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The catabolite repressor/activator (Cra) protein is a global
sensor and regulator of carbon fluxes through the central meta-
bolic pathways of Gram-negative bacteria. To examine the
nature of the effector (or effectors) that signal such fluxes to the
protein of Pseudomonas putida, the Cra factor of this soil micro-
organism has been purified and characterized and its three-di-
mensional structure determined. Analytical ultracentrifuga-
tion, gel filtration, and mobility shift assays showed that the
effector-free Cra is a dimer that binds an operator DNA
sequence in the promoter region of the fruBKA cluster. Further-
more, fructose 1-phosphate (F1P) was found to most efficiently
dissociate the Cra-DNA complex. Thermodynamic parameters
of the F1P-Cra-DNA interaction calculated by isothermal titra-
tion calorimetry revealed that the factor associates tightly to the
DNA sequence 5'-TTAAACGTTTCA-3' (K, = 26.3 = 3.1 nm)
and that F1P binds the protein with an apparent stoichiometry
0f 1.06 = 0.06 molecules per Cra monomer and a K, of 209 = 20
nM. Other possible effectors, like fructose 1,6-bisphosphate, did
not display a significant affinity for the regulator under the assay
conditions. Moreover, the structure of Cra and its co-crystal
with F1P at a 2-A resolution revealed that F1P fits optimally the
geometry of the effector pocket. Our results thus single out F1P
as the preferred metabolic effector of the Cra protein of P.
putida.

The central metabolism of bacteria is controlled through the
interplay of global and specific regulators, the outcome of
which depends on the nature of the carbon and energy sources
and the particular culture conditions (1). The catabolite repres-
sor/activator (Cra) protein (also known as FruR) is a pleiotropic
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regulatory protein that plays a key role in the control of carbon
flow in Escherichia coli and Salmonella typhimurium (2). This
factor was first identified as a repressor that inhibited expres-
sion of the fructose operon of these two bacteria when the sugar
was not available, thereby the earlier name FruR (3). Later work,
however, revealed that the same protein represses genes for
many other enzymes of the central metabolism (pfkA, pykA,
PYKF, acnB, edd, eda, mtIADR, and gapB; Refs. 2 and 4—6) and
activates others (ppsA, fbp, pckA, acnA, icd, aceA, and aceB;
Refs. 2 and 7-10), suggesting a dual character of Cra as both a
transcriptional repressor and an activator.

From a structural point of view, the Cra protein has been
classified as a member of the GalR-Lacl superfamily of DNA-
binding transcriptional regulators (11, 12). In E. coli, the Cra
monomer is organized in two functional domains. The
N-terminal helix-turn-helix module accounts for the bind-
ing of the protein to the cognate DNA operator sequence,
whereas the C-terminal portion mediates the interactions
between subunits and triggers changes in the protein upon
effector binding (12).

Earlier studies of the Cra proteins of E. coli and S. typhimu-
rium suggested that the regulator is a tetramer that recognizes
an imperfect palindromic DNA sequence to which it binds
asymmetrically (2). It is generally believed that promoters con-
taining a Cra operator upstream of the RNA polymerase bind-
ing site might become activated by the factor, thereby stimulat-
ing transcription of downstream genes. In contrast, Cra binding
sites overlapping those bound by RNA polymerase originate a
typical negative regulation scenario (2). Whether positive or
negative, the effects of Cra on transcription can be counter-
acted in vitro by micromolar concentrations of fructose 1-phos-
phate (F1P)? or millimolar concentrations of fructose-1,6-bis-
phosphate (FBP, Refs. 2, 3, 5, 13). In fact, the nature of the
metabolic effector(s) alleged to make Cra release target DNA
sites is intriguing. This is because F1P and FBP are originated by
different metabolic routes and produced at levels that depend
on the consumed carbon source. Furthermore, electronic den-
sities of these two chemicals are not alike, making it puzzling
that the same effector recognition pocket can bind both of
them. Conflicting publications on this matter bear witness of

3 The abbreviations used are: F1P, fructose 1-phosphate; FBP, fructose 1,6-
phosphate; PTS™™, phosphoenol pyruvate phosphotransferase carbohy-
drate system of P. putida; ITC, isothermal microcalorimetry; F6P, fructose
6-phosphate; G6P, glucose 6-phosphate; MES, 4-morpholineethanesulfo-
nic acid; AH, reaction enthalpy; AG, change in free energy; AS, change in
entropy; T, absolute temperature; K,,, binding constant.
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The Cra Protein of Pseudomonas putida

such a problem in the relevant literature. Gel retardation experi-
ments with a labeled DNA fragment bearing a Cra operator (3,
5) could authenticate F1P as one bona fide effector, but not FBP.
Some studies suggest that the in vitro response of Cra to FBP is
due to a possible contamination of FBP with F1P (3). Yet, other
authors have produced evidence that FBP is an authentic effec-
tor of Cra (5, 14). The consensus at this point is that F1P is the
major agonist of the enterobacterial regulator, but FBP can do
the same at much higher concentrations. But what is the situa-
tion in other types of bacteria?

