions) is 3.1 A. The
most asymmetric features are in the HTH DNA-binding region
(helices E and F) and the hinge region (junction of helices C and
D). Hinge residue Arg-149 (which is conserved as Arg-142 in
EcCRP; see supplemental Fig. S1 for sequence alignment) in the
first turn of helix D has a different conformation in the two
subunits (see Fig. 34; also see supplemental Figs. S2 and S3). In
the A subunit, Arg-149 projects outward from the dyad and
forms two H-bonds with the carbonyl oxygens of Val-184 and
Gly-185 in the HTH motif. In the B subunit, Arg-149 extends
inward, grazing the dyad, and caps helix C. This position of
Arg-149 (in the B subunit) would be impossible for both Arg-
149 residues to hold simultaneously because of overlap at the
molecular dyad. These differences, together with different main
chain conformations at residues 143-144 and different rotam-
ers of Leu-141, combine to give Arg-149 a completely different
relation to Leu-141 in the two subunits (supplemental Fig. S3),
and this difference appears coupled to a repositioning of helix
D, which in subunit B approaches closer to the molecular dyad

JOURNAL OF BIOLOGICAL CHEMISTRY 8229


http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1

ACCELERATED PUBLICATION: cAMP-free CRP Structure

Y A PG5 C

FIGURE 2. Electron density for the HTH regions, showing the final refined 2F , — F_ map contoured at 1.8
o. Helices Eand F are labeled in both panels. A, for the A chain, the HTH is colored yellow, the hairpin is dark red,
and the hinge region is magenta. The hinge region of the B chain is colored dark green. Black lines show the two
H-bonds from Arg-149 to the carbonyls of Val-184 and Gly-185. B, for the B chain, the HTH is colored green, and
the hairpin is cyan. The prime symbol is used in each panel to indicate Phe-143 from the other subunit. Note the
different conformations of residues 185-187 (labeled) in the HTH turn, the different locations of Asn-67 and
Phe-143’, and the involvement of Arg-149 in subunit A only. Water molecules are represented as red stars.

different rotamers, and four resi-
dues on helix C have different rota-
mers: Leu-131, Thr-134, Asn-137,
and Leu-141. In addition, through-
out the length of the central helix C
(residues 116-—144), the B subunit
is slightly “below” the A subunit
so that a translation of about 1 A
along the dyad would be required, in
addition to dyad symmetry, to
superpose them. This is probably
correlated with the aforementioned
rotamer differences and with
numerous dimorphic H-bonds in-
volving helix C. In particular, an
H-bond from Asn-135 in subunit B
to dimorphic Thr-134 in subunit A
appears positioned to stabilize the
translational asymmetry of the two
helices.

DISCUSSION

The observed intersubunit differ-
ences in conformations and residue
environments in MtbCRP extend
throughout the homodimer and

Images made using PyMOL (27).

than in subunit A (see Figs. 3 and 4 and supplemental Fig. S2).
This position near the dyad is occupied by helix E in subunit A.
With helix D occupying this location in subunit B, helix E is
forced farther counterclockwise, and the entire C-domain is
rotated by about 30° relative to its position in subunit A (see Fig.
3). In addition to these differences, the C-terminal helix G
(which is absent in the shorter ECCRP) is disordered in subunit
B. As in EcCRP, the N-domain extends the tip of its B-roll hair-
pin (strands 4 and 5) to interact with the C-domain, but these
contacts are different in the two subunits, with different sets of
H-bonds, consistent with different positions of helices D and E
with respect to the N-domain. Near the tip of each hairpin, it con-
tacts the hinge of the opposite subunit, burying the phenyl group of
Phe-143 (conserved as Phe-136 in EcCRP) in both cases, but
although Phe-143 of the A subunit is covered by Asn-67 of the B
subunit, Phe-143 of the B subunit is covered by Ala-61 of the A
subunit (Figs. 2 and 3A; also supplemental Fig. S2).

