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ABSTRACT. The cAMP receptor protein, allostericaly activated by cAMP, regulates the expression of more
than 100 genes i&scherichia coli CRP is a homodimer of two-domain subunits. It has been suggested
that binding of cAMP to CRP leads to a long-distance signal transduction from the N-terminal cAMP
binding domain to the C-terminal domain of the protein responsible for interaction with specific sequences
of DNA. In this study, the stopped-flow and time-resolved fluorescence lifetime measurements were used
to observe the kinetics of the distance changes between the N-terminal and C-terminal domain of CRP
induced by binding of cAMP to high-affinity binding sites. In these measurements, we used the constructed
CRP heterodimer, which possesses a single Trp85 residue localized at the N-terminal domain of one CRP
subunit, and fluorescently labeled by 1,5--AEDANS Cys178 localized at the C-terminal domain of the
same subunit or at the opposite one. ThHeskar resonance energy transfer method has been used to study
the distance changes, induced by binding of cAMP, between Trp85 (fluorescence donor) and Cys178-
AEDANS (fluorescence acceptor) in the CRP structure. The obtained results show that the allosteric
transitions of CRP at micromolar cAMP concentrations follow the sequential binding model, in which
binding of CAMP to high-affinity sites cause 4 Amovement of the C-terminal domain toward N-terminal
domains of the protein, with kinetics faster than 2 ms, and CRP adopts the “closed” conformation. This
fast process is followed by the slower reorientation of both CRP subunits.

The cyclic AMP receptor protein (CRP)n the presence  protein shows structural asymmetry, (5). In the ho-
of the allosteric effector cAMP, activates transcription of modimeric CRP-cAMP complex, one subunit adopts an
more than 100 genes scherichia col(1, 2). Transcription open conformation and the second adopts a closed confor-
activation by CRP can serve as a model system for mation, in contrast to the CRRAMP—DNA complex in
understanding the molecular structural mechanism of tran-which the symmetric closed conformation of CRP is
scription activation, since at the simplest CRP-dependentobserved4). Since the crystal structure of apo-CRP has not
promoters only three macromolecules such as DNA se- yet been elucidated, one can only speculate about the causes
guence, RNA polymerase, and CRP inter&t The high- of this homodimeric protein asymmetry. In CRP, the larger
resolution three-dimensional crystal structure of the ERP  N-terminal domain (residues-1134) is responsible for
cAMP complex shows that the homodimeric protein is dimerization of the protein and for interaction with the
composed of two identical 209-amino acid subunits, each allosteric effector cAMPZ). The smaller C-terminal domain
subunit is folded into two distinct domains, and the liganded (residues 139209) is responsible for interaction with the

promoter DNA sequence through a hettxrn—helix (HTH)
, motif. The two functional domains are connected by a hinge
M,;lﬂ'; va\’%r(lfie\',;’gg jﬁg’ ﬁ’,?{é?,?]a?%fram 3PO4A 006 24 from the region (residues 135138) as shown in Figure 1. The crystal

* To whom correspondence should be addressed: Department of Structure of CRP has revealed that each protein subunit binds
Physical Biochemistry, Faculty of Biotechnology, Jagiellonian Univer-  two cAMP molecules with different affinitiest]. The high-
2 2o gab h o ELTA WSS affinty Sites, where CAMP binds in the anti conformaion,

1 Abbreviations: cAMP, 35-cyclic adenosine monophosphate; CRP, are buried within the N-terminal domain, whereas lower-
CAMP receptor protein; wt, wild type; CRPW13F, CRP without Trp13  affinity binding sites, where cAMP binds in the syn
residues in both subunits; CRPW85-CRP, CRP without tryptophan conformation, are located at the interface formed by the
residues in one subunit and without Trp13 in the second subunit; . . -

CRPW85-CRPC178, CRP without tryptophan residues and Cys178 C-términal domain of the CRP subunit. Therefore, one can
labeled with 1,5-1-AEDANS in one subunit and without Trp13 in the expect that CRP exists in solution in at least three confor-
second subunit; CRP(W85,C178)-CRP, CRP without tryptophan resi- matjonal states: free CRP, CRP with two cAMP molecules

dues in one subunit and without Trp13 and Cys178 labeled with 1,5- S affimitg _ ; ;
I-AEDANS in the second subunit; 1,5-I-AEDANSI-iodoacetylami- bound to hlgh afflmty sites at the N-terminal domain [CRP

noethyl-1-naphthylamine-5-sulfonate; AEDANS-CRP, CRP covalently (CAMP),], and CRP with four cAMP molecules bound to
labeled at Cys178 with 1,5-I-AEDANS; EDTA, ethylenediaminetetra- - both low- and high-affinity sites at N-terminal and C-terminal

acetic acid; PMSF, phenylmethanesulfonyl fluoride; IPTG, isopropyl ;
[-D-thiogalactoside; GST, glutathion&transferase; SDS, sodium domains [CRP-(CAMP),. It has been well documented by

dodecyl sulfate; FRET, fluorescence (Ser) resonance energy transfer; & Variety of biophysical and biochemical studies in solution
CD, circular dichroism. that CRP, upon cAMP binding, undergoes allosteric con-
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CRP. These changes in FRET efficiency indicate a decrease
in the distance between the two domains of the protein upon
cAMP binding. The observations, via intrinsic or extrinsic
fluorophore conformational changes in homodimeric CRP
in solution upon binding of cAMP, do not allow us to draw
any conclusions about conformational changes, which can
take place in the particular CRP subunits.