This work addresses the nature of the metabolic signal(s) that
control(s) binding of Cra to its genomic binding sites in the soil
microorganism Pseudomonas putida. This bit of information is
important for setting reliable connections between the central
fluxes for catabolism/anabolism of carbohydrates (which are
often reported by FBP levels, Ref. 3) and the metabolic and
non-metabolic transcriptome (14) in this bacterium. The Cra
regulator of P. putida is an ortholog of the virtually identical
gene/protein found in E. coli. But in contrast to the protein of
E. coli, crystals of the purified Crap 4, diffracted at a very
high resolution (see below), thereby revealing an unprece-
dented structural detail of the effector-protein interaction that
could not be attained with the enterobacterial variant (11). As
shown below, analysis of such a structure along with other bio-
chemical and biophysical tests indicates that F1P is the pre-
ferred metabolic effector of Crap .4, As a sidelight, we could
produce evidence that this Cra variant represses expression of
the fructose-related phosphoenol pyruvate phosphotransferase
carbohydrate system of P. putida in a fashion (predictably)
dependent on F1P binding.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Protein Purification—The DNA
sequence encoding the Cra protein of P. putida KT2440
(PP0792) was amplified from the chromosome of this bacte-
rium with primers Cra-F (5'-GGGAATTCCATATGAAACT-
CAGCGATATCGCCCGT-3') and Cra-R (5'-CCGGCTCGA
GTCAGGCCACTGAGAT-3’). The resulting PCR product
was digested with Ndel/Xhol and cloned into the bacterial
expression vector pET28a (Novagen), which adds six histidines
to the N terminus of the encoded protein. Note that we
included a stop codon (TCA) in the Cra-R primer immediately
after the Xhol sequence to avoid addition of more His residues
in the C terminus by the vector. The resulting plasmid
(pET28aCra) was transformed into the specialized host strain
E. coli BL21(DE3). For expression of the His,-tagged protein,
the transformed strain was grown at 37 °C in LB to A4, = 0.5,
and 0.5 mm of isopropyl-B-p-thiogalactoside was added, after
which the cultures were grown for an additional 3 h. Cells were
then harvested by centrifugation and the pellets frozen at
—80 °C until further use. For purification, cells were thawed,
resuspended in 50 mM sodium phosphate buffer (pH 7.0) and
200 mM NaCl (1 ml of culture, A4, = 0.5 in 50 ul), and mechani-
cally lysed using a French press (Thermo Electron Corp.). Cell
debris was removed by centrifugation (20,000 X g for 30 min at
4°C) and the native His,-Cra protein isolated to apparent
homogeneity from the supernatant of the cell lysate using
TALON metal affinity resin (Clontech) according to the man-
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ufacturer’s instructions (see supplemental Fig. S1 for details).
The purified protein was kept in the elution buffer at 4 °C until
its utilization as indicated in each case. On the other hand,
selenium-methionine (Se/Met)-derivatized P. putida Cra was
purified as before from cells grown in M9 minimal medium (15)
in the presence of 0.2% glucose, selenium-methionine, and
other amendments known to inhibit methionine biosynthesis
(for protocol details see Ref. 16). All buffers for (Se/Met)-Cra
purification were supplemented with 5 mm dithiothreitol, but
the isolation procedures were otherwise identical to those
employed for the non-derivatized protein.

Identification and Synthesis of the Cra Operator—The refer-
ence E. coli consensus sequence for Cra binding sites was
retrieved from the PRODORIC database (17). The resulting
DNA motif (Fig. 1A) was then searched in the genome of
P. putida KT2440 (18) by means of the Virtual Footprint soft-
ware (version 3.0, Ref. 19), which revealed the presence of at
least 89 possible Cra binding sites. One of these sites (5'TTA-
AACGTTTCA3') happened to occur within the intergenic and
divergent promoter region of the fruR/fruBKA gene cluster
(P. putida chromosomal coordinates 908211-915030, Fig. 1B)
which, because of its proximity to the cra (fruR) gene of this
bacterium was likely to be functional. This plausible operator
was synthesized as part of a 22-bp double-stranded DNA
fragment (see below) and employed in the mobility shift and
isothermal microcalorimetry (ITC) assays described under
“Results.”

NonRadioactive EMSA—The 22-bp DNA fragment used for
EMSA with the Cra protein was prepared by heating an
equimolar (50 nmol) mixture of complementary oligonucleo-
tides containing the presumed Cra binding site of the fruR/
fruBKA promoter region (forward, 5'-TCAGATTAAACGTT-
TCAGCTGC-3'; and reverse, 5'-GCAGCTGAAACGTTTAA-
TCTGA-3') in 1 ml of TE buffer (10 mm Tris/HCI, pH 8.0; 1 mm
EDTA) at 95 °C for 10 min and then keeping the annealed prod-
uct chilled on ice until further use. The Cra-DNA binding reac-
tion was assembled in a final volume of 20 ul containing 2 ul of
TGED binding buffer 10X (final concentrations, 10 mm Tris-
HCI (pH 8.0), 5% v/v glycerol, 0.1 mm EDTA, 1 mum dithiothre-
itol, 20 ug/ml poly (deoxyinosinic-deoxycytidylic), 200 ug/ml
BSA, 0.75 um Cra site-containing DNA fragment) and increas-
ing amounts of the pure Cra. Mixtures were incubated for 15
min at 30 °C and electrophoresed in a nondenaturing 10% (w/v)
polyacrylamide (bisacrylamide gel in Tris-glycine buffer 1X
(pH 8.9)). Finally, the gels were stained with ethidium bromide
and visualized using a Gel Doc XR (Bio-Rad). In the experi-
ments for identification of potential effectors, Cra was incu-
bated with the DNA fragment in the presence of 1 mm fructose
(Fluka, 99% purity), 1 mm F1P (Sigma, 100% purity), FBP
(Sigma, 98% purity), fructose 6-phosphate (F6P, Sigma, 98%
purity), glucose 6-phosphate (G6P, Sigma, 100% purity), and
then the samples were run in a gel and analyzed as described
before.