In contrast with the distinct dimorphisms in the C-domains,
there is no residue in the N-domain whose environment differs
completely between the two subunits. The two N-domains are
similar (omitting residues 1-20, the r.m.s.d. over 97 Ca posi-
tions is 1.5 A) but are positioned asymmetrically around the
dyad. The largest differences are in the cAMP-binding sites and
the N-terminal 25 residues, which in the A-chain lack crystal
contacts and have a less compact conformation than in the B
chain. The cAMP-binding regions are well ordered and contain
chloride anions at similar positions, corresponding to the phos-
phoryl moieties in cAMP-bound EcCRP structures, and several
water molecules whose positions differ between the two sub-
units. Nearby residues Asp-45, Arg-59, Ser-82, and Ser-91 have
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thus appear to go beyond the influ-

ence of crystal packing effects. We
are unaware of any case in which crystal packing perturbs the
symmetry of a dimer so profoundly; therefore we believe that
the observed asymmetry is intrinsic to the structure of cAMP-
free CRP and probably has a functional role.

EcCRP and MtbCRP share 30% sequence identity, and each
isolated domain aligns closely between the two proteins
(r.m.s.d. values are under 2.0 A in comparisons with the struc-
ture of the ternary cAMP-DNA-EcCRP complex PDB ID: 1ZRF)
with the exception of the C-domain in subunit B of MtbCRP
(rm.s.d. = 3.7 A for this domain between MtbCRP and the
EcCRP complex). The consensus promoter DNA sequences to
which both CRPs bind are similar, being dominated by the
sequence GTGA at4 -7 bases upstream of the dyad (17). There-
fore the structure of cAMP-activated MtbCRP is likely to be
similar to that of ECCRP in the cAMP-DNA ternary complex. In
that complex, three consecutive DNA phosphates from each
strand form H-bonds to the protein near the molecular dyad.
Phosphate x10 (z10) forms a close interaction (under 2.9 A in
both subunits) with the amide of Val-139, capping helix D.
Phosphate x9 (z9) forms three H-bonds with the turn of the
HTH motif, and phosphates x/z8 form H-bonds with Lys-57
(which is Arg-65 in MtbCRP). Forming these interactions
requires that the protein has the six H-bonding regions sym-
metrically disposed and in the correct spatial arrangement. In
the MtbCRP structure, the arrangement of these six groups is
asymmetric, and the arrangement of the B chain alone is incom-
patible with DNA binding (Fig. 4). The deviation of the B chain
from symmetry is more than a rigid body motion; it is distorted
(apparently by impingements with hinge A and its own N-do-
main), and the distortion particularly affects the HTH turn

VOLUME 284 -NUMBER 13+MARCH 27, 2009


http://www.jbc.org/cgi/content/full/C800215200/DC1
http://www.jbc.org/cgi/content/full/C800215200/DC1

\‘)

B chain

A chain

4 N-domain
. hairpin

N-domain
hairpin et

FIGURE 3. Asymmetry of C-domains, as viewed down the molecular
pseudodyad from the DNA-binding region. In both panels, the MtbCRP
crystal structure is shown (subunit A in purple, subunit B in green) with a black
dot indicating the position of the molecular dyad (center). A, close up of hinge
regions showing all side chains with selected side chains emphasized and
labeled. Note that the two hinges have fundamentally different geometries,
giving different environments to many dyad-related residues; the three side
chains Asn-67,Val-146, and Arg-149 are labeled in both subunits as examples.
The two Asn-67 side chains are on opposite sides of the adjacent Phe-143
ring, the two Val-146 side chains are at very different distances from the dyad,
and the two Arg-149 guanidino groups are both to the left of the dyad. Also
note that the two HTH elements are in different positions with respect to the
dyad. The Ca—Ca distance between Arg-149 and Gly-185 of the HTHis 8.7 Ain
the A subunit and is 18.9 A in the B subunit. B, overall view of C-domains,
adding (in gray) the hypothetical position of the B subunit if the dimer were
symmetric. The C-terminal helix G is observed (ordered) only in the A subunit.
The rotational discrepancy (green to gray) in this projection is about 25
degrees. Note that in addition to the different positions of the green and gray
domains, they are different in their internal organization (especially the rela-
tions of helices E-to-F and E-to-D) and in their relation to the N-domain hair-
pin, which they both contact. Three red asterisks indicate (for the A subunit)
three locations at which DNA phosphates interact with cAMP-bound EcCRP in
PDB structure 1ZRF.

