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ABSTRACT. CggR is the transcriptional repressor of tf@pAoperon encoding central glycolytic enzymes

in Bacillus subtilis Recently, a detailed mechanistic characterizatiogagfAinduction revealed that the
binding of fructose-1,6-bisphosphate (FBP) to a low affinity site on CdgR>( 100uM) is responsible

for repressor release from the DNA. In addition, this prior work demonstrated that FBP binds to a second
high affinity site on the repressor, causing a conformational change in the CggR/DNA complexes, but
with no consequence on CggR affinity for its operator DNA. In the present study we have thoroughly
analyzed the structural and thermodynamic consequences of FBP binding to CggR. Results of fluorescence
anisotropy titrations, calorimetry and limited proteolysis confirm the existence in CggR of a high affinity
site for FBP, with &g of around 6uM. Using analytical size-exclusion chromatography, ultracentrifugation

as well as fluorescence correlation spectroscopy (FCS) and pressure perturbation, we show that FBP
binding at this site reduces the size of the CggR oligomers and induces conformational changes that
stabilize the dimer against denaturation. Hence, FBP has a dual role on CggR structure and regulatory
function. In addition to acting as an inducer of transcription at the low affinity site, FBP bound to the
high affinity site acts as a structural cofactor for the repressor, with profound effects on its quaternary
structure as well as on its conformational dynamics and stability. This high affinity FBP site apparently
evolved from the sugar substrate binding site of homologous enzymes.

In all bacterial cells, the utilization of carbohydrates to  GapA synthesis is controlled at the level of gene expres-
provide energy and carbon backbones involves metabolicsion by two transcriptional regulators: the pleiotropic
pathways which are highly regulated at multiple levels. In catabolite control protein A (CcpA), whose indirect regula-
Bacillus subtilis the enzymes that catalyze the interconver- tion mechanism is related to carbohydrate uptake by the
sion of triose phosphates in the central part of glycolysis cellular phospho-sugar transport syste2)) and the central
are encoded by the hexacistrog@pAoperon. Among these  glycolytic genes repressor (Cg§Rwhich is the product of
enzymes, the NAD-dependent glyceraldehyde-3-phosphatethe first cistron of thegapA operon. This repressor was
dehydrogenase (GapA) is the most strongly regulated. While recently identified in the course of a functional analysis of
the other central glycolytic enzymes are synthesized andthe B. subtilisgenome 1, 3) . CggR belongs to the SorC
active during both glycolysis and neoglucogenesis, GapA is family of transcriptional regulators. These repressors contain
operative only during glycolysis. Similar to plants and an N-terminal helix-turn—helix DNA binding motif fol-
cyanobacteriaB. subtilisand other Gram-positive bacterial lowed by a regulatory domain involved in inducer binding
species produce a NADP-dependent dehydrogenase (GapByvhich is homologous to the NagB enzym@&3)( Very little
to perform the reverse anabolic reaction under neoglucogenicinformation is yet available on the physical parameters
conditions (). underlying the conditional interaction of the SorC family
repressors with their operator DNA and effector metabolites.
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signal for carbon catabolite repression by Ccpd, thus by both Bradford assay and UV absorbance at 280 nm, using
providing a molecular integration point between the CggR a theoretical extinction coefficient of 14770 Mcm™.

and CcpA regulators. FBP is a well-suited modulator  Cross-Linking and Size Exclusion ChromatogragPuyri-
molecule, since its concentration B subtilis shifts con- fied CggR was dialyzed overnight in 50 mM Na-phosphate
siderably with changes in available carbon sources. Indeed,pffer (pH 8.0), NaCl 150 mM, 1 mM DTT. Protein aliquots
its concentration is-14 times higher when the bacteria grow gzt 0.5 mg/mL, supplemented or not with 2 mM FBP, were
in the presence of glucose as opposed to maldtelf incubated with glutaraldehyde (grade | 25% aqueous solution,
addition, FBP is a key metabolite involved in the regulation sigma) at a final concentration of 0.025%. After 5 or 30
of the activity of a number of metabolic enzymes such as mjin incubation at room temperature, the reaction was stopped
pyruvate kinased), glycerol kinase 10) and lactate dehy-  py adding Tris (pH 8) at a final concentration of 100 mM
drogenasel(). and the cross-linked material was analyzed by SPEGE

Recently, we have performed an in-depth analysis of the on 10% polyacrylamide gels and Coomassie-blue staining.
effects of FBP on the physical parameters governing CggR Size exclusion chromatography experiments were carried out
interactions with its target operator DNAZ). Our results using a Superdex200-HR10/30 gel filtration column (GE
demonstrated that CggR binds as a tetramer to the tandenHealthcare). 20@L of a purified CggR sample in 50 mM
DNA direct repeats constituting tlimpAoperator sequence.  Tris-HCI, 150 mM NaCl, 2 mM EDTA, 2 mM TCEP, pH 8
We showed that CggR binds to the full-length operator in a containing either no FBP or 2 mM FBP was injected onto
highly cooperative manner and that FBP does not changethe column, and elution was monitored at 280 nm.

the stoichiometry of the CggR/DNA complexes. However, | imited Proteolysis Assay$roteolysis reactions were
the cooperativity of binding and, thus, the overall apparent carried out in 25 mM Tris-HCI buffer, pH 8.0, containing
affinity decrease dramatically in the presence of millimolar 10 mm cacy, using Trypsin (Sigma-Aldrich Co) at 0.15
concentrations of inducer. In addition to this low affinity mg/mL. CggR concentration was 12.4 nM, and the samples
FBP binding implicated in the induction mechanism, we ga|so contained increasing concentrations of FBRNlto 5
discovered that the CggR/operator complexes also respondegnM). The enzyme/substrate volume ratio was 1:5, and
to FBP in the micromolar range. FBP binding at this high proteolytic digestion was allowed to proceed at°80for 5
affinity site led to a clear modification of the conformational or 30 min. Proteolytic digestion was stopped by addition of
dynamics of the repressor/operator complexes, but had noconcentrated SDSPAGE sample buffer to a final concen-
effect on DNA binding. tration of 0.01 M Tris-HCI, pH 6.8, 1% SDS, 5% 2-mer-

In the present study, we sought to examine the effect of captoethanol (v/v) 50 mM EDTA, 1.36 M glycerol, 0.0025%
FBP on the physical properties of the CggR protein alone in bromophenol blue. The samples were immediately heated
order to better define the biological role of this high affinity in a boiling bath for 5 min and kept on ice until being loaded
binding site. The consequences of FBP binding on the on a 15% SDSPAGE. We have verified on an unrelated
quaternary structure, hydrodynamics, stability, and confor- protein (PIcR) that FBP does not affect trypsin activity
mation of CggR were investigated by a combination of (unpublished results).