ITC—ITC experiments were performed on a VP microcalo-
rimeter (MicroCal, Northampton, MA) at 25 °C. Prior to exper-
iments, Cra was thoroughly dialyzed in 25 mm Tris-HCI, 50 mm
NaCl, and 1 mm DTT (pH 8.0). After dialysis, the protein solu-
tion was filtered through a 0.45-um filter, and its concentration
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was determined by UV absorption spectroscopy using an
extinction coefficient of 1.217 X 10° cm M ™! at 280 nm (20).
Effectors were prepared by diluting pure powdered products in
filtered dialysis buffer so that the ligand and protein solvent
were the same. Each titration involved a single 1.6-ul injection
and a series of 4.8-ul injections of a 250 uM preparation of each
of the effectors into a 7.5 uMm protein solution deposited in the
1.4-ml chamber of the apparatus. For DNA binding studies, the
22-bp DNA fragment used in EMSA experiments (see above)
was dialyzed so that the DNA and protein solvent were the
same. In this case, the assays consisted of the injection of 4.8-ul
aliquots of 60 um DNA into a protein solution of 10 uM in the
same 1.4-ml chamber. The mean enthalpies measured from
injection of the ligands into the buffer were subtracted from raw
titration data prior to data fitting using the One Binding Site
model of the MicroCal version of the ORIGIN software. From
the curves thus fitted, the parameters AH (reaction enthalpy),
K, (binding constant, K, = 1/K},), and n (reaction stoichiom-
etry) were determined. From the values of K, and AH, the
change in free energy (AG) and in entropy (AS) were calculated
with the equation: AG = -RT'InK,, = AH - TAS, where R is the
universal molar gas constant and 7 'is the absolute temperature.

Analysis of the Cra Oligomerization State— Analytical ultra-
centrifugation experiments were performed in a Beckman
Optima XL-A analytical ultracentrifuge with a UV-visible
absorbance detection system. Sedimentation velocity measure-
ments were carried out on an An50Ti eight-hole rotor in phos-
phate buffer with 150 mm imidazole and 200 mm NaCl (pH 7.0)
(elution buffer in protein purification) at 45,000 rpm, with 400
ul of protein solution (0.5, 1, and 1.3 mg/ml) in each cell, using
double-sector Epon-charcoal centerpieces. Differential sedi-
mentation coefficient distributions c(s) were calculated by least
squares boundary modeling of sedimentation velocity data
using the SEDFIT program (21, 22). From this analysis, the
experimental sedimentation coefficients (s) were corrected for
solvent composition and temperature to obtain the corre-
sponding standard s values (s, ,,,» standard solvent conditions,
pure water at 20 °C) using the SEDNTERP program (23). Partial
specific volume of 0.7312 ml g—"' at 20 °C was calculated from
the amino acid composition (24). Sedimentation equilibrium
experiments were performed at 20 °C by centrifugation of 80-ul
samples of Cra at 11,000, 13,000, and 19,000 rpm in the Optima
XL-A ultracentrifuge. Conservation of mass in the cell was
verified in all the experiments. After the equilibrium scans, a
high-speed centrifugation run (45,000 rpm) was done to esti-
mate the corresponding baseline offsets. Weight-average buoy-
ant molecular weights were determined by fitting a single-spe-
cies model to the experimental data using the Hetero-Analysis
program (25). The absolute molecular weight of the Cra protein
was determined using the partial specific volume (0.7312 ml
g~ ") and the solvent density (1.0207 mg/ml). In addition, the
oligomerization form of P. putida Cra was confirmed by size
exclusion chromatography. To this end, a protein solution of
1.0 mg/ml was run through a Superdex 200 column (Amersham
Biosciences) in 25 mm Tris-HCl and 50 mm NaCl (pH 8.0). The
molecular weight markers were run under the same conditions.
Proteins in the eluted fractions were monitored by SDS-PAGE.
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Protein Crystallization—The affinity-purified His-tagged
Cra protein (see above) was concentrated to 15 mg/ml for its
crystallization. During concentration, the sample buffer was
diluted ~50 times against 25 mm Tris (pH 8.0), 50 mm NaCl,
and 1 mMm DTT. This procedure allowed a high concentration of
the protein and avoided amorphous precipitation while simul-
taneously clearing the samples of the potentially disturbing
imidazole left after eluting the protein from the metallo-affinity
column. Crystals of the native Cra protein were then generated
from a 15-mg/ml protein sample by the sitting-drop vapor-
diffusion method. Drops were prepared by mixing 150 nl of
protein with 150 nl of crystallization solution and equili-
brated against 100 wl of the crystallization solution in
Greiner plates. Crystals appeared after 2 days in drops pre-
pared with a solution containing 15% (w/v) of polyethylene
glycol 8000, 0.2 M sodium acetate, and 0.1 M MES buffer (pH
6.5). Selenium-methionine (Se/Met)-derivatized Cra protein
was crystallized using identical conditions. The resulting
crystals were dialyzed against the same solution supple-
mented with 20% glycerol before cryofreezing in liquid
nitrogen (see below). For the ligand binding experiments,
native Cra protein crystals were soaked for 4-7 h in the
cryofreezing solution containing 1 mm of each tested candi-
date effectors (F1P, FBP, F6P, G6P, and fructose).