We decided to study the structural and kinetic changes in
the apo-CRP induced by binding of cAMP, using the
heterodimeric protein, with the FRET method as well as by
stopped-flow techniques. Since each subunit of CRP contains
two tryptophan residues at positions 13 and 85 localized in
N-terminal domains of the protein as well as one reactive
cysteine residue, Cys178, localized in the HTH motif in the
C-terminal domain, we have used site-directed mutagenesis
as well as fusion CRPHiss and CRP-GST proteins to
construct a heterodimer of CRP. The CRP heterodimer
(Figure 1) contains a single Cys178 residue, fluorescently
labeled with 1,5-1-AEDANS, localized at only one of the
Ficure 1. Structure of the CRP dimer. Included in this figure are C-terminal domains of the protein as well as a single Trp85
Cys178 (colored yellow), Trp85 (colored red), and cyclic AMP yrasjidue localized at only one of the N-terminal domains of

binding to anti sites (colored blue). The figure was generated with . . .
WEBLAB VIEWERPRO (version 3.7) using atomic coordinates a given subunit of the protein. The fluorescently labeled

for the cAMP-CRP complex ). The coordinates were obtained CY$178 and single Trp85 residue of the heterodimer protein
from the Protein Data Bank entry 1G6N. have been used to study the allosteric changes in CRP

structure induced by binding of cCAMP.
formational changes that enable the protein to recognize

specific DNA promoter sequence®)(This process can be MATERIALS AND METHODS

accomplished through a long-range conformational signal )
transduction from the N-terminal domain to the HTH Materials.1,5-I-AEDANS was purchased from Molecular

structural motif at the C-terminal domain of the protein. In Probes. EDTA and Tris were from MP Biomedical. Phen-
fact, our fluorescence quenching studies of CRINA ylmethanesulfonyl fluoride, reduced g_lutath|one, and_ cAMP
interactions also indicate the occurrence of long-distance Were from Fluka. IPTG was from Sigma. Thrombin and
conformational signal transduction within the protein from glutathione-Sepharose 4 Fast Flow were from Amersham
the C-terminal DNA-binding domain to the N-terminal Biosciences. NiNTA His-Bind Superflow was from
domain of CRP §). Our stopped-flow kinetics studied, ( Novagen.Tag polymerase, dNTP, and restriction endonu_—
8) have shown that in solution cAMP-induced allosteric cleases were from_Ferme_ntas. The nu'gnents f(_)r bacterial
transitions in CRP can be described by two independentgrOWth were frqm either Difco La_boratorles or GibcoBRL.
models of allostery. Binding of cAMP in an anti conforma- All other chemicals were analytical grade products from
tion in the CRP-(CAMP), complex can be described by the POCh-G|IWIC€. All mea.\s.urem'ents were performed in buffers
sequential binding model, contrary to binding of cAMP in a Prepared in water purified with a Millipore system.

syn conformation to low-affinity sites, where the concerted ~ Plasmids and Cellswild-type (wt) CRP was isolated from
model of allostery is required for description of the kinetic E. coli strain SA500 containing the pHA7 plasmid, which
data. On the other hand, the isothermal titration calorimetry €ncodes therp gene. The pHA7 plasmid was a generous
(ITC) studies have shown that binding of two cAMP gift from S. Garges. The pET-15b plasmid was purchased
molecules at N-terminal domains exhibits negative cooper- from Novagen, and the pGEX-4T-2 plasmid was purchased
ativity, and the binding to the first site is exothermic in from Amersham Biosciences. Tryptophan (Trp) at position
contrast to that at the second site in the CREAMP), 13 of CRP was replaced with phenylalanine, and tryptophan
complex, the occupancy of which is endothermic; the binding at position 85 was replaced with leucine. The mutagenesis
reaction is entropically driverf]. This observation has led ~Wwas performed using the overlap extension method Wétty

the authors to the conclusion that the increase in entropy isPNA polymerase. Plasmids encoding mutargW13Fand

a reflection of an increased dynamics of the CRP upon CrpW13FW85Lgenes were introduced int. coli strain
binding of cCAMP to these strong binding sites of the protein. BL21 purchased from Novagen. Bacteria were grown on LB
Indeed, our anisotropy decay of Trpl3, located in the medium at 37°C, in a Biostat B fermentor from B. Braun.
N-terminal domain of CRP1(0), and fluorescence quenching The expression was induced in the host bacteria by adding
measurementss) clearly indicate an increase in the local IPTG to the final concentration 0.4 mM when the OD
protein dynamics upon binding of cAMP. Recently, using reached 0.6; the incubation was continued for 3 h, and then
the Fasster energy transfer (FRET) method, we have shown the cells were harvested by centrifugation.