analytical methods including chromatography, ultracentrifu-  Analytical Ultracentrifugation ExperimentSedimentation
gation, fluorescence anisotropy, calorimetry, limited pro- yvelocity experiments were carried out using an Optima XL-A
teolysis and pressure perturbation. The results of theseanalytical ultracentrifuge (Beckman-Coulter, Palo Alto, CA)
analyses showed that FBP interferes with CggR self- equipped with a UV-visible absorbance detection system.
association and confirmed the existence of two classes ofa Ti60 eight-hole rotor and standard (12-mm optical path)
FBP binding sites on the repressor. The affinity of FBP for gouble sector centerpieces of Epon-charcoal were used. 23
the high affinity site was determined by steady-state anisot- ;1 CggR samples were centrifuged at 40 krpm at°C

ropy-based titrations and isothermal titration calorimetry. We The puffer for the measurements was 50 mM Tris-HCI, 150
showed that at this site, FBP binding favors CggR dimers mm NaCl, 2 mM EDTA, 2 mM TCEP, pH 8.

and stabilizes the protein against denaturation. Finally, we
used fluorescence correlation spectroscopy (FCS) in order

to characterize FBP-dr_Nen effects on the CggR molecules sedimentation velocity profiles using the software SEDFIT
n thg more physploglcally reIevant nanomolar range of (13). For the correction of values to standard conditions
protein concentration. Together with our previous DNA (20°C and water), the software SEDNTERP (retrieved from

binding studies, our results demonstrate that FBP acts noty - RASMB server14)) was used. The same software was
only as the inducer sugar that modulates the interaction of used to estimate the partial specific volume of CggR from

Cfgt%R with thegapAoi)grator but also as a structural cofactor its amino acid sequence and the buffer viscosity and density
or the repressor protein. at different temperatures.

MATERIALS AND METHODS Hydrodynamic ModelingThe low-resolution hydrody-
namic model of CggR was built employing the simulation
Protein Expression and Purificatio@ggR was produced  program HYDROPROX5) for calculation of hydrodynamic
in Escherichia colistrain M15pREP4 using pQE30 expres- properties from the atomic structures of each of the two
sion vector (Qiagen), and the His-tagged protein was purified domains of the repressor. Then, each domain was modeled
by affinity chromatography followed by size exclusion as a revolution ellipsoid that best reproduced the hydrody-
chromatography as described previousty 12). It was namic properties calculated by HYDROPRO, using and
shown that the N-terminal His-tag does not alter the CggR minimizing an optimization function that allows us to
repressor functiond). Protein concentration was determined compare the properties calculated for different sizes and

CggR sedimentation coefficient distributions were deter-
mined by direct linear least-squares boundary fitting of the
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ratios of revolution ellipsoids with the ones calculated from
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temperature was 2i1C. The concentration of TMR-CggR

the atomic coordinates. The model was further validated by was 27 nM in the titrations with nonlabeled CggR and 37
calculation of the eigenvalues of the gyration tensor for each nM in the titrations with FBP.

domain from the atomic structures using the program ORIEL
(16), which yields the length of the semiaxis of the ellipsoid

Analysis of the experimental binding curves was conducted
using Bioeqs softwarel8—20). This software allows the

that best reproduces this gyration tensor. The results for thesedetermination of the free energies of formation of the
values were in perfect agreement with those calculated from postulated complexes from the individual elements by using

the hydrodynamic properties. The program HYDROSUB
(17), which utilizes the bead-shell model extrapolation

a numerical solver. The error in the determined free energies
was estimated using rigorous confidence limit testing at the

approximation to calculate the properties of structures made67% confidence level, in which the uncertainties arising from
of simple symmetrical subunits, was used to calculate the parameter correlations were taken into account.

hydrodynamic properties of the low-resolution model built.
Isothermal Titration Calorimetry Experiment3.C experi-
ments were performed using the VP ITC system (MICRO-
CAL). 1.3 mL of a 12uM protein solution was titrated with
300uL of a 200uM solution of the inducer metabolite FBP.
30 injections of 5ul were performed. The buffer for the
experiments was 20 mM Hepes, 150 mM NaCl, 2 mM
TCEP, pH8. The analysis of the binding curves was
performed using the software Microcal ORIGIN. The experi-
ment was carried out three times with the same result.
Fluorescent Labeling of CggRCggR was covalently
labeled with tetramethylrhodamine succinimidyl ester (Mo-
lecular Probes, Invitrogen), alexa Fluor 488 (Molecular
Probes, Invitrogen) and atto 647N (atto-Tec, GmbH) car-
boxylic acid succinimidyl ester dyes in the amine groups,
directly after eluting from the Ni-NTA agarose column
during the purification protocol. A 10-fold molar excess of

Time-Resaled Fluorescence Spectroscopy Experiments.
Time-resolved fluorescence measurements were conducted
using an ISS KOALA sample chamber and ISS analog
frequency domain electronics (ISS, Inc. Champaign IL). The
sample was excited at 450 nm by frequency doubling of the
pulse picked emission at 900 nm of a Spectra Physics
Tsunami tunable Ti:sapphire infrared mode-locked picosec-
ond laser pumped by a 10 W Millenia diode laser. Emission
was observed via a monochromator at 520 nm. Fluorescein
in a buffered solution pH 9.0 was used as the reference
lifetime compound. Phase and modulation data were col-
lected until errors were less than 0.3 and 0.005 degrees of
phase and modulation units, respectively. Excitation was
vertically polarized and emission was set at magic angle for
lifetime measurements. In the samples, alexa 488 labeled
CggR concentration was @M. The buffer and the temper-
ature (21°C) were the same as for the anisotropy binding

the dye was added drop by drop to a solution of CggR, and titrations.

the reaction was allowed to proceed at room temperature For data analysis the Globals software (Laboratory of
for 2 h with continuous agitation. The reaction buffer was Fluorescence Dynamics, Urbana, IL) was used. This program
0.1 M sodium phosphate, 50 mM NaCl, 2 mM TCEP, pH 8 is based on a nonlinear least-squares procedure to minimize
for labeling with tetramethylrhodamine succinimidyl ester the squared deviations between the observed and expected
and 0.1 M sodium bicarbonate, 150 mM NaCl, 2 mM TCEP, phase and modulation values for multiple experimental data
pH 8.3 for the other two dyes. The reaction was stopped by sets. Correlated error analysis (i.e., one parameter is varied
adding 10% Tris-HCI 1M. The mixture was loaded onto a near the minimum while the other parameters are all free)
PD 10 desalting column (GE Healthcare) and purified trough was performed on the rotational correlation times, and the

a Superdex 200XK 16/70 column (GE Healthcare) equili-
brated in 10 mM Tris-HCI, 150 mM NaCl, 2 mM DTT and
2 mM EDTA pH 8 buffer. The ratio of labeling was
estimated using the extinction coefficient of the dyes

rigorous 67% confidence limits are reported for each
parameter. For lifetime analysis, a model involving a double
exponential fluorescence intensity decHy), was found to
adequately describe the experimental data:

provided by the suppliers, 65000, 71000, 150000 m™*

for tetramethylrhodamine at 555 nm, alexa 488 at 495 nm (1)
and atto 647N at 644 nm, respectively and that of CggR,

14700 Mt cm™t at 280 nm. The protein concentration was where 7; is the fluorescence lifetime and;, the pre-
also measured by Bradford assay. In this way the degree ofexponential factord; + a, = 1). When analyzing the
labeling was found to be 30%, 10% and 65% for tetram- anisotropy decaysi(t), a double-exponential model was
ethylrhodamine, alexa 488 and atto 647N labeling, respec-found to best fit the experimentally recovered decays:

tively.
r(t) =r(0)[3, exp-tgy) + B, exp(-tip))]  (2)