Data Collection and Structure Resolution—Datasets from the
native, effector-less Cra protein, its (Se/Met)-derivatized vari-
ant, and the ligand-containing complexes F1P and FBP were
collected at the European Synchrotron Radiation Facility
(Grenoble, France) at beamlines ID14 -1, ID23-1, and ID14. -2
(crystals soaked with F6P, G6P, and fructose did not show any
diffraction). The crystals, which belonged to the space group
P2,, contained two Cra molecules in the asymmetric unit and a
solvent content around 43%. Diffraction data were processed
with X-ray detector software (XDS) (26) and scaled with
SCALA (27). The structure of the protein without effector was
solved first by the Single-wavelength anomalous dispersion
(SAD) method using the Autorickshaw server (28) and diffrac-
tion data extending up to a 2.5-A resolution. Structure resolu-
tion and phasing in the server was carried out by the SHELX
programs (29). The initial model built by RESOLVE (30) gave
R-factor/R-free values of 22 and 28%, respectively. The model
was manually adjusted using Coot (31) and refined using PHE-
NIX 1.6-289 (32) with data up to a 2.0-A resolution to a final
R-factor and R-free of 18.4-and 21.8, respectively (supplemental
Table S1). Crystal structures of the Cra protein in complex with
F1P and FBP were determined by the molecular replacement
method using the effector-less structure and the PHASER pro-
gram (33), followed by refinement with PHENIX 1.6-289 (32,
supplementary Table S1). The structure of the Cra protein pre-
pared by soaking the crystal with FBP gave an electron density
map in the effector binding site that was indistinguishable from
the Cra-F1P complex and therefore has not been included sep-
arately in supplemental Table S1 (not shown). All residues are
in the most favored region (91.7%) or the additional allowed
regions (7.9%) of the Ramachandran plot, except the effector-
binding Asp-148 that lies in a disallowed region in all struc-
tures. Coordinates of the Cra structure and its complex with
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FIGURE 1. E. coli Cra binding consensus sequence and regulatory region
of the fructose operon of P. putida. A, the E. coli consensus sequence for the
Cra binding site was retrieved from the PRODORIC database (17). This
sequence forms an incomplete palindrome in which the left half-site is con-
siderably better conserved than the right half-site. B, the regulatory region of
the fruBKA operon in P. putida was analyzed and one single operator identi-
fied as shown. The sequence TTAAACGTTTCA (in red) corresponds to the pal-
indromic Cra-binding motif, whereas the black boxes show the putative
—35/-10 promoter region upstream of the fruBKA operon.

F1P have been deposited in the Protein Data Bank with the
following codes: PP-Cra, 3074 and PP-Cra/F1P, 3075.

RESULTS AND DISCUSSION

Identification and Gross Characterization of the Cra Protein
of P. putida—The genome of the soil bacterium P. putida bears
an ORF for a protein (PP0792) of 331 amino acid residues (coor-
dinates 909206 -908211) and 38.4-kDa molecular mass that
shares 74% similarity and 48% identity with the E. coli Cra pro-
tein (supplemental Fig. S2). This identity goes up to 70% in the
predicted DNA binding domain of the proteins, suggesting that
the target genomic sequences ought to be similar (if not identi-
cal) as well. All these criteria qualifies PP0792 as a bona fide
ortholog of the reference enterobacterial counterpart. Yet,
unlike E. coli and S. typhimurium, the crap 44, variant maps
adjacent and divergently oriented to the fruBKA operon (Fig.
1B and supplemental Fig. S3). This gene cluster encodes pro-
teins for phosphorylation and transport of fructose (34)
through the phosphoenol pyruvate phosphotransferase carbo-
hydrate system of P. putida (Ref. 34; PTS'™™). Because of this
proximity, PP0792 was formerly annotated as FruR, not as Cra
(18). To ensure the functional assignment, the crap 4.
sequence was amplified, a metallo-affinity His,-tag was added,
and the protein was purified to apparent homogeneity as
explained under “Experimental Procedures” (see supplemental
Fig. S1). On the other hand, analysis of the intergenic region
(Fig. 1B) revealed the presence of a motif (5'-TTA-
AACGTTTCA-3') with a high score to the consensus binding
site for the Craregulator of E. coli and Salmonella (Fig. 1A, Refs.
3, 35, 36). To examine whether such a sequence was in fact the
operator of Crap /4, @ 22-bp double-stranded DNA frag-
ment containing the candidate target was synthesized and
employed in the mobility shift assay shown in Fig. 2. The results
indicated the formation of one specific complex between the
DNA and the Crap 4, the abundance of which increased
with Cra concentration (Fig. 2A4). The molar ratio where the

9354 JOURNAL OF BIOLOGICAL CHEMISTRY

(A) e | Cra
1 2 3 4 5 6
Cra-DNA
200 — complex
80 —
40 —
20 — < DNA(22bp)

+ Metabolites

1.2 3 4 5 6 7

- B‘ ‘ ! Cra-DNA
200 ' " complex
40 —'-i-'

