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1. INTRODUCTION 

The cyclic AMP receptor protein (CRP) is a di- 
mer of identical subunits (each of MI -23 000) 
which mediates the regulation of a number of ca- 
tabolite sensitive operons in Escherichia coli, 
CAMP acting as an effector [l-5]. We have shown 
by lH-NMR measurements of proton-proton 
transferred nuclear Overhauser enhancements 
(TRNOE [6]) that CRP exerts conformational se- 
lection on cyclic nucleotides, such that CAMP and 
its analogues which have a 6-NH2 group and a de- 
protonated N(1) atom are bound in the syn con- 
formation, whereas cGMP and its analogues which 
have a 6-keto group and a protonated N(1) atom 
are bound in the anti conformation [7,8]. This con- 
trast with the situation in free solution where cyclic 
nucleotides exist as a syn/anti equilibrium mixture, 
CAMP being predominantly (-70%) anti and 
cGMP predominantly (2 90%) syn [8-l 11. 

Subtilisin digestion ot- the CAMP l CRP complex 
results in the formation of a stable N-terminal 
core, aCRP (composed of two subunits, each of Mr 
- 12 500) which retains CAMP binding activity 

Abbreviations: CRP, CAMP receptor protein of Es- 
cherichia coli; crCRP, N-terminal core of CRP produced 
by subtilisin digestion of the CAMP-CRP complex; 
CAMP, adenosine 3’,5’-cyclic phosphate; cTuMP, tu- 
bericidin 3’,5’-cyclic phosphate; cGMP, guanosine 3,5’- 
cyclic phosphate; NOE, nuclear Overhauser effect; 
TRNOE, transferred nuclear Overhauser effect 

[ 12,131. In the present paper we have determined 
the conformations of CAMP, cTuMP and cGMP 
bound to aCRP by proton-proton TRNOE mea- 
surements, and show that oCRP, in contrast to 
CRP, does not exert conformational selection on 
cyclic nucleotides, the conformation in the bound 
state being the predominant form in free solution. 

2. EXPERIMENTAL 

CRP was prepared by the method of B. Blazy, 
M. Takahashi and A. Baudras (unpublished) and 
previously used in [7,8,14]. aCRP was prepared by 
subtilisin digestion of the CAMP l CRP complex by 
a modification of the procedure in [ 131. CAMP and 
cGMP were obtained from PL Biochemicals and 
cTuMP from the UpJohn Co. Ltd., lyophilized 
from D20 and used without further purification. 
All other chemicals used were of the highest purity 
commercially available. 

Samples for t H-NMR were prepared by exten- 
sive dialysis of CRP and cllCRP against 90 con- 
taining 50 mM potassium phosphate (pH* 6.5) 
(meter reading uncorrected for the isotope effect 
on the glass electrode), 500 mM KC1 and 1 mM 
EDTA. The final concentrations in the samples 
used in the TRNOE measurements were: 0.1 mM 
CRP or (wCRP (corresponding to 0.2 mM in cyclic 
nucleotide binding sites), between 1.4 and 2.2 mM 
cyclic nucleotide, 500 mM KCI, 50 mM potassium 
phosphate (pH* 6.5) 1 mM EDTA and 1 mM di- 
oxan. 

Proton-proton TRNOE measurements were 
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carried out at 270 MHz using a Bruker WH270 
spectrometer operating in Fourier transform mode 
with the pulse sequence (tl-t2-a/2-AT), where 
the selective irradiation at a chosen frequency was 
applied during the time interval tt (1 s), 22 is a 
short delay (2 ms) to allow for electronic recovery 
after removal of the selective irradiation, and AT is 
the acquisition time (0.487 s). 750 transients, ob- 
tained by quadrature detection with 4096 data 
points for a spectral width of 4.2 kHz, were aver- 
aged for each spectrum. Prior to Fourier transfor- 
mation, the free induction decay was multiplied by 
an exponential equivalent to a line broadening of 2 
Hz. TRNOE measurements were carried out sys- 
tematically at 20 Hz intervals throughout the entire 
aromatic and sugar proton regions of the spec- 
trum. Chemical shifts are expressed relative to in- 
ternal (1 mM) dioxan (3.71 ppm downfield from 
2,2-dimethyl silapentane-5sulphonate). All ex- 
periments were carried out at 20°C. 

3. RESULTS 

The proton-proton nuclear Overhauser effect 
(NOE) has been widely used in conformational 
analysis to demonstrate the proximity of two pro- 
tons in space and determine their separation [ 15- 
191. However, direct NOE measurements are usu- 
ally not suitable to study the conformations of 
ligands bound to large proteins (Mr >20 000) as it 
is usually difficult to observe the resonances of the 
bound ligand directly. This problem can be over- 
come by the use of the transferred NOE (TRNOE) 
technique [6,7,8,20,21], the theory of which has re- 
cently been dealt with in detail [6]. The basis of the 
TRNOE involves the transfer of magnetic infor- 
mation concerning cross-relaxation between 
bound ligand protons from the bound state to the 
free state of the ligand by chemical exchange. By 
this means easily detectable negative TRNOE’s 
arising from cross-relaxation between bound 
ligand protons characterized by long correlation 
times (as opposed to cross-relaxation between free 
ligand protons characterized by very short correla- 
tion times which give rise to positive NOE’s) can be 
detected on free or averaged ligand resonances fol- 
lowing irradiation of other ligand resonances (free, 
bound or averaged), thus conveying conforma- 
tional information on the bound ligand [6]. 