Fluorescence Anisotropy Binding Assay&teady-state
fluorescence anisotropy binding titrations were carried out
using a Beacon 2000 Fluorescence Polarization Systemwherer(0) is the time-zero anisotropy; are the rotational
(Panvera Corp., Madison WI) equipped with automatic correlation times angb; the fractional amplitude of each
temperature control. TMR labeled CggR (TMR-CggR) rotational correlation timef; + . = 1).
titrations were performed by adding increasing concentrations Fluorescence Correlation and Cross-Correlation Spec-
of nonlabeled protein or FBP inducer to independent tubes troscopy FCS measurements were carried out on a FCS setup
containing a fixed amount of TMR-CggR. Anisotropy values based on a dual channel ISS Alba fluorescence correlation
plotted represent the average of b values measured by detector with avalanche photodiodes connected to a Zeiss
the instrument after equilibration. Each curve is the average Axiovert 200 microscope. Excitation of the sample was
of 3 independent experiments. The buffer for the measure-achieved by means of a two photon Spectra Physics Mai
ments was 50 mM Tris-HCI, 150 mM NacCl, 1% glycerol, Tai HP femtosecond IR tunable laser set at 780 nm, focused
0.05 mg/mL BSA, 2 mM EDTA, 2 mM DTT, pH 8 and the into the sample by a Zeiss Apochromat 63X oil immersion

I(t) = o, exp(—t/Ty) + o, exp(—t/t,)



FBP, Inducer and Cofactor of CggR Biochemistry, Vol. 46, No. 51, 200714999

objective (numerical aperture 1.4). The excitation power was In a two-photon cross-correlation experiment, two spec-
set at 10 mW at the scope entrance. Care was taken to avoidrally different fluorophores are simultaneously excited and
both photobleaching and excitation saturation effe2ty (  the fluctuations in the intensity emitted by each of them are
by testing the excitation power dependence of the Go anddetected in two individual channels (1 and 2) and time-
autocorrelation profiles, and a threshold excitation power was correlated to generate three separate functions, the autocor-
determined to be that at which the profiles became excitation relation function of each of the fluorophores and the cross-
power independent. An E700 SP 2P dichroic filter (Chroma correlation function, which accounts for the molecules
Technology Corporation) was used to eliminate the IR bearing the two fluorophores. Under ideal conditions with
exciting light in the emission. In the FCS measurements no cross-talk, the cross-correlation functiGi(z) becomes
carried out using TMR-CggR, a 565 nm dichroic mirror was

used to split thge detectegdg light onto two channels and an Gio(7) = DF(BF,(t + D), (OIF,O0  (5)
additional 61Gt 75 nm band-pass emission filter was placed

before channel 1. When performing the cross-correlation  |f e consider that the species present in the solution are

measurements using alexa 488 and atto 647N labeled CggRenly species 1 and 2 and the complex 12, then eq 4 becomes
the same dichroic mirror was used but a 67%0 nm and

a 525+ 50 nm band-pass filters were set before channel 1 G,(z) = G(0)(1 + z/zd,,) (1 + wozf/zozfdlz)*l’z (6)

and 2 respectively. For the measurements 8-well Lab-Tek

chambers, were used. The chamber wells were coated withwherezd,; is the diffusion time of the complex ar@(0) is

a 10 mg/mL BSA solution, and the samples were loaded the amplitude.

after extensive rinsing with buffer. The sampling frequency  Data analysis was performed with the ISS Vista software.

was 500 kHz and the time of measurement 40 s. Calibration This program uses a Marquardievenberg minimization

of the system was performed with a fluorescein solution of algorithm, and the goodness of the fittings can be judged by

known concentration measured under the same illuminationthe recovered? In the analysis a Gaussian model was

conditions as the samples. In our experiments, autocorrelationselected for describing the laser point spread function and

curves were acquired at CggR concentrations in between (60the beam waisty,, and heightz, were fixed to that obtained

nM and 1.2uM) in the presence and in the absence of by calibration with the fluorescein solution. The beam waist

different FBP concentrations (1&M, 100 uM, 2 mM and wo Was found to be near diffraction limited, Qu4n, and the

10 mM). Protein concentrations above 300 nM were achieved zo was about Jum with an excitation at 780 nm. All of the

by adding nonlabeled CggR to 300 nM TMR-CggR. Cross- recovered autocorrelation and cross-correlation cuG(e}

correlation measurements were carried out using samplesvere best fit using a model involving two diffusing com-

containing a mixture of alexa 488 and atto 647N labeled ponents:

CggR, at 700 nM total repressor concentration, in the absence . T Y

and in the presence of 10 mM FBP. For each sample, G(t) = y/NI[fy(1+ z/rdy) (1 + wy1/z5"cdy) A [f1+

autocorrelation functions were acquired 5 times and the data /td,) {1 + w ltiz Td,) MY (7)

in the graphs and tables represent the average of at least 3

independent experiments. The buffer for the measurementswhererd, andf; are the translational diffusion time and the

was 50 mM Tris-HCI, 150 mM NacCl, 1% glycerol, 0.05 mg/ fractional contribution to the autocorrelation function of the

mL BSA, 2 mM EDTA, 2 mM DTT, pH 8. ith component.N is the average number of fluorescent
In a two-photon fluorescence correlation spectroscopy molecules in the sample volume. In two photon excitation,

experiment, the fluctuations in the fluorescence intensity the translational diffusion timerd, of the fluorescent species

detected in a small open volume defined by two-photon is related to the diffusion coefficienB;, by the equation

excitation probability are measured and time-correlated to

generate an autocorrelation function: Di = z/(8rd) (8)
Since our experiments were carried out using two-photon
G(r) = BFWODF(t + 1) IF1F (3) excitation, our data analysis did not require taking into

account triplet states. For each protein concentration, the
wherer is the lag time. When considering a system of freely curves recovered at different FBP concentrations were
diffusing monodisperse and uniformly bright fluorescent globally analyzed in terms of a consistent set of parameters
molecules, the following expression is derived: by linking the diffusion coefficients across the curves and

allowing their relative contribution to vary from one curve
G(r) = (yIN) Y [fi(1 + ord) M1 + w lrlztrd) Y (4) to another. The average translational diffusion coefficient

(DO was calculated as a mean of the two recovered
translational diffusion timedX;) weighted by their fractional

where v is the geometric factor, which constitutes a contribution to the autocorrelation functiof){

measure of the uniformity of the fluorescence intensity
observed for molecules at different positions within the D= (D,f, + D.f,) (9)
detection volume. The parametess and z, are the width

and length, respectively, of the three-dimensional Gaussian High-Pressure Perturbation Experimentdigh-pressure
excitation volume at which the intensity drops to?/Ehe fluorescence measurements were conducted using a stainless
parameterzd; is the translational diffusion timd; is the steel high-pressure vessel similar to that described previously
fractional contribution of speciesto the autocorrelation  (22). The sample was excited by a 300 W xenon arc lamp
function andN, the average number of molecules. through a fiber-optic cable coupled to the ISS Koala
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spectrofluorimeter (ISS, Inc., Urbana, IL). The excitation A
wavelength was 295 nm and the slits were 1 and 2 nm in
excitation and emission, respectively. The pressure trans-
ducing liquid was water, and the 0.6 mL cell was sealed
with Duraseal and an O-ring. The experiments were carried