(10) that the binding of cAMP in the CRP(CAMP), Protein Purification CRP mutants were purified at°€.
complex caused a substantial increase in the FRET efficiencyThe cells were disrupted by only sonication using six 45 s
between Trp85, localized at the N-terminal domain of CRP, pulse bursts, and the cell debris was removed by centrifuga-
and Cys178 fluorescently labeled with AEDANS localized tion. The crude extract of GST-tagged CRP was loaded onto
in the HTH structural motif of the C-terminal domain of a column filled with glutathione Sepharose 4 Fast Flow




Allosteric Mechanism of Binding of cCAMP to CRP Biochemistry, Vol. 45, No. 2, 200875

equilibrated with buffer [140 mM sodium chloride, 2.7 mM  physics (Leatherhead, U.K.) in two-syringe mode. The dead
potassium chloride, 10 mM disodium phosphate, 1.8 mM time of mixing was determined to be less than 2 ms. Changes
monopotassium phosphate (pH 7.3 _, and 1 mM PMSF], andin the protein conformation induced by cAMP binding were
the column was washed overnight. GST-tagged proteins weremonitored using two methods: (1) fluorescence intensity of
eluted from the column with a buffer that contained 50 mM tryptophan (Trp) residues, observed through a cutoff filter
Tris-HCI (pH 8.0) and 10 mM reduced glutathione. Fractions at wavelengths of 320 nm, after excitation at 295 nm, and
containing CRP were pooled and dialyzed against a buffer (2) energy transfer between Trp residues and the 1,5-I-
containing 50 mM Tris-HCI (pH 8.0), 100 mM KCI, and 1 AEDANS moiety covalently attached to Cys178 CRP. Trp
mM EDTA (buffer A). residues were excited at 295 nm, and the total fluorescence

The crude extract of His-tagged CRP was loaded onto aemission was observed at 350 nm through an interference
column filled with Ni=NTA His-Bind Superflow equilibrated filter and a cutoff filter at>320 nm.
with buffer [50 mM monosodium phosphate (pH 8.0), 300  The reaction mixtures contained final concentrations of
mM sodium chloride, and 10 mM imidazole]. His-tagged 1 uM AEDANS-CRP and 1.5«M CRP (for tryptophan
proteins were eluted from the column with a linear gradient experiments). In a typical series of experiments, the protein
of imidazole (from 20 to 250 mM) in the same buffer, and at fixed concentration was stopped-flow mixed with cAMP
under such conditions, CRP was eluted 2200 mM at various concentrations (mixing ratio of 1:1). Ten to fifteen
imidazole. Fractions containing CRP were pooled and kinetic traces were collected and averaged for each concen-
dialyzed against buffer A. After purification, the proteins tration point. Such averaged kinetic traces were fit to a single
exhibited only one band on SB$olyacrylamide gel elec-  exponential or to a sum of such terms:
trophoresis and Coomassie Brilliant Blue staining.

To obtain heterodimers, CRPW8ERP His-tagged CRP F(t) = Aexp(-kt) + C 1)
and GST-tagged CRP were mixed at molar ratio of 1:5 in

buffer A with 6 M guanidine hydrochloride and incubated WNereF(t) is the fluorescence intensity at timeA andk
for 1-2 h at room temperature. After that, they were '€ the amplitude and observed rate constant, respectively,

intensively dialyzed against buffer A at°€ for 24 h. To andC is the fluorescence at infinite time. All kinetic traces

separate heterodimers of CRP from homodimers, the mixtureVere analyzed using software supplied by Applied Photo-
after the dialysis and centrifugation was loaded at first onto PNYSIcs. _ _ .
a column filled with Ni-NTA His-Bind Superflow, and than Data AnalysisDetails of analysis of stopped-flow results

onto a column filled with glutathioneSepharose 4 Fast Were described previously)
Flow. The fractions containing heterodimers of CRP were [ RET MeasurementBluorescence decays were measured

pooled and dialyzed against a buffer containing 140 mM using a homemade time-correlated single-photon counting
sodium chloride, 2.7 mM potassium chloride, 10 mM system based on Ortec electronics. It consisted of a Philips
disodium phosphate, and 1.8 mM monopotassium phosphate?020Q photomultiplier with a response time of 1.5 ns, a 1

(pH 7.3). After that, the GST tag and the His tag were GHz preamplifier, a model 935 quad constant fraction
removed by using thrombin (1 unit of protease/0.1 mg of discriminator, and a model 457 time-to-amplitude converter

fusion proteins, incubation for 16 h at room temperature). (TAC)- A nanosecond nF 900 flash lamp from Edinburgh
All measurements were performed in 50 mM Tris-HCI Instruments was used as a light source. Both excitation and

(pH 8.0) containing 100 mM KCl and 1 mM EDTA (buffer emission light were polarized by Glan-Thompson prism

A). Before the measurements, all samples were filtered POlarizers.
through a microporous filter (0.4xm) to remove all Energy transfer was observed t_)etween the tryptophan
undissolved impurities. residues and the 1,5-I-AEDANS moiety covalently attached