20—”.! ’ M; < DNA(22bp)
FIGURE 2. Nonradioactive EMSA of Cra and its binding site in the inter-
genic fruR/fruBKA region of P. putida. A, EMSA experiment with increasing
concentrations of pure Cra protein. Molar ratios of DNA:Cra were 1:0 (lane 1),
1:0.5 (lane 2),1:1 (lane 3), 1:2 (lane 4), 1:4 (lane 5), and 1:8 (lane 6). B, Cra effector
identification. DNA (0.75 um) was incubated with pure protein (1.5 um) in the
presence of T mm of different metabolites: F1P (lane 3), FBP (lane 4), F6P (lane
5), G6P (lane 6), and fructose (lane 7). Lanes 1 and 2 correspond to DNA in
the absence and presence of Cra, respectively, without any added metabolite.
Note that only F1P prevents the binding of the protein to DNA.

DNA band disappeared entirely from the gel grossly corre-
sponded to a molar DNA:Cra ratio of 1:2. These results verified
the interaction of the protein with its predicted binding site
within the fruR/fruBKA promoter region and laid the basis for
determination of key parameters as explained below.

The Cra Regulator of P. putida Is a Dimeric Protein—The
oligomerization state of purified Crap, ,,,,,;4, was determined by
means of analytical ultracentrifugation experiments. The sedi-
mentation profile (Fig. 3A) showed the occurrence of one main
species to 3.9S with s,,,, of 4.8 * 0.1 (f/f, = 1.35), which
accounted for 88 -94% of the observed molecules and which
was compatible with a dimeric form of the protein. The sedi-
mentation equilibrium results (data not shown) predicted a
mass value of 72.4 * 6.0 kDa, which was slightly lower than the
theoretical mass for the dimeric form of the protein. But taken
together, the velocity and equilibrium sedimentation results
indicated that Cra existed mainly as a dimer in solution at the
concentrations used. The protein oligomerization state was
confirmed by size exclusion chromatography (Fig. 3B), in which
one main peak of ~60—80 kDa (i.e. a dimer) was followed by
much less abundant species, tailing between the 21-50 kDa
markers (i.e. a monomer). These results thus consistently doc-
umented that the Cra protein of P. putida occurs predomi-
nantly in a dimeric form, a feature that differs from the same
regulator of E. coli, known to be a tetramer (37-39). However,
this divergence is understandable because the leucine mini-zip-
per that causes tetramerization of proteins of the Lacl family
through their carboxyl-terminal regions is conserved in E. coli
Cra (8) but not in the P. putida counterpart (Fig. 3C). On the
other hand, the Cra binding site in the fruBKA promoter region
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Cra P. putida (AA 302-331) LALAAIEEKRYEPGVHAVGRTFKQRI| SVA-COOH

FIGURE 3. Oligomerization of the Cra protein of P. putida. A, distribution of
sedimentation coefficient population (c(s)) against sedimentation coefficient
(s), obtained by sedimentation velocity experiments. The assays were per-
formed with 0.5, 1, and 1.3 mg/ml of pure Cra protein. The sedimentation
profile was dominated by a species of 3.9S, accounting for 88-94% of the
observed molecules, followed by a small peak at 2.4S (2.3-8.9%). The pre-
dominant species with sedimentation coefficient of 3.9S was corrected to
S,0,w Using the viscosity value of the solution (measured in a viscometer Anton
Paar AMVn). The corrected sedimentation coefficient was 4.8S, which is com-
patible with a globular dimer of the protein. Equilibrium sedimentation
experiments predicted that the dominant peak has a molecular mass of
72.4 = 6.0 kDa. B, gel filtration. The oligomerization form of P. putida Cra was
confirmed by size exclusion chromatography as shown. The main peak of
60-80 kDa is consistent with a dimer, whereas the minor tail of 21-50 kDa
surely corresponds to residual monomeric species. The chromatogram shows
the superposition of two different runs: Cra alone (red line) and standards
used as molecular mass marker (black line). The proteins in the elution frac-
tions were monitored by SDS-PAGE. Molecular weight markers were run
under the same conditions. Chymotrypsin (21 kDa) (7), albumin (50 kDa) (2),
BSA (70 kDa) (3), Ab (170 kDa) (4), and Dextran (5). C, alignment of the C-ter-
minal amino acid sequence of regulators Cra (E. coli), Lacl (E. coli), and Cra
(P. putida). Note that the E. coli tetrameric regulators Cra and Lacl contain a
leucine mini-zipper, which seems to be required to tetramerization. This mini-
zipper is absent in the P. putida Cra protein.

of E. coli contains two nearby operators, O, (TGAAAC|GTT-
TCA) and O, (TGAATC|GTTTCA), which could accommo-
date the cognate repressor tetramer (3). In contrast, the same
region of the P. putida genome has only one Crasite (Fig. 1B). A
plausible consequence of this is that the affinity of the Cra
dimer for the single site in the fruBKA promoter region of
P. putida ought to be high to compensate the more extended
range of interactions of the tetramer/two-operator scenario of
the same regulatory device in E.coli. This possibility was
addressed next.