100

out at 21°C, and the protein concentration was;289. The 3
buffer was 50 mM Tris-HCI, 150 mM NaCl, 2 mM DTT, E; 7
pH 8. The center of the spectral mass (or average emission H e
wavelength), [A[] was calculated, using the ISS Vinci <
software, as n
A= zFi/'Li/ZFi i=317,318,...,420nm  (10) o
6 9 12 15
where F; is the fluorescence intensity at an emission Elution volume on Superdex 75 (ml)
wavelength ofl; nm.
B No FBP 2 mM FBP
RESULTS MW 5 30’ 5 30
FBP Reduces the Size of CggR Oligom@itse effect of ks ; M '
FBP on the oligomeric state of CggR was first investigated 182

by analytical size exclusion chromatography (Figure 1A). e

While purifying the protein, we noticed that the purified
repressor had a strong tendency to precipitate in concentrated
solution but remained soluble below 2.5 mg/mL (@18).
When a 200uL purified protein sample at 1M was 37 - -
injected on a Superdex200-HR10/30 gel filtration column,

the protein was eluted as a major peak in the exclusion

vqlume, indicating that C_ggR IS es;ennally present 8S Fcure 10 Effect of the modulator ligand FBP on CggR oligo-
oligomers of molecular weight exceeding the resolution of merization. (A) Size exclusion chromatography of purified CggR
the column. Adding FBP at 2 mM in the protein sample, in the absence (solid line) or in the presence (dotted line) of FBP.
and at 0.5 mM in the column buffer, considerably reduced Elution profile on Superdex 200 HR10/30 prepacked column (GE
the size of these oligomeric species and spread out the proteil)gea'thcare) of 20QuL aliquot of 0.5 mg/mL purified His-tagged

: . LI ; ggR solutions, monitored by absorbance at 280 nm. For the
elution profile. A significant amount of low molecular weight — goneiment in the presence of the inducer sugar, FBP was added at

material could be detected in the presence of FBP, in a final concentration of 2 mM to the protein sample and 0.5 mM
particular in peaks centered around 14 and 12.5 mlL, to the column equilibration buffer (10 mM Tris-HCI (pH 8), 150

corresponding to an apparent molecular weight of about 80 MM NaCl, 2 mM DTT, 2 mM EDTA). (B) Cross-linking by
and 140 kDa, respectively. The theoretical molecular weight Jutaraldehyde in the absence or in the presence of 2 mM FBP.
. . - SDS-PAGE analysis of the cross-linked CggR protomers after 5
of the His-tagged protomer being 38.7 kDa, it can be anq'30 min reaction with 0.025% glutaraldehyde at room temper-
concluded that CggR polypeptide chains remain associatedature. After overnight dialysis in 50 mM Na-phosphate buffer (pH
at least as dimers even in the presence of FBP. 8), NaCl 150 mM, 1 mM DTT, 10QL aliquots of purified His-
Cross-linking experiments followed by SBSAGE analy- tagged CggR at 0.5 mg/mL were incubated. The His-tagged protein
sis of the covalently bound CggR protomers were conducted was dialyzed overnight in and incubated in phosphate buffer absence
; o . . and in 2 mM FBP solution.
with the purified protein at 0.5 mg/mL in phosphate buffer
(Figure 1B). After 30 min reaction with 0.025% glutaralde- species. Note that in such velocity experiment, very high
hyde, only a diffuse band corresponding to high molecular molecular weight materials are pelletted in the first minutes
weight cross-linked materials remained visible, confirming of the run and are therefore not visible. It is also noteworthy
the presence of high order oligomers of CggR. When 2 mM that the sedimentation coefficient distribution depended on
FBP was added to the reaction medium, the amount of cross-protein concentration and experimental conditions. Addition
linked protein was noticeably reduced, while the band at 37 of 2 mM FBP reproducibly provoked a global shift of the
kDa corresponding to the CggR protomer persisted over theprofiles recovered for the repressor protein toward lower
entire incubation time. In addition, discrete bands of about sedimentation coefficient values and increased the relative
80 and 110 kDa were detected that could correspond to crossamount of low molecular weight species. All together, these
linked dimers or trimers. experiments demonstrate that the CggR repressor forms high
The oligomerization state of CggR was further investigated order oligomers whose size is reduced in the presence of
by analytical ultracentrifugation (Figure 2A). Sedimentation FBP.
velocity (SV) experiments were conducted on protein  CggR Forms Asymmetrical DimerEhe putative molec-
samples containing 2&M CggR (0.89 mg/mL) in the ular weights of the CggR oligomers corresponding to the
absence and in the presence of 2 MM FBP. The SV profiles peaks observed in the sedimentation velocity experiments
were analyzed in terms of a distribution of sedimentation were first calculated assuming spherical complexes. The
coefficients, which allowed for evaluation of solute homo- fastest sedimenting species observed in the absence of FBP,
geneity. CggR solutions were found to be highly heteroge- around 23.4 S, corresponds to a molecular weight exceeding
neous and to contain a high proportion of rapidly sedimenting 700 kDa, which decreases to around 500 kDa in the presence
complexes corresponding to high molecular weight molecular of FBP. FBP binding leads to small8walues for all of the
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Ficure 2: Sedimentation coefficient distributions and low-resolu- [FBP] pM
tion hydrodynamic model of CggRA) Sedimentation coefficient
distributions of CggR in the absence (solid line) and in the presence
(dotted line) of 2 mM FBP corrected to standard conditions (20
°C). A = 280 nm. CggR concentration was 2Bl. (B) Bead shell
model of the low-resolution structure of the CggR dimer. This
model predicts correctly the hydrodynamic properties obtained in
laboratory for the wild type CggR protein.

Ficure 3: Concentration dependent CggR oligomerization and FBP
binding monitored by steady-state fluorescence anisotropy. (A)
TMR-CggR titrations with additional unlabeled CggR in the absence

(open triangles) and in the presence (closed triangles) of 2 mM
FBP. The concentration of labeled CggR was 27 nM. (B) FBP

binding by CggR monitored by steady-state fluorescence anisotropy.
CggR-TMR concentration was 37 nM. In the curve represented by

. . . open squares, 463 nM additional unlabeled CggR was added for a
species, except the slowest sedimenting one. In the presencgng nwm total CggR concentration. Solid lines correspond to a fit

of FBP, the sedimentation coefficient of the peak at 5.6 S is using a model in which two different affinity binding sites were
at the upper limit of what one might expect for a spherical considered for FBP while the dashed ones correspond to models
dimer of 77 kDa. However, this peak could also represent assuming a single binding site. The errors in the data are within
trimers or, more likely, a combination of dimers and the symbols.