Fluorescence Labeling of CRPetails of the preparation 0 C€yS178. The tryptophan was excited at 297 nm. Fluores-

of I-AEDANS-labeled CRP were described previously)( cence Qecays were observed at_350 nm usikg3A0 nm
Fluorescence labeling of CRP was done before heterodimerscumﬁc filter and an interference filter centered at 350 nm.
were prepared. The stoichiometry of labeling was determined Fluorescence deca_lys were reco_rded ata resolution of 23 ps
by absorption spectroscopy and was in the range of 0.9 per channel, resyltmg in a total time window of 100 ns. The
1.1 mol of label/mol of CRP monomer. It has been shown [Na concentrations of CRP were M. . .
previously that only Cys178 can be chemically modified Int_en5|ty depay data were analyzed using the following
under conditions preserving its native structutd, (12). multiexponential decay law:
Fractions exhibiting a high absorbance at both 280 and 340 —t
nm were joined and dialyzed extensively against buffer A. l,= Zai exr(—)

Concentration DeterminatioriThe concentration of the . T;
protein, cyclic nucleotide, and fluorescence label was
determined by absorption spectroscopy using the following wherea; andz; are the pre-exponential factor and decay time
extinction coefficients: 14 650 M cm™ at 259 nm for of componenti, respectively. The fractional fluorescence
CAMP (13), 33100 Mt cm™ at 278 nm for CRPW13F intensity of each component is defined fas= oi7/Y auti.
dimers (4), and 6000 M* cm™* at 340 nm for I-AEDANS. The data were analyzed with the software from Edinburgh
The concentrations of heterodimers were determined by usinginstruments. Best-fit parameters were obtained by minimiza-
the formula described previouslyg). tion of the reduceg? value.

Fluorescence Stopped-Flow Experimersnetic mea- The average efficiency of energy transf&was calcu-
surements were performed at 200.2 °C using a SX-17 lated from the average donor lifetime in the presetitga()
MV stopped-flow spectrofluorimeter from Applied Photo- and the absence of acceptai():

(2)
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The average lifetime was obtained from the equation
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As [@palandzplare obtained without needing to know the
absolute protein concentrations, uncertainties associated wit
protein concentration determination are eliminated in the
time-resolved fluorescence measurements.

The average distance between the deramceptor pair
(IR was calculated from the equation

-
w

Tluorescence [a. u.]
o

0.00 0.05 0.10 0.156 0.20

RO= RY(E*— )Y A (5) time [s]

_ ] N ) ) ) Ficure 2: Kinetics of binding of cAMP to CRPW85-CRP
whereR; is the Faster critical distance (the distance at which measured by the changes in the fluorescence intensity of Trp

50% energy transfer occurs} is given by residues. Measurements were performed at@0n buffer A at
pH 8.0 with a CRP concentration of 1.8\ and various cAMP
R,=9.78x 103[K2n_4QDJ(/1)]1/6A (6) final concentrations: 0(), 1.0 @), 2.4 (1), and 3.25 mM ).

The fluorescence is in arbitrary units (au). The solid lines are the
) L ) ) best single-exponential fits.
wheren is the refractive index of the mediun@p is the

quantum yield of the donod(4) is a spectral overlap integral TrroTrTrrTTTTa T
of the donor fluorescence and acceptor absorption «ail 80 - 1
the orientation factor and accounts for the relative orientation ]
of the donor emission and acceptor absorption transition
dipole. Generallyg? is assumed to be equal #@, which is
the value for donors and acceptors that was randomized by
rotational diffusion before energy transfer.

The fluorescence quantum yield of the donor in the
absence of the acceptoQf) was calculated from the
equation

—
N

50 -

k obs [S

SHARE sl
Sho @)

whereS, and Skr are the areas under the emission spectra
of the donor and a reference compound, respectively, and
Agr andAp are the absorbances of the reference compound
and donor, respectively, at the excitation wavelen@ke cAMP [mM]

is the quantum yield of the reference compourtdyptophan FiGURE 3: Dependence of observed rate constatg) for CAMP-

and was taken to be 0.14 in water at Z5 (17). induced changes in the Trp fluorescence intensity of CRPW85-
Circular Dichroism MeasurementsCircular dichroism CRP on the final cAMP concentration. The solid line is the best fit

(CD) spectra were measured with JASCO 710 Spectropo|a_0f the data, with the parameters of the fit summarized in Table 1.
rimeter at 20°C in a 0.1 cm cuvette. The spectra were run

from 190 to 250 nm. Each spectrum was recorded at leastconcentrations?). Similar measurements were made with
three times and averaged. The final concentrations of CRPCRPW85-CRP.

were 15:M (0.71 mg/mL). The circular dichroism measure-  Eigyre 2 presents a characteristic increase in the fluores-
ments have been used to show that denaturation of heterogence intensity of the Trp residue. For all concentrations of

dimeric CRP by guanidine hydrochloride is fully reversible. cAMP, the kinetic traces could be fitted well using a single-
RESULTS exponential curve. Double-exponential fitting did not im-
prove the goodness of the fit, as can be judged from the
Binding of cAMP Monitored by the Fluorescence of a normalized variance and residual distribution. The rate
Tryptophan ResidueThe rate of binding of CAMP to  constant¥,,scalculated from the kinetic traces were plotted
CRPW85-CRP was measured by the fluorescence intensityagainst the concentration of the ligand (cCAMP), and the plot
of the tryptophan residue using a stopped-flow method. Whenis presented in Figure 3. When the total cCAMP concentration
CRP wt is stopped-flow mixed with cAMP, one can observe increased, the observed ragg;decreased, reaching a plateau
the significant changes in the Trp intensity at only high ligand at a very high ligand concentration. A description of the