Cra Strongly Binds Its Single Operator in the fruR/fruBKA
Region of P.putida—The interaction parameters of the
Crap ,u1iaq Protein with the operator DNA found within the
fruBKA promoter segment (Fig. 1B) were examined by means
of ITC. The corresponding results are shown in Fig. 44. Note
that in the upper panel peaks go upwards, which indicates that
the binding of Cra to DNA is an endothermic process (AH =
7.66 £ 0.09 kcal/mol). Because enthalpy changes are unfavor-
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able, binding ought to be entirely entropy-driven (TAS =
17.68 * 0.15 kcal/mol, AG = —10.02 = 0.10 kcal/mol). This
situation is not infrequent, as the binding of proteins to DNA is
often endothermic but also fostered by the positive entropic
effect of the displacement of DNA-bound water molecules (40).
Subsequent calculations allowed us to determine a protein-
DNA dissociation constant (Kj,) of 26.3 = 3.1 nM that reflects a
very strong interaction and that likely enables Cra, 4, to
exert a considerable repression on expression of the fruBKA
genes.

Surveying Metabolic Intermediates as Crap ., Effector
Candidates—To shed light on the nature of Cra effector(s),
DNA samples were incubated with pure Cra protein in the
presence of different metabolites and submitted to EMSA
experiments as before, except for the addition of candidate
molecules to the binding mixtures prior to loading the gel. The
chemical species that were listed as possible Cra inducers able
to release its strong binding to DNA included fructose, F1P,
FBP, F6P, and G6P. The EMSA experiments shown in Fig. 2B
(lanes 3-7) indicated that at 1.0 mwM of the effector in the bind-
ing mixture, only F1P was able to prevent binding of the repres-
sor to the fruBKA regulatory region (Fig. 1B), confirming this
metabolite as a Cra binder.

The experiment shown in Fig. 1B, however, did not alto-
gether rule out that the other small molecules could interact
with the target protein at much higher concentrations not suit-
able for the conditions of the EMSA test. Furthermore, the gel
of Fig. 2B revealed the persistence of a fraction of the Cra-DNA
complex that did form even in the presence of F1P (Fig. 2B, lane
3). To elucidate these ambiguities, we again resorted to the ITC
technology described before. First, we ran isothermal titration
experiments with purified Cra and the various candidate effec-
tors as the interaction partners. The results shown in Fig. 4B
indicated that binding of F1P to Cra was both enthalpy-driven
(AH = —5.94 * 0.39 kcal/mol) and entropy-driven (TAS =
3.16 * 0.4 kcal/mol), producing a total free energy change (AG)
of —9.10 = 0.06 kcal/mol. Favorable (negative) enthalpy
changes can be attributed to bond formation between F1P and
amino acids in the cognate binding site, whereas favorable (pos-
itive) entropy changes are generally caused by the ligand-in-
duced release into the medium of otherwise bound water,
thereby increasing the disorder (entropy) of the system. Further
calculations revealed not only an apparent stoichiometry of
1.06 = 0.06 molecules of F1P per Cra monomer, but also de-
monstrated a high protein-effector affinity (K, = 209 * 20 nm).
It is noteworthy that this affinity value is significantly higher
than the corresponding figures for other transcriptional regu-
lators of the GalR-Lacl family. For instance, the K, of isopro-
pyl-B-p-thiogalactoside binding to Lacl is 2.8 um (41), that of
2-ketogluconate to PtxS, 15 um (42), and so on. In contrast, ITC
experiments indicated that Cra had little (if any) affinity for the
other metabolites examined. Specifically, the test run with FBP
as a Cra effector-to-be (assay I in Fig. 4B) did not produce any
indication of interaction, at least at the concentrations
employed in the assay. The same was true for other candidate
effectors (e.g. G6P, glucose, and fructose; supplemental Fig. S4),
indicating that the repressor is highly selective for F1P. Finally,
to clarify whether some residual Cra-DNA complex could still
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FIGURE 4. ITC assays with Cra, effectors, and DNA. The upper panels plot raw data from representative ITC experiments, whereas the lower panels show the
fitted curves of the same results but integrated and corrected for dilution. A, titration of Cra protein with DNA in the absence (/) and presence (/) of F1P. Positive
peaks represent an endothermal event. Note that no interaction between Cra and the DNA is detected in the presence of F1P. The thermodynamic values
calculated for protein-DNA interaction were K, = 26.3 = 3.1 nm, AH = 7.66 %+ 0.09 kcal/mol, TAS = 17.68 = 0.15 kcal/mol, and AG = —10.02 = 0.10 kcal/mol.
B, titration of Cra protein with (/) FBP and (//) F1P. The experiment covered concentrations of the effectors in the chamber ranging from 300 nm to 20 um. Note
that only the titration with F1P produces a heat change in the experiment at the tested concentrations. Negative peaks are indicative of an exothermic event.
The thermodynamic values calculated by curve fitting were K, = 209 = 20 nm, AH = —5.94 = 0.39 kcal/mol, TAS = 3.16 = 0.40 kcal/mol, and AG = —9.10 *
0.06 kcal/mol. The sigmoidal shape of the binding curve allows determination of the protein-effector stoichiometry, which corresponds to the molar ratio (x
axisin lower panel) at the point of inflection of the curve. In this case, such a molarratio was 1:1, indicating that one molecule (calculated, 1.06 = 0.06 molecules)

of F1P interacts with one molecule of Cra monomer.

be formed in the presence of F1P, a mixture of Cra and F1P was
incubated with the same target DNA employed above for the
repressor-operator binding experiments. The resulting ITC
curves (Fig. 44, assay II) confirmed that the Cra-F1P complex
was altogether unable to bind DNA. This set of data clearly
points at F1P as the preferred metabolic effector of Cra,
whereas it raised doubts regarding whether the role FBP as an
inducer of this repressor reported in the literature for the enter-
obacterial protein (5, 14) held true for the counterpart of
P. putida.