tetramers. In the absence of inducer the slowest sedimenting[he two monomers were placed in multiple orientations with

species exhibits a sedimentation coefficient of 4.3 S, smaller X .
than expected for a spherical dimer (5.2 S), but too high for respect to thgse of the regulatory domain. Qne of th? re§ultlng
a monomer (3.3 S). Since we have no information about the hydrodynamic models of full-length CggR is shown in Figure

i : 2B. The hydrodynamic properties of these low-resolution

shape of these complexes, we have plotted $halue X
distributions, rather than calculating an apparent molecular models were calculated using the. program HYDROSUB
weight (17): Regardless of the relative orientation of the DBDs,
In order to ascertain whether an asymmetrical dimer could all models yielded nearly identical translational diffusion
account for this slowly sedimenting species in the absencecoeffICIentS (53-54 ﬂ”_"z’s) and sed_|mer_|tat|o_n c_oef_ﬂ_ments
(4.3—4.4 S) The rotational correlation time is significantly

of inducer, we constructed a low-resolution model of full- - h q found 10 be b 65
length CggR in order to estimate its putative hydrodynamic more sensitive to shape and was found to be between

properties. The crystal structure of the full-length protein was a”O_' 90 ns. The sgdmentgﬂo_n coefficient of 444 S .
recently solved in the context of the Midwest Structural estimated for d_|mer|c C_:ggR IS In very good agreement with
Genomics Program, and the coordinates for this structurethe lowest sedimentation coefficient value observed in the
have recently been deposited in the Protein Data Bank (pdb@PSence of FBP. Thus, our results support the conclusion
code 20KG). However, only the regulatory domain (residues that the smallest observed species for CggR in the sedimen-
88-338) is visible in this structure, the N-terminal winged (@tion experiments can be modeled as an asymmetrical dimer,
helix—turn—helix (WHTH) DNA binding domain (DBD) a_nd given the relatl_ve |nse|js_|§|V|ty _of the_ trqnslayonal
being too mobile or heterogeneous to be resolved. Interest-diffusion to conformaﬂonal flexibility, thls species is unlikely
ingly, two polypeptide chains form the asymmetric unit of 0 correspond to a flexible monomeric specig8)(

the 10KG crystal structure. Based on this structure, we first CggR Has Two Classes of FBP Binding Sit€ur
constructed a low resolution double prolate ellipse model of previous DNA binding studies have shown that the induction
the dimeric regulatory domain. Using sequence comparisonof the gapAoperon depends on saturation of a millimolar
and molecular threading, we predicted that the N-terminal affinity FBP site on CggRX2). These studies also revealed
DBD of CggR most resembles the MarR/AsrR-type winged- the presence of a micromolar affinity FBP binding site on
helix motifs 37). A prolate ellipse model of the CggR DBD CggR, the saturation of which modifies the nanosecond
was thus constructed based on the coordinates of MarR, andlynamics of the CggR/operator DNA complexes, but not the
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e (ep Table 1: Time-Resolved Fluorescence Anisotropy Parameters of
0.05 = ,(3, : ,zlﬂ, : _‘tﬂ_ . ‘f'ﬂ : ,f“_}l ,’In_ﬂl .1_2?‘ |140 CggR at Variable FBP Concentration
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2005 4 ] Prast (NS) 0.5+ 0.1 0.5+ 0.1 0.55+ 0.07 0.44+ 0.07
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= 020 1 % " 1 was 0.38+ 0.01, and the amplitude of the fast rotational correlation
e 1. - 1 time (¢ras) Was 0.44+ 0.02. The errors were determined from rigorous
0.25 0 ] confidence limit testing at the 67% confidence level.
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FiGure 4: Isothermal titration calorimetry profile of FBP binding
by CggR. The fit shown corresponds to a model in which only one

UM (K =1.4 x 10° £+ 2.9 x 10%, in good agreement with
the steady-state fluorescence anisotropy determinations. Thus,

binding site was postulated. In the experiment, the CggR concentra-OUr anisotropy binding titrations, together with the ITC

tion was 12uM and the stock FBP concentration, 20M.

experiments, confirm the presence of a high affinity FBP

binding site with an apparendy in between 4 and ZM.

CggR/operator binding thermodynamicd2)(. Here we FBP Modulates the Conformational Dynamics of CggR.
sought to directly probe the interaction of CggR with its sugar The data in Figure 3A indicate that CggR exhibits a protein
ligand by fluorescence-based anisotropy titration. The protein concentration dependent oligomerization that is disfavored
concentration dependence of the fluorescence anisotropy ofoy FBP, however the observed changes in anisotropy may
tetramethylrhodamine (TMR) labeled CggR was determined not directly reflect changes in the size of the complex since
in the absence and in the presence of 2 mM FBP (Figure the correlation time estimated for the dimer is at the limit of
3A). In the absence of FBP, a significant anisotropy increase the resolution of the dye~10-fold the fluorescence lifetime).
was observed upon increasing the CggR concentration above ikewise, the decrease in anisotropy observed upon addition
100 nM, reflecting the formation of higher order oligomers. of FBP clearly demonstrates that FBP binds to the protein
Addition of 2 mM FBP noticeably shifted this profile to  in the micromolar range, however, the changes in anisotropy
higher protein concentration, indicating (as in the sedimenta- could arise, at least in part, from changes in conformational
tion velocity experiments) that FBP disfavors the formation dynamics, rather than directly reflecting the change in
of CggR oligomers. oligomerization state. To investigate the possibility of FBP-

FBP titrations were carried out in solutions of 37 nM induced changes in conformational dynamics, we carried out
TMR-labeled CggR alone and in the presence of 463 nM time-resolved fluorescence experiments as a function of FBP
unlabeled CggR (Figure 3B). In both cases, a significant concentration (0 to 2 mM). Due to the technical constraints
decrease in the anisotropy of the TMR label was observed of our laser system, we used, in this case, CggR labeled with
between 1 and 10@M of FBP, indicating that a binding  alexa 488 («M). The experimental intensity decays were
event takes place in the micromolar range of concentration. best fit to a double exponential model, with recovered
The apparent dissociation constants determined for thelifetimes of 3.8+ 0.2 and 0.6+ 0.2 ns. The decays were
binding of FBP to this high affinity site were 68 (AG° dominated by the longest lifetime, whose fractional contribu-
= —7.0+ 0.4 kcal/mol) and 4.4M (AG°® = —7.2+ 0.2 tion was 94%. The anisotropy decays were best described
kcal/mol) for 37 nM and 500 nM CggR, respectively. These by a biexponential function as well, with a short rotational
free energies are only apparent since, as stated above, at theorrelation time of 0.5 0.1 ns, whose fractional contribution
higher CggR concentration, the protein begins to populate to the decay was 0.44 0.02. The time-zero anisotropy was
higher order species (as shown by FCS, see below).found to be 0.38+ 0.1 in all cases. The short rotational
Moreover, it is informative to consider that even though only correlation time observed corresponds to the local motion
30% of the protein is labeled with the fluorescent dye, the of the alexa 488 dye covalently bound to the repressor. The
coexistence of~20 nM or everr~490 nM unlabeled protein  long rotational correlation time, with values between 20 and
does not have any incidence on the appaiéptThis is 30 ns (Table 1), was generally not well resolved and
because the experiments are carried out under equilibriumdecreased progressively upon addition of FBP. Under the
conditions and the total ligand concentration is sufficient to labeling conditions used (pH 8.3), the N-terminus is con-
saturate both the labeled and unlabeled species. We haveaiderably more reactive than the lysine residues, and hence
carried out simulations of binding using higher and higher it is highly unlikely that the labeling itself is heterogeneous,
concentrations of competing unlabeled CggR. Indeed, sig- particularly at the low labeling ratio (10%) obtained here.
nificant deviations from the binding curve only occur at However, regardless of whether the two lifetime and/or
concentrations of unlabeled CggR aboveu®. Some rotational correlation time components arise from the het-
evidence for the second, millimolar affinity site is observed erogeneous motions of the dye at one site, or the homoge-
at high FBP and protein concentrations, but the value of its neous motions (one fast and one slow) of the dye at two
free energy of binding is not well resolved from the present distinct sites, the point is that we observe this long correlation
data. In our earlier work this second (low affinity) site was time, in addition to the fast local rotation of the dye.
amply demonstrated to be responsible for the decrease ininterestingly, this long rotational correlation time is shorter
CggR-DNA interactions. than the global tumbling predicted by our model for dimeric