Qp = Qg

30 |
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Table 1: Kinetics and Thermodynamic Parameters Describing ' ] I ' I ' ' ]
Binding of cAMP to Low-Affinity Sites of CRPW85-CRP A A
protein Kon (579 Kot (S71) Ko Ksyn (MM) ]
CRP wt 28.0+ 15 75.5+ 3.0 2.7 2.0+:0.2 ]
CRPW85-CRP  26.325 78.0+74 29 2.1+ 05 ]

@ Obtained from ref7. kon and ko are constants describing the ]
CRP< CRP* isomerization step, arids, is a geometric average of ]
dissociation constants for binding of CAMP to low-affinity binding sites ]
of CRP. ]

0.22 1
—_ :
-] .
© 7
Bl
0.20
8 cAMP [mM]
c
[ Ficure 5: Dependence of observed rate constantg) for cAMP-
8 induced changes in the Trp (donor) fluorescence intensity of
Q 518 CRPW85-CRPC178 on the final cCAMP concentration. The solid
] line is the best fit of the data, with the parameters of the fit
= summarized in Table 2.
0.16 I Table 2: Kinetics and Thermodynamic Parameters Describing
L | Binding of cCAMP to High-Affinity Sites of CRPW85-CRPC178
SRR S R S SR A S RN A NS protein ke (s7%) kc(s™ Ke  Kani (uM)
00 05 1.0 15 20 25 30 35 40 45 80  ‘cppue 9.7+01 031+005 0032 27510
time [s] CRPW85-CRPC178 122 0.3 0.80+0.30 0.070 29.2 2.6

FiIGURE 4: Kinetics of binding of cAMP to CRPW85-CRPC178 aObtained from ref7. k_c andk; are rate constants describing the
measured by the changes in the fluorescence intensity of the donolCRP—(CAMP), <> CRP*—(cAMP), conformational change stefc

in energy transfer between the Trp residue (donor) and 1,5-I- iS the equilibrium constant between two forms of CRP, &agd is a
AEDANS (acceptor). Measurements were performed at@on g_eomet_ri(; average of_ dissociation constants for binding of cAMP to
buffer A at pH 8.0 with a CRP concentration of B! and various high-affinity binding sites.

cAMP final concentrations: 0J), 0.0075 (), and 0.06 mM ©).

The fluorescence is in arbitrary units (au). The solid lines are the
best single-exponential fits.

CRP (7). The parameters of fitting the data performed as
described previously7] are presented in Table 2.
interactions of CRPW85-CRP with cAMP was obtained  FRET Measurementkifetime measurements for mutants
using a model that was proposed in our previous study, whereCRPW85-CRPC178 and CRP(W85,C178)-CRP pointed to
the binding of cAMP to wild-type CRP was analyzed.( a decreased lifetime of the tryptophan fluorescence when
The kinetic and thermodynamic parameters obtained by energy transfer occurs. Figure 6 shows the time-dependent
fitting the data as described previousk) @re presented in  donor decays for the proteins bearing donor alone and for
Table 1. those with donor and acceptor. Lifetime measurements were
Binding of cAMP Monitored by Energy Transfer between repeated several times for each protein. The fluorescence
the Trp Residue (donor) and,5tI-AEDANS (acceptor) decays were analyzed as a multiexponential decay, and in
Covalently Attached to Cys178he kinetics of the binding  each case, the double-exponential decay was characterized
of cAMP to CRPW85-CRPC178 and CRP(W85,C178)-CRP by lower values of reduceg? In some cases, the triple-
mutants were measured as changes in the fluorescencexponential decays were recorded. The average lifetimes of
intensity of the donor in energy transfer between the Trp Trp85 in the absence and presence of acceptor and the
residue (donor) and 1,5-I-AEDANS (acceptor). In the case efficiency of energy transfer are presented in Table 3. The
of mutant CRP(W85,C178)-CRP, the addition of the ligand transfer efficiency varied between the apoprotein and the
did not cause any significant changes in energy transfer (datgprotein after binding of cAMP at a micromolar (200M)
not presented). Therefore, all further considerations refer to concentration. In the absence of the ligand, CRPW85-
CRPW85-CRPC178. In all cases, the data were satisfactorily CRPC178 exhibited an efficiency of transfer of 14&.1%.
described by a single exponential (eq 1), while double- The addition of cCAMP had an effect on energy transfer. The
exponential fitting did not improve the goodness of the fit. value of its efficiency in the case of CRPW85-CRPC178
Figure 4 shows a typical kinetic plot of the binding reaction with two cAMP molecules bound to anti sites was higher
between cAMP and CRPW85-CRPC178. For the CRPW85- (23.8 + 4.4%) than that for apo-CRP. The result obtained
CRPC178 mutant, the observed rate constdpi$ increased for the mutant CRP(W85,C178)-CRP in the presence of 200
with an increase in ligand concentrations and reached auM cAMP was equal to 77.6 3.8%.
constant value at very high (millimolar) concentrations of  The energy transfer efficiency values were used to
cAMP, as shown in Figure 5. These results remain in calculate the average distance between the donor and the
agreement with our previous kinetic studies using wild-type acceptor. The fluorescence quantum yield of the Trp (donor)
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Table 3: Summary of Energy Transfer Measurements