where the DNA would bind (Fig. 2; supplemental Fig. S4). In
addition to these deterrents, the previously described structure
of the B chain hinge causes the side chain of Pro-147 to be in an
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FIGURE 4. Superposition of cAMP-free MtbCRP (subunit A in purple, sub-
unit B in green) onto the DNA complex of active ECCRP (PDB: 1ZRF) (both
subunits brown, DNA runs across top of figure) in the hinge region. The
least-squares superposition utilized the 65 Ca atoms of helices C, D, E,and Fin
subunit A, for which the r.m.s. deviation is 1.32 A. Three consecutive phos-
phates (indicated by red asterisks for subunit A on the left) of the DNA form
H-bonds (under 3.3 A in at least one subunit, represented by dashed lines)
with each subunitin the ECCRP complex. The contacts are to the N terminus of
helix D, the HTH turn between helices E and F (three H-bonds), and to Lys-57
of the N-domain hairpin (which for clarity is shown only in subunit A). The
MtbCRP A chain (purple) superposes closely onto cAMP-bound EcCRP, but
the B chain deviates significantly (green and brown), making it unlikely that
the H-bonds could form. In addition, the green helix D is higher than the
brown so that the side chain of Pro-147 (yellow) projects into the space occu-
pied by a phosphate in the ECCRP complex.

elevated position that occupies the Van der Waals space where
phosphate z10 would bind, thus appearing to provide a direct
block to effective DNA binding (Fig. 4). Farther from the dyad,
several additional phosphate-protein interactions that account
for DNA bending in the ECCRP.cAMP-DNA complex, appear
to be abrogated for MtbCRP by the conformation of its B chain.

On the basis of the present structure, it appears that MtbCRP
may inhibit specific DNA binding and transcription by assum-
ing an intrinsically asymmetric structure not only in the some-
what flexible hinge rotations, as is observed in ECCRP and other
homologs, but in the protein core itself. In this scenario, the
present structure represents a conformation of cAMP-free CRP
that is so deeply asymmetric that it is incapable of symmetrizing
its DNA-binding regions by hinge flexion. The effect of cAMP
binding would then be to symmetrize the protein core, thus
enabling the C-domains to become symmetric (although due to
their flexibility, they may still be observed in asymmetric posi-
tions in the absence of DNA).

In recent years, the structures of several CRP homologs have
been reported (4-6), but still, there is no single protein for
which both the off-state and the fully on-state (DNA complex)
structures are known. An additional complication is the possi-
bility that some homologs may have a reverse mode of activa-
tion, binding DNA only in the absence of effector (25). On-state
structures without DNA must be interpreted with care because
the large diversity of known C-domain orientations (including
“active” ones that are asymmetric) suggests that the hinge is
flexible and may, in the absence of DNA, be subject to adventi-
tious perturbation. Thus the role of activation by cAMP would
be to render the C-domains capable of assuming a symmetric
DNA-binding conformation but not of forcing this conforma-

JOURNAL OF BIOLOGICAL CHEMISTRY 8231


http://www.jbc.org/cgi/content/full/C800215200/DC1

ACCELERATED PUBLICATION: cAMP-free CRP Structure

tion. In fact, some flexibility is probably important for forming
the DNA complex.

In the present structure, the difference in the internal
arrangements of the C-domain of MtbCRP in the two subunits
cannot be due simply to flexible swinging at the hinges. The
close resemblance of the A chain to that of cAMP-bound
EcCRP, along with the steric impossibility for both chains
simultaneously to assume the conformation of subunit B, sug-
gests that the protein switches the conformation of only one (or
primarily of one) of the two subunits. This provides a plausible
explanation for the single site binding and negative cooperativ-
ity that have been reported for ECCRP (26) because the two
cAMP-binding sites in apoCRP would be expected to have dif-
ferent cAMP affinities, and only one of them (probably the one
in subunit B) may need to bind cAMP to promote the transition
of the dimer to its more symmetric on-state.

We suggest that the observed MtbCRP structure represents
the functional off-state of CRP and that transcription of CRP-
dependent genes is inhibited as a result of its acute asymmetry.
We note that the precise mechanism by which cAMP binding
promotes the transition to a symmetric, transcription-inducing
conformation remains unknown. Additional structural infor-
mation, particularly the structures of a single protein in the apo,
cAMP-bound, and fully active (DNA-bound) forms, will be
important for completely defining the allosteric mechanism.
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