FBP binding by the repressor protein in the micromolar CggR (between 65 and 90 ns), and atM, CggR forms
range was further analyzed by isothermal titration calorimetry already oligmers of higher order than dimer. We conclude,
(ITC) (Figure 4). The ITC data were best fit to a single therefore, that CggR oligomers display local motions on
species model with an apparent dissociation constant of 7intermediate time scales, and that binding of FBP modulates
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Ficure5: Effect of FBP binding on the trypsin sensitivity of CggR. ~ 10000 2mM FBP
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these conformational dynamics, in addition to decreasing the =
oligomeric state of the protein. 2000

FBP High Affinity Binding Protects CggR against Trypsin 0
Degradation.We previously performed limited proteolysis
studies with purified CggR and observed that addition of 2

mM FBP drastically reduced the trypsinolysis kinetidg)( C 35 —
From this observation, we concluded that FBP binding 354 atat .

changed the conformation of the CggR molecules which T 32 * .

became more stable, as often observed for ligand-bound % 350 . .

proteins. Here we investigated the protective effect of FBP s M4 . "

over a range of sugar concentrations fromM to 5 mM. 346 | L, a"

In the gels presented in Figure 5, protection of the repressor 34 [, wn®

against proteolytic cleavage upon addition of inducer is 42 00 1000 1300 2000
clearly observed. After 30 min incubation with trypsin, CggR Pressure (bar)

in 0.5 mg/mL protein solution containing no oM FBP Ficure 6: Pressure-dependence of CggR intrinsic fluorescence in

was totally degraded. In contrast, the band corresponding tothe presence and in the absence of 2 mM FBP. Emission spectra
the intact protein persisted in the presence of FBP atN10 of the repressor in the absence of the inductor sugar at increasing

and above. This further confirms that FBP interacts with Pressures from atmospheric pressure to 1200 bar (A) and in 2 mM

CggR in the micromolar range, and indicates that binding at FBP solutions from atmospheric pressure to 1700 bar (B). (C)
his hiah affinity site stabilizes the repressor structure Average emission wavelength as a function of pressure calculated
thi 9 Yy p - as described in Materials and Methods in the absence (triangles)

Interestingly, two distinct degradation patterns were observedand in the presence (squares) of 2 mM FBP. The concentration of
depending on FBP concentration. At &M and below, a protein was 25:M. All spectra were recorded upon excitation at

proteolytic fragment of about 27 kDa accumulated in the 295 nm.
protein solution before further hydrolysis, whereas at high ) )
FBP concentration, multiple degradation bands were visible. Used to monitor the effects of high pressure on the repressor
We observed similar trypsinolysis patterns in our previous Structure both in the presence and in the absence of the
study and established by N-terminal sequencing of the 27 inducer sugar.
kDa fragment that the primary cleavage of CggR occurs at At atmospheric pressure, the fluorescence emission spec-
residues Arg250 and Arg251 in the absence of FBB.(  trum recorded for native CggR was rather blue-shifted,
From the present study it can be concluded that the proteintypical of tryptophan emission for residues buried inside a
region containing these residues undergoes stabilizing con-globular protein (Figure 6A and B). This is in accordance
formational changes upon FBP binding at the high affinity Wwith the recently determined X-ray structure of the regulatory
site. At higher inducer concentrations it appears that ad- domain ofB. subtilisCggR (PDB#20KG) which showed the
ditional cleavage sites become available, indicating an FBP unique Trp residue at the dimer interface. The high intensities
induced change in tertiary or quaternary structure over this measured at short wavelengths (due to scattering of the
range. excitation light, particularly enhanced in the high-pressure
FBP Stabilizes CggR Dimers against Pressure Perturba- cell) indicated the presence of higher order oligomers in the
tion. Several studies have demonstrated that the applicationsolution. No detectable shift of the fluorescence emission
of pressure leads to the dissociation of oligomeric proteins maximum was observed upon addition of 10 mM FBP, even
into their respective subunits24). Moreover, since the at CggR concentrations as low as 4 (data not shown).
protein—solvent system occupies a smaller volume when the This indicated that the Trp residues of dimeric CggR remain
protein is in the unfolded state, the application of pressure buried upon inducer binding and, hence, that FBP does not
can lead to the unfolding of native proteir25¢27). Here, lead to dissociation of CggR dimer into monomers under
the pressure perturbation approach has been used to invegdlative conditions at micromolar concentrations.
tigate the effect of FBP binding on the self-association/  Application of increasing pressure to 281 CggR samples
stability of CggR. In our experiments, the intrinsic fluores- in the absence and in the presence of 2 mM FBP resulted in
cence of the single tryptophan residue of CggR has beena red shift of the fluorescence peak to around 355 nm (Figure
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Ficure 7: Fluorescence correlation profiles of CggR as a function of FBP concentration determined using TMR labeled CggR and two-
measurements. (A) Normalized autocorrelation curves recorded aML@ggR in the absence (closed blue circles) and in the presence of

10 uM (red circles), 10QuM (blue triangles), 2 mM (red triangles) and 10 mM (open blue circles) FBP. (B) Normalized autocorrelation
curves registered at 1,8 CggR in the absence (closed blue circles) and in the presence (open red circles) of 10 mM FBP and at 60 nM
CggR in the absence (open blue circles) and in the presence (full red triangles) of 10 mM FBP. The fitting functions shown in the graphs
correspond to best fitting of the experimental data to a two independent diffusing species md@Ea&= function of repressor concentration

in the absence (closed circle) and in the presence gf\l@open circles), 10M (closed triangles), 2 mM (open triangles) and 10 mM
(closed squares) FBP. (DpOas a function of FBP concentration at u® (open squares), 600 nM (closed triangles), 300 nM (open
triangles), 150 nM (open circles) and 60 nM (closed squares) CggR. The errors in the data are not shown for the shake of clarity.