protein @p(ns) [@oa0(ns) [EO%) ROA)
CRPW85-CRPC178 2.450.40 2.09+ 0.22 14.6t+ 2.1 29.5+ 0.9
CRPW85-CRPC178(CAMP)2 2.61+0.18 1.99+ 0.29 23.8t4.4 26.7+ 1.9
CRP(W85,C178)-CRP 2.450.40 1.26+ 0.45 60.9+ 5.0 22.0+ 2.5
CRP(W85,C178)-CRP(CAMP)2 2.61+0.18 0.58+ 0.28 77.6+ 3.8 17.9+ 2.1

@ The concentration of CAMP was 2QM.

10000 nonspecific DNA binding state to the state characterized by

high affinity and DNA sequence specificit@)( Recently,
we have also proposed)(that the binding of CRP via
C-terminal domains of the protein to the different DNA
promoter sequences can induce various conformational
changes in the N-terminal domains, which in turn allow the
protein to interact with additional participants of transcrip-
tional machinery such as RNA polymerase and other
regulatory proteins. It has been assumed that in solution CRP
can exist in several conformational states, and the distribution
among these states is affected by binding of the inducer or
by binding of the protein to specific DNA sequencésq,
e 10). We believe that to understand this allosteric mechanism
of CRP function it is essential to elucidate the kinetic
b bt et el el mechanism of this long-distance signal transduction as well
™ as to associate with this process the changes in the distance
mnm oy oy between the C-terminal and N-terminal domains of the
?TT'H.‘*#T#I it bl il protein upon inducer binding.
20 40 60 80 100 120 Bearing these findings in mind, in this study, we have used
time [ns] fast kinetic as well as resonance energy transfer (FRET)
methods to demonstrate the symmetry in the signal trans-

FicurRe 6: Trp85 fluorescence intensity decays for mutant CRPW85- ; ~ ; X ; ;
CRPC178 without and with 1,5-1-AEDANS covalently attached to duction betV\_/een the N-terminal f’;\nd C tefm'”a' domains of
Cys178. The gray dotted curve shows the intensity decay of donor CRP upon binding of the allosteric cAMP inducer. We have

alone (D), and the dark gray dotted curve shows the intensity deqayused the constructed heterodimer of CRP, in which a single
of the donor in the presence of acceptor (DA). The black solid Trp85 residue was located at only one subunit of the protein
lines and weighted residuals are for the best exponential fits. 5 the reactive Cys178 residue was positioned at the same
Experiments were performed in buffer A at 20. subunit or at another. This CRP heterodimer mutants, denoted

. L , as CRPW85-CRPC178 or CRP(W85,C178)-CRP, gave us a
in the absence of 1,5--AEDANS (acceptor) was estimated unique possibility to observe how the binding of CAMP can

using eq 7. The fluorescence quantum yield of Trp was 0.082. . X ’ ,
for apo-CRP. The Fister distanc&, was calculated using influence conf_ormatlon_a_l changes in each Pprotein St_Jbunlt.
eq 6, and the orientation facta, was assumed to be equal The Trp85 residue, positioned at the N-terminal domain, and
to %3 (10). The distance between Trp85 and Cys178 in CRP Cys178 (fluorescently labeled by 1,5--AEDANS probe),
mutants was calculated using eq 5, and thes&o distance positioned in the HTH motif in the C-terminal domain of

was calculated to be 22.8 A. The estimated distances areCRP' have been used as reporter groups, which can give

listed in Table 3. There were significant differences between relevant mfog_mgfuon rfet%arc_ilr:jg contfortrr'r]watmnfll_ch?rr:ges V\{hlcth
the calculated distance in apo-CRPW85-CRPC178, apo-olff#r Lrl]p?n Idn' mgofcsléntucerdo _t(apr_o ?jlnéSTe mutants
CRP(W85,C178)-CRP, and CRP complexed with cAmp.  ©f the heterodimer of CRP, tagged with klen , Were

Circular Dichroi M tqhe CD i f separated for homogeneity using affinity chromatography as
CRIIDrsxl/Jt grn d ;}Ztg:f(;nmereg;uprsvn;g_]cmfsho sn[z)eg_ r?]'f(')cant described in Materials and Methods. The observed revers-
. : . w igniti ibility of the protein denaturation is in agreement with our
differences between these proteins (data not presented)

which indicates that there are no changes in the secondar)})revIous studies, which show that wild-type CRE9)(as