Cra Crystallization and Structure Resolution—Although the
results above confirmed the nature of F1P as a Cra effector, they
did not discount that the effector-binding site of the repressor
could accommodate other, thus far unidentified, metabolites.
To shed light on this possibility, we set out to determine the
actual three-dimensional structure of such a pocket in both the
effector-less and the effector-bound Cra structure by x-ray
crystallography. The protein was crystallized as described
under “Experimental Procedures.” SDS-PAGE of extensively
washed crystals showed a single, sharp band of ~30 kDa for the
crystallized sample, smaller than the theoretical size of 38 kDa.
This suggested a precise excision of an ~8-kDa fragment from
the protein body during the crystallization process (see below).
MALDI-time-of-flight analysis of the truncated protein pro-
duced a predominant peak of 30.4 kDa, confirming the previous
observation. Proteolytic removal of nonstructured or unstable
polypeptides often help the crystallization of the rest of the
protein core (43). This appeared to be our case because the
occurrence of such a cleavage during the concentration and
crystallization of Cra was ultimately beneficial. Crystals were
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obtained that belonged to the P2, space group, contained two
Cra molecules in the asymmetric unit, and did diffract to a
resolution of 2 A (see supplemental Table S1).

The structure of the Cra protein was determined for both the
effector-free and the F1P-bound forms, in which last-case crys-
tals were soaked in a solution containing a 1.0 mm concentra-
tion of the metabolite (see “Experimental Procedures”). The
corresponding three-dimensional architectures are shown in
Fig. 5A. Note that the dimers of the effector-less Cra and its
F1P-bound counterpart were very similar, with a root mean
square deviation of 0.48 A for 270 residues. Note also that, as
expected, the crystal structure lacks the leading N-terminal 59
amino acid residues. As mentioned above, this deletion is irrele-
vant (if not beneficial) for our purpose because the missing
segment includes the DNA-binding domain and a short linker
(supplemental Fig. S2) but leaves intact the effector-binding site
of the protein.

As shown in Fig. 54, both Cra monomers are related by a
pseudo 2-fold axis and share an interface surface of 1700 A per
monomer. The N-terminal regulatory subdomain (N-RSD)
comprising residues from Thr-63 to Ser-161 and from His-293
to Val-320, specifically « helices I and II and S strand B (Fig.
5A), contributes most of the interactions to form the dimer.
Residues from this region are implicated in 12 salt bridges and
80% of the hydrogen bonds between domains. In contrast, the
C-terminal regulatory subdomain (C-RSD, residues Asp-163 to
Ala-290 and Tre-323 to Lys-325) contributes only with six
hydrogen bonds to the interaction through helices VII and IX
(Fig. 5A). Structural comparisons using the DALI server (44)
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FIGURE 5. Crystal structure of Cra in complex with F1P. A, ribbon representation of the crystal structure of the regulatory subdomain of Cra in complex with
its ligand F1P. B-strands are colored in magenta, helixes in cyan, 3,4 helixes in red, and loops in orange. F1P is shown with sticks, with carbons indicated in yellow,
phosphorus in orange, and oxygens in red. The N and C termini are marked with lowercase letters and the secondary structure elements with uppercase letters.
The N-regulatory subdomain consists of strand A (amino acids 63— 68), helix | (74 -89), strand B (93-98), helix Il (103-115), strand C (120-123), helix 11 (133-139),
strand D (144-147), strand E (157-164), helix X (293-310), and strand K (316-320). The C-regulatory subdomain is composed of helix IV (163-175), strand F
(181-187), helix V (192-204), strand G (211-217), helix VI (222-236), strand H (242-245), helix VIl (239-248), helix VIl (263-265), strand | (269-273), helix IX
(277-280), strand J (286 -290), and strand L (323-325). B, lateral stereo view (Ca representation) of the superimposed regulatory domains of Cra from P. putida
(red) and E. coli (blue, PDB code 2IKS).

(A) Fructose 1-phosphate (F1P)  Fructose 1,6-bisphosphate (FBP)

%‘* ey

Arg322

Arg149 Arg197,

Asp1 01 Phe220 Gln291

Asp148

Phe22 l*
Asp275
> \r Ser247
GIn291 Aspio1  “Asn73 s

FIGURE 6. Detail of the interaction between Cra and F1P. A, stick representation of F1P and FBP with the same color code as in Fig. 5A. B, F1P-Cra interactions
in the protein binding pocket. The electron density map (Fo-Fc) determined in the absence of the F1P molecule is represented as a green mesh ata 3.5-0-contour
level. C atoms are represented in gray, oxygens in red, and nitrogens in blue. Hydrogen bonds are indicated as dashed red lines and water molecules are shown
as red spheres. C, Ligplot scheme of F1P interaction with Cra (54); the color code is as in B. C atoms are marked in black, and hydrophobic interactions are
indicated by red arcs with spokes radiating toward the interacting atom.