6A and B), consistent with full exposure of the tryptophan that CggR dimers tend to self-associate to form reversible,
residues to the aqueous solution. In the absence of FBP thehigh order oligomers in solution, and that FBP disfavors this
transition occurred between 400 and 700 bar, whereas in theassociation. However, except for the fluorescence anisotropy
presence of 2 mM inducer this transition was shifted to titration, these experiments (due to detection limitations of
significantly higher pressure;~1 kbar, providing clear  the techniques) were carried out using micromolar concen-
evidence for an FBP dependent stabilization of the repressortrations of CggR, relatively far removed from the more
against pressure perturbation (Figure 6C). We did not fit these physiologically relevant nanomolar concentration range.
data quantitatively to a dissociation transition because, at 26Indeed the reported concentration of Cggmatillus subtilis
uM protein, we know from the AUC experiments that we cells is around 15 nM28) and the binding constant of the
have a mixture of oligomeric species of undetermined repressor to its operator DNA sequence is in the nanomolar
stoichiometry. Thus we do not have an appropriate model range as well4, 12). In order to investigate the quaternary
to use for determining the stability extrapolated to atmo- structure of CggR and the effect of FBP binding at low
spheric pressure, nor the volume changes of the transitionsprotein concentration, we turned to the much more sensitive
It is interesting to note, nonetheless, that the transition in fluorescence correlation spectroscopy (FCS) technique.
the presence of FBP is much less steep than that in its Autocorrelation curves were acquired on samples of TMR-
absence, indicative of a smaller overall apparent volume labeled CggR between 60 nM and LR in the absence
change, perhaps due to the fact that the oligomeric speciesand in the presence of varying concentrations of FBP. The
are on average smaller in the presence of inducer. Controlautocorrelation curves obtained at different concentrations
experiments performed in the presence of 2 mM fructose of protein and inducer sugar exhibited a shift to faster overalll
instead of FBP showed no difference with respect to the diffusion time scales with either increasing FBP concentra-
profiles determined in the absence of sugar (results nottion (Figure 7A), decreasing CggR concentration (Figure 7B)
shown), demonstrating that the observed effect arises fromor increasing KCI concentrations (data not shown). The
specific binding of the inducer sugar to the repressor. Thus, curves were best fit by a model involving two independent
in addition to diminishing the size of CggR higher order diffusing components. The translational diffusion coefficients
oligomers, FBP binding also stabilizes CggR dimers against (D) recovered from the fits varied from 50 to 56n? st
dissociation into monomers upon the application of pressure.for the fastest diffusing species, whereas that corresponding
According to the crystal structure, the tryptophan would be to the more slowly diffusing oligomers was always below
exposed to solvent in the folded monomeric repressor. Hence,10 yum? st (Table 2). There was a percentage of slow
we cannot conclude whether the high-pressure CggR mono-diffusing species (around #15%) that remained in the
mer is folded or unfolded. solution, even at low concentrations of the protein, under
FBP Limits Self-Association of CggR Moleculéhe all conditions tested, suggesting that these species may
above-described experimental data have clearly demonstrate@orrespond to large irreversible aggregates, which are prob-
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Table 2: Translational Diffusion Parameters of CggR as a Function of FBP Conceritration

[CggR]= 1200 nM [CggRJ= 600 nM [CggR]= 300 nM [CggR]= 150 nM [CggR]= 60 nM
[F B P] ffast O ffast O ffast O ffast O ffast 0O
(mM) (%) (um?/s) (%) (um?/s) (%) (um?/s) (%) (um?/s) (%) (um?/s)
0 53+ 2 30 57+ 2 32 56+ 3 34 82+ 3 46 84+ 2 a7
0.01 71+ 2 38 71+ 2 39 78+ 2 45 84+ 3 a7 864+ 2 48
0.1 81+ 2 42 84+ 2 45 83+ 4 48 84+ 4 47 87+ 2 49
2 84+ 2 44 86+ 2 46 84+ 1 48 84+ 1 a7 86+ 2 48
10 84+ 2 44 86+ 2 46 80+ 1 46 88+ 4 49 86+ 2 48

a Autocorrelation functions were globally fitted to a model involving two translational diffusion coefficiBats= 53 & 2 um?/s, andDgjow =
6.3 + 0.5 um?/s, which were linked across the profiles recovered at different FBP concentrations for each CggR concentration. In the table, the
fractional contribution of the fast diffusing speciis:is shown together with the average translational diffusion coefficient calculated as explained
in the main text. Recoveregf was always lower than 1.

ably out of the thermodynamic equilibrium. However, the 0.8 . 015

percentage of fast diffusing species was nonetheless strongly -
protein concentration dependent. Its fractional abundance ¢ BN
increased significantly upon dilution, from 53% at L. o 005
CggR, to 84% at 60 nM CggR (Table 2). Interestingly, the oo, A
D recovered for this fast diffusing species in the absence of 0.4 "‘Vﬁ
FBP (53+ 2 um? s7%) is compatible with that predicted by
the hydrodynamic models we built for dimeric CggR {53
54 un? s71), whereas the CggR monomer would display a
theoreticaD of 64 um? s~%. From the fractional contributions
and values of the two diffusion components (Table 2) one 0 t
can calcu_late_ an average diffusion coefficieii[] As can 0.000001  0.00001  0.0001 0.001 0.01 0.1

be seen in Figure 7C, in the absence of FBP, the average

diffusion coefficient decreases significantly with increasing T(s)

CggR concentration, demonstrating that CggR dimers self- Ficure 8: Autocorrelation and cross-correlation curves recovered
associate in higher order oligomers at concentrations abovefor a mixture of alexa 488-CggR and atto 647N-CggR in the
150 nM. presence (full circles) and in the absence (open circles) of 10 mM