. ; well as its S128A mutant2Q) undergoes a fully reversible
gtlr?usture of the heterodimer compared to the homodimer Ofdenaturation by guanidine hydrochloride, as can be judged

by CD spectra as well as by fluorescence measurements. The
DISCUSSION heterodimer CRP mutants, after removal of the;ldied GS_T
tags, possess the same secondary structure as the wild-type

It has been proposed that the molecular mechanism ofprotein, as judged by CD spectroscopy in the wavelength
signal transduction, induced upon binding of the allosteric range of 196-250 nm as well as by the cAMP binding
inducer cAMP to CRP, involves a change in the relative constantKani (Table 2). The substitution of Trp residues in
orientation of the protein subunits and a change in the the heterodimer of CRP as well as labeling by AEDANS of
orientation of the C-terminal domain relative to the N- Cysl178 of the protein did not induce any observable
terminal domain of the proteir2(5). These changes allow  structural changes in free CRP, as monitored by circular
the CRP to switch from a low affinity for DNA and a dichroism (data not shown). Although in this work the free
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energy of subunit interaction of CRP mutants has not beenthat this domain movement was faster then the dead time of
studied, one can expect that these substitutions do not leadhe our stopped-flow device. Indeed, our equilibrium results
to free energy changes in CRP heterodimer association. Thisof the FRET experiments presented in Table 3 support this
suggestion can be supported by the observation that thesuggestion.
S128A and S128P substitutions do not lead to substantial This suggestion is in agreement with steady-state fluores-
changes in the free energy of CRP subunit interacti@ds (  cence intensity measurements of Trp85, serving as a FRET
21). Ser128 of CRP, in contrast to Trp85 and -13 as well as donor in the CRP(W85,Cys178-AEDANS)-CRP mutant,
Cys178 @), is involved in the protein subunit interactions, which indicate the decrease of Trp85 fluorescence intensity
and this mutation does not significantly perturb the structural upon addition of cAMP (data not shown). This decrease does
integrity of free CRP. These heterodimeric mutants of CRP not result from the inner filter effect, which can be neglected
provided a means of studying the symmetry of the protein under the conditions used in the fluorescence intensity
and its complexes with the cAMP effector in solution using measurements.
the FRET method. The FRET phenomenon was used to study the kinetics of
Our previous kinetic studies performed on homodimeric the distance changes between two subunits of CRP, due to
wild-type CRP have demonstrated that the formation of the binding of cAMP to high-affinity sites, and the process was
CRP—(cAMP), complex can be described by the equilibrium performed under pseudo-first-order conditions. Under these
between the two forms of the CRRcCAMP), complex, conditions, the kinetic process is described well by a simple
where only one form is able to bind cCAMP at low-affinity ~ single-exponential model, and in all cases, this model was
sites ). This process was observed by conformational superior, as judged from the normalized variance and residual
changes in CRP, which occur in surroundings of Trp85 distribution. The rate of the observed processes increased
residues present in both subunits of the protein. At present,with the increasing ligand concentration, reaching the
the kinetics of binding of CAMP to the heterodimer CRP asymptotic values at cAMP concentrations above 1 mM.
mutant, which possesses a single Trp85 residue located aBecause the association of cAMP with CRP can be consid-
only one of the protein subunits, were measured underered a fast process, which is much faster than the stopped-
pseudo-first-order conditions, and experimental data could flow device dead time of2 ms (7, 8), one can assume that
be fitted to single-exponential curves. The observed rate the changes (observed by FRET) in the distance between
constants for the CRPW85-CRP heterodimer decreased withthe N-terminal domain of one subunit and the C-terminal
an increase in CAMP concentration, as observed in the casedomain of the second subunit of CRP will start from the
of wild-type CRP. In this process, two conformational states doubly ligated CRP-(cAMP), complex. The observed
of CRP exist, and only one of these states is able to bind theprocess of binding of cAMP to the anti sites can be described
ligand. The calculated parameters are presented in Table 1as a unimodal conformational change in two subunits of CRP
and these values are in very good agreement with those founcbrientation that occurs according to sequential binding model.
for CRP wt. This agreement strongly suggests that the kinetic For this process, the observed rate constégt)(should
mechanism of binding of cCAMP to both syn sites of CRP is increase with an increase in cAMP concentration. This
very similar. explanation remains in agreement with our previous kinetic
We have used the fluorescence energy transfer (FRET)studies of interactions of cAMP with wild-type CRP)(as
method to study the kinetics of the distance changes betweenwell as with its T1271 and S128A mutant8)( which have
the N-terminal and C-terminal domain of CRP due to cCAMP shown that the binding of the ligand to high-affinity anti
binding to high-affinity anti sites of the CRP. In these studies, sites results in conformational changes in the HTH motifs
we used single-tryptophan mutants of CRP, in which Trp85 localized in the C-terminal domains of the protein. The values
was used as the fluorescence donor and the single Cys17®f kinetic constant& andk_. as well as dissociation constant
residue fluorescently labeled with 1,5-I-AEDANS was used K,njand isomerization constaKkt are presented in Table 2.
as an acceptor. Because Trp85 does not change its fluoresin Table 2, the kinetic and thermodynamic parameters,
cence intensity in the presence of a micromolar concentrationdescribing binding of cCAMP to wild-type CRP, determined
of cAMP (10), this residue can be used as a convenient by the measurements of fluorescence intensity changes in
fluorescence donor in these measurements. The kineticthe surroundings of Cys178 residues in the HTH motif, are
measurements were performed when both the donor and thalso presented for comparison. The kinetic and thermody-
acceptor were localized at the same subunit of heterodimericnamic parameters determined in this study, describing the
CRP or the donor and the acceptor were positioned ondistance changes between the C-terminal domains of one
opposite subunits. These experimental setups allowed us tesubunit and the N-terminal domains of the second subunit
follow the kinetics of cCAMP binding by observing changes of CRP upon binding of cAMP to high-affinity sites, are
in the fluorescence intensity of Trp85 as a result of the FRET very close to the values found in case of the conformational
phenomenon. When cAMP binds to anti sites, the fluores- changes in the HTH motif of CRP wt. This agreement
cence intensity of Trp85 decreases due to resonance energgupports the mechanism proposed previously which
transfer only in the case where the fluorescence acceptordescribes the cooperative sequential model of binding of
Cys178-AEDANS was localized in the opposite subunit of cAMP to CRP. An analysis of the data gave a value of 0.07
CRP. When the donor and acceptor were on the same subunitor the equilibrium constant{., between the two confor-
of CRP, no significant decrease in the fluorescence of the mational forms of the CRP(CAMP), complex. This low
Trp85 donor has been detected upon cAMP binding (datavalue is comparable to th€, value of 0.032, which has been
not shown). The apparent lack of a distance change betweerestimated for wild-type CRP, and one can expect that almost
the N-terminal and C-terminal domains in the same subunit all doubly liganded CRP would exist in solution in the
of CRP induced by cAMP binding can be due to the fact conformational active state. The dissociation constagt,
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which is a geometric average of constaliisandK; for two