gave a top solution with a Z score of 33 and a sequence identity
of 44% with the fructose repressor (Cra/FruR) of E. coli depos-
ited in the RCSB data base (PDB code 2IKS) but not yet pub-
lished. Structural comparison is shown in Fig. 5B. The folds
observed in both proteins were close to the domain organiza-
tion of other members of the family such as Lacl (45) and PurR
(46). These were defined by a central parallel 3-sheet formed by
six B strands (A-E and K) surrounded by four « helices (I-III
and X) for the N-RSD, and a parallel 8 sheet composed of four
B strands (G-I), an antiparallel B sheet with two 3 strands (J and
L) with four a helices (IV-VII), and two 3, , helices (VIII and IX)
for the C-RSD.
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Geometry of the Cra Inducer-binding Pocket—The F1P mol-
ecule could be coherently fitted in the electronic density maps
obtained after refinement of the structures determined for the
crystal soaked in F1P (Fig. 6). Yet, an attempt was made to
generate an additional complex between FBP (instead of F1P)
and Cra by soaking effector-less protein crystals in a 1 mm solu-
tion of this metabolite as above. The structures obtained from
crystals exposed to F1P and FBP were virtually identical, with a
root mean square deviation for their superposition in the range
of 0.45 A. But once the structure of the putative FBP-Cra com-
plex was inspected, it was found that the molecule occupying
the effector site was no other than F1P. These results suggested
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that it was the residual F1P present in the nominally 98% pure
FBP preparation (see “Experimental Procedures”) the protein
recognized as sole interaction partner. That such selective
binding to F1P happened even in the presence of a large excess
of FBP confirms the very high affinity for the first, consistently
detected with the other procedures described above.

The cavity where F1P molecules bind Cra is formed by por-
tions of the N-RSD and C-RSD subdomains (Fig. 5A4), at the
intermodule cleft. Incubation of Cra native crystals with 1 mm
F1P for 1 h was enough to obtain an equimolecular 1:1 associ-
ation of the ligand to each domain present in the asymmetric
unit of the crystals. The F1P molecule fitted to perfection the
electron density map of the cognate protein cavity determined
in the absence of the effector (Fig. 6B). The F1P molecule has a
solvent-accessible area of 372 A% which is completely buried by
contacts with the interacting protein residues and solvent mol-
ecules. Interactions occur with polar and aromatic residues in
that cavity through direct hydrogen bonds with residues Tyr-
76, Ser-75, Asn-73, and Asp-148 of the N-RSD, as well as Arg-
149, Arg-197, Ser-247, and Tyr-248 of the C-RSD (Fig. 6, B and
C). Moreover, two residues (GIn-291 and Gln-322) of the hinge
regions connecting both domains contribute with two extra
direct hydrogen bonds to the interactions. In addition, water-
mediated hydrogen bonds connect F1P with Asn-73 and Asp-
101 of the N-RSD and Asp-275 and GIn-291 of the C-RSD.
Hydrophobic interactions also play a role in the strong affinity
and specificity of Cra for F1P. These involve the furanose ring of
the effector, which sits between the side chains of Tyr-76 (part
of Ser-75 and Asp-148) and Phe-220. These amino acids pro-
vide not less than five interactions that trap the sugar ring
between two hydrophobic surfaces. The dense constellation of
interactions between F1P and Cra shown in Fig. 6 creates a high
degree of specificity that accounts for the extraordinary prefer-
ence of the P. putida regulator for this (and not for other) pos-
sible effectors.

CONCLUSION

The biochemical and structural results presented above con-
stitute strong evidence that F1P is the most favored effector of
the Cra protein of P. putida. The extensive contacts of F1P with
Cralead to a high affinity binding interaction (K ~ 200 nm). In
contrast, we found no proof of binding to either FBP or other
metabolites at the concentrations employed in the assays, a
body of (negative) data, which somehow diverges from the
results reported for the enterobacterial protein (5, 14). Further-
more, the extensive similarity between the proteins of P. putida
and E. coli suggest that they could also share the same structural
transmission pathway to regulate its function, which is likely to
be identical to that of known members of the family (46, 47).

That F1P is the preferred effector of Cra, ,,,,,4, Opens inte-
resting questions because current metabolic models for this
microorganism entertain F1P appearance only as a result of
fructose phosphorylation by the PTS™™ system (48 —50). Fur-
thermore, in contrast to E. coli, P. putida lacks a real glycolytic
route, which makes virtually impossible any significant accu-
mulation of FBP when cells grow in glucose (51). Although the
regulatory scope of Cra in P. putida remains to be explored, it
could well happen that (similarly to E. coli) the factor controls a
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large number of genes (4, 52), in which case there must be
alternative ways of producing F1P as a descriptor of metabolic
activity (14) in this bacterium. One way or the other, it is likely
that the first regulatory duty of Cra was that of a repressor of
fructose metabolism which was later co-opted as a global regu-
lator (2).

A sidelight of the results presented in this work is the evi-
dence that Cra regulates the PTS™ system in P. putida by
binding strongly as a dimer to a single palindromic sequence
within the cra/fruB intergenic region (which is different to
those of E. coli and S. typhimurium), and that only F1P can lift
such down-regulation. Because there is cross-talk between
PTS™™ and the nitrogen-related branch of the PTS system in
this bacterium (53), it is possible that Cra closes the loop that
connects N consumption and metabolic C fluxes. These
hypotheses are being actively examined in our laboratory.
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