. . FBP. Autocorrelation curves corresponding to the molecules bearin
The effect of the inducer sugar FBP on the.autocorrelatlon the alexa 488 fluorophore are in grpeen, a?ld those corresponding t%
curves recovered for CggR was found to be highly dependentihe molecules labeled with atto 647N are in red. The cross-
on both CggR and FBP concentration. Thus, at low CggR correlation function, which arises from the species bearing the two
concentrations, addition of FBP up to 10 mM had no dyes, is in yellow. These curves are also plotted in the inset. The
detectable effect on CggR diffusion (Figure ZB). In fits shown corresppnd to global analysis of all f[he autoqorrelatlon
. and cross-correlation curves to the two diffusing species model.
contrast, addition _ of FBP_to more concen_trated CY9R The total concentration of CggR was 700 nM.
solutions resulted in a considerable increase in the average
diffusion coefficient. At 1.2uM CggR, the fraction of fast  spectrally different fluorophores diffuse together in the
diffusing CggR species increased from 53% in the absenceconfocal detection volume2g, 30). In our experiments, the
of FBP to 84% in the presence of 10 mM concentration of two fluorophores, atto 647N and alexa 488, were simulta-
the inducer sugar (Table 2), and the average diffusion neously excited by means of a two-photon laser beam at 780
coefficient increased to the values observed at 60 nM CggR nm to obtain two autocorrelation curves, one for each of the
(Figure 7D). It should be noted that the effect of FBP binding fluorophores, and a cross-correlation curve generated only
on the translational diffusion of CggR is observed over four by the oligomeric species bearing the two dyes. We note
log units of sugar concentration (Figure 7D), indicating that that likely due to the tendency to self-associate, the efficiency
FBP binding, both to the high affinity site and to the low of labeling was only 10% for the alexa 488 labeled samples
affinity inducer site, disfavors CggR self-association. FCS and ~50% for the atto 647N labeled samples. Thus, the
experiments performed at different ionic strengths (data not maximum expected amplitude of the cross-correlation signal
shown) demonstrated that addition of KCI concentrations was quite low. Nonetheless, our experiments show significant
above 200 mM to 1.2«M CggR solutions results in a  cross-correlation (Figure 8, inset) in the absence as well as
progressive increase in th®[] consistent with oligomer in the presence of the inducer sugar. As a control, 6 M
dissociation. This result indicates that the association of CggRguanidine-HCI was added to the samples, which resulted in
into higher order oligomers involves a significant electrostatic complete disappearance of the cross-correlation, thus elimi-
contribution. nating the possibility of any contribution of channel cross-
FBP Favors CggR DimersTo further investigate the self- talk to the observed cross-correlation function. Global
association properties of CggR we carried out cross- analysis of the autocorrelation and cross-correlation curves
correlation experiments on solutions containing a mixture recovered in FBP and in non-FBP containing solutions was
of alexa 488 and atto 647N labeled CggR, up to a total 700 performed using a two component model, linking the two
nM repressor concentration, in the absence and in thediffusion times across all the curves (Table 3). According
presence of 10 mM FBP. FCS cross-correlation is a powerful to the analysis, a 21% fractional contribution of the fast
tool for the detection and analysis of species in which two translational diffusion coefficient{50 xm?/s) to the cross-
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Table 3: FCS Cross-Correlation Parameters of CggR in the d_em_onStratEd preViOL_JSIY _that the effect of FBP on operator
Presence and in the Absence of PBP binding by CggR required inducer sugar concentrations above
100 uM. In this prior study we detected, as well, a change
in the structural dynamics of the CggR/operator complexes
at concentrations of inducer between 1 and 100, and
suggested based on these results the existence of a second
FBP binding site of significantly higher affinity than that
, involved in induction. Here we show by anisotropy-based
aThe total concentration of CggR was 700 nM. The curves were FBP titrations of TMR labeled CggR, ITC experiments and
fitted in terms of two species with translational diffusion coefficients . . . . . ' - L
of 50 + 2 and 6+ 1 um?s. Recovereg? was 0.5. Green, red and  limited proteolysis that, in addition to the low affinity binding
cross-correlation channels parameters correspond to CggR specieSite responsible for induction, a high affinity site wittKa
labeled with alexa 488, atto 647N and simultaneously with the two of around 6uM does indeed exist. The structural and
fluorophores, respectively. dynamic studies reported here suggest strongly that this high
_ _ ) ) affinity site corresponds to the substrate binding site con-
correlation function was found in the absence of the inducer served from the homologous enzymes and that it plays a
sugar which increased to 37% upon addition of 10 mM FBP. structural role in CggR.
These percentages are lower than those recovered from the Interestingly, in the recently determined crystal structure
corresponding autocorrelation curves, which is not surprising of the B. subtilis CggR regulatory domain, we noticed
since th_e pro_bablllty of detecting cross-correlatlo_n_ arising important differences in the 3D structure of the two polypep-
from a dimer is much reduced compared to that arising from (iqe chains forming the crystallized dimeric unit. In this
a large species involving several CggR units, particularly at g cture, one of the polypeptide chains is seen in complex
low labeling ratios. Nevertheless, the clear contribution of \ith a molecule of glyceraldehyde-3-phosphate (G3P) while
the fast diffusing species to the cross-correlation curve in ihe other is free of sugar ligand (Figure 9). Structural
the absence of FBP indicates that this species is indeed gjjtferences are mainly observed for residues forming the
dimer, not a monomer. Even more interestingly, the contri- ,-qn0sed high affinity binding site for FBP, in particular
bution of the fast diffusing species to the cross-correlation Arg250/Arg251, as well as in a surface loop which appears
curves does not diminish upon FBP binding, as would be 4y disordered in the sugar-free form (see the legend of
expected if inducer promoted dimer dissociation, but it was Figure 9 for more details). From these observations, we
further enhanced, leading to the conclusion that FBP pyhihesize that binding of a sugar phosphate at the high
increases the proportion of dimers in CggR solutions. affinity site assists the complete folding of the CggR
DISCUSSION molecules which otherwise tend to self-associate and form
higher order oligomers. Moreover, our homology modeling
In this work we sought to assess the specific role of FBP and site-directed mutagenesis analysis of the CggR structure
binding to the repressor protein CggR, in order to gain a predicts, in addition to the sugar substrate binding site, the
better understanding of the unique mechanismgapA existence of a second sugar phosphate binding site involving
transcription induction by FBP recently proposd@)( We a surface loop, on the basis of the repressor homology with

green channel red channel cross-correlation

[F B P] O ffast O ffast DO
(MM)  fag (%)  (um?s) (%)  (umils) (%)  (um?s)

0 36+5 22 56+ 3 31 21+1 15
10 62+ 9 33 65+ 3 35 37+ 5 22

Ficure 9: Ribbon drawing of the dimeric C-terminal domainEfsubtilisCggR (residue 88338) as seen in the crystal structure deposited

in the Protein Data Bank (PDB 20KG) by P. Rezacova, S. F. Moy, A. Joachimiak and Z. Otwinowski from the Midewest Center for
Structural Genomics. For each monomer, the first visible helix linking the N-terminal DNA-binding domain (not seen in this crystal structure)

to the regulatory domain is shown in dark blue and the unique tryptophan side-chain (W122) of CggR is shown as yellow sticks. As
predicted from modeling studie87), this domain is homologous to glucosamine-6-phosphate deaminases from the NagB family and is
capable of binding phosphorylated sugar compounds. In the subunit colored in gray, one molecule of glyceraldehyde-3-phosphate (G3P,
shown as red (O atoms), yellow (C atoms) and orange (P atoms) spheres) is bound at the conserved substrate binding site proposed to
constitute the high affinity site for FBP in CggR. Also highlighted are the side-chains of Arg250 and Arg251 where trypsin cleavage occurs

in the absence of FBP. In the sugar-free polypeptide chain (colored in cyan), these Arg side-chains adopt a different conformation, the
internal substrate cavity is more open and part of a surface loop (residued83pis disordered. Three chloride ions (magenta balls) have

also been assigned in the crystal structure: one substitutes for the phosphate atom of G3P in the sugar-free monomer, while the others are
located at proteirrprotein interfaces in the crystal lattice. One of these later may indicate the position of the secondary, low affinity site

for FBP responsible of the induction mechanism.
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allosterically regulated glucosamine-6P-deaminases from thehas retained the high affinity sugar binding site, but due to
NagB family (see below). It is this second, allosteric site the high physiological concentrations of FBP, not for inducer
that we propose to be responsible for induction. We show function. Rather, the sugar substrate site has been maintained
here that FBP binding at this allosteric site, as well as at the as a structural cofactor site, and an additional low affinity
high affinity site, interferes with protetaprotein interactions  site, perhaps evolved from the enzymatic allosteric sites,
and leads to the dissociation of CggR oligomers while serves to modulate gene expression.
favoring CggR dimers.
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