Fic et al.

of this process can be described by displacement of the

cAMP molecules sequentially bound to heterodimeric CRP equilibrium between two forms of the CRRCcCAMP),
is very close to the value found for CRP wt, and this complex.

agreement indicates that the heterodimeric form of the protein
exhibits the same affinity for the cAMP inductor as wild-
type CRP. The results presented in this report provide further
evidence of a kinetic mechanism of long-distance com-
munication between N-terminal and C-terminal domains
within one subunit as well as between two subunits of CRP,
induced by binding of cCAMP to high-affinity binding sites
of CRP. In our previous work, we have shown by the FRET
method that the average distance between Trp85 and fluo-
rescently labeled Cys178 in wild-type CRP decreased from
26.6 to 18.7 A upon binding of two cAMP inductor
molecules in the CRP(CAMP), complex. To confirm this
observation and to elucidate more precisely the cAMP-
induced allosteric transitions, which are involved in a change
in the orientation of the CRP subunit and a change in the
distance between two domains in each of the protein subunit,
we used the FRET method. The calculated distance between
Trp85 localized at the N-terminal domain and Cys178 at the
C-terminal domain of CRP of the same subunit in apo-CRP
is equal to 22.0 A and decreased to 17.9 A upon binding
two cAMP molecules to make a CRFEcAMP), complex.

The distance between the sulfur atom of Cys178 and the
C9-C10 bond of the indole ring of Trp85 of the CRP
subunit, derived from the crystal structure of the CRP
(cAMP), complex (PDB entry 1G6N), is equal to 18.9 and
21.9 A for the subunit present in the “closed” and “open”
conformation, respectively. The results presented here clarify
the problem of CRP(cAMP); structural asymmetry result-
ing from conformational differences between the protein
subunits, observed in the crystal structutes). Our results
clearly show that in solution both subunits in apo-CRP
possess an open conformation and, in the ERRAMP),
complex, both subunits adopt a closed conformation. This
observation experimentally supports the dynamic simulation
studies 18), which have predicted that in solution, both
subunits in the CRP(cAMP), complex possess a closed
conformation. The distance, determined by the FRET
method, between Trp85 localized at one N-terminal domain
in apo-CRP and Cys178 localized in the C-terminal domain
of the second subunit of the protein is equal to 29.5 A.
Binding of cAMP to the high-affinity binding sites in the
CRP—(cAMP), complex causes the relative reorientation of
the subunits and change this distance to 26.7 A.

To summarize, the results obtained in this study show that
in solution both subunits of apo-CRP exhibit a symmetrical
structure of the open conformation, in which both C-terminal
domains of the protein are the same distance from the
N-terminal domains. The mechanism of allosteric transitions
of CRP at a micromolar cAMP concentration occurs ac-
cording to a sequential binding model, in which binding of
the inducer to the high-affinity sites causes a@ A
movement of the C-terminal domains toward the N-terminal
domains of the protein, with kinetics faster then 2 ms, and
the protein adopts a symmetrical closed conformation. This
fast process associated with adoption of the closed confor-
mation is followed by a slower reorientation of both CRP
subunits. At millimolar concentrations of cAMP, when the
next two molecules of the effector are bound to low-affinity
sites making the CRP(cCAMP), complex, the mechanism
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