The results of systematic TRNOE measurements 
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Fig.1. Normalized intensity of the averaged H8 and H2 
resonances of the purine ring of cTuMP in the presence 
of CRP (0) and aCRP (+) as a function of irradiation 
frequency. The molar ratio of free to bound cTuMP was 
10 in the case of CRP and 6 in the case of aCRP, and 
the concentration of protein used in both cases was 0.1 
mM (corresponding to 0.2 mM in cyclic nucleotide 
binding sites). Other experimental conditions are given 
in Section 2. Chemical shifts are expressed relative to di- 
oxan (3.71 ppm downfield from 2,2 dimethyl silapen- 

tane-5-sulphonate). 

on CAMP, cTuMP and cGMP in the presence of 
(wCRP and on cTuMP in the presence of CRP, ob- 
tained by systematic irradiation at 20 Hz (= 0.074 
ppm) intervals throughout the aromatic and sugar 
proton regions of the spectrum, are summarized in 
table 1. These experiments were carried out with a 
six to ten fold molar excess of free over bound 
cyclic nucleotide. 

For CAMP and cTuMP in the presence of (YCRP 
only a single negative TRNOE, characteristic of the 
anti conformation, is observed, namely on the H8 
resonance of the purine ring following irradiation 
of the H5’ sugar resonance (table 1). In contrast, 
the only negative TRNOE’s observed for CAMP 
[7,8] and cTuMP (table 1) in the presence of CRP 
are characteristic of the syn conformation, namely 
on the H8 resonance of the purine ring following 
irradiation of the Hl’ sugar resonance and vice 
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Table 1 

TRNOE’s observed for CAMP, cTuMP and cGMP in the presence of 
KRP and for cTuMP in the presence of CRP 

Irradiated 
resonancea 

W TRNOE 

Observed CRP &RP 
resonancea cTuMPb cAMPc cTuMPc cGMPb 

Hl’ 
H8 
H3’ 
H5’ 
H3’ 
H5’ 

H8 
Hl’ 
H8 
H8 
H2 
H2 

- 10 _ - - 12 
- 15 - 14 
+4d +5d 

_ -6e -5 _ 

-16 - 
- 11 

Chemical exchange between the free and bound states of the cyclic nu- 
cleotides is fast on the chemical shift scale, and under the experimental 
conditions employed, the positions of the averaged ligand resonances 
are approximately at the positions of the corresponding resonances in 
free cyclic nucleotides 
The molar ratio of free to bound cyclic nucleotide was 10 
The molar ratio of free to bound cyclic nucleotide was 6 
The positive NOE on the H8 resonance following irradiation of the H3’ 
resonance arises directly from the free cTuMP. This positive NOE is 
the only one observed for free cTuMP in the absence of protein where 
it has a value of - + 5%; the observation of this single positive NOE 
for free cTuMP indicates that the predominant conformation about 
the glycosidic bond of cTuMP in free solution is anti 
In the case of CAMP the H8 and H2 resonances are superimposed so 
that the effects on these two resonances can only be distinguished 
using CAMP deuterated in the 8 position (d8-CAMP). The TRNOE ob- 
served on the H8/H2 resonance following irradiation of the H5’ reso- 
nance is not observed with d8-CAMP indicating that this TRNOE only 
involves the H8 proton and not the H2 proton 

The TRNOE measurements were carried out by systematic irradiation at 
20 Hz (Z 0.074 ppm) intervals throughout the aromatic and sugar proton 

regions of the spectrum. The experimental conditions are given 
in section 2 

versa, and on the H2 resonance of the purine ring 
following irradiation of the HS and H3’ sugar res- 
onances. This is clearly illustrated in fig.1 where 
the normalized intensities of the H8 and H2 reso- 
nances of the purine ring of cTuMP in the pres- 
ence of CRP and aCRP are plotted as a function 
of irradiation frequency. (It will be noted that in 
the presence of both CRP and aCRP a small posi- 
tive NOE of 5 + 5% is seen on the H8 resonance 
of cTuMP following irradiation of the H3’ sugar 
resonance; this arises directly from free cTuMP). 

For cGMP in the presence of (YCRP the only 
negative TRNOE’s observed, namely on the H8 
resonance of the purine ring following irradiation 
of the Hl’ sugar resonance and vice versa (see 
table l), are characteristic of the SJW conformation. 
This too contrasts with the situation observed for 
cGMP in the presence of CRP where the only 
negative TRNOE’s observed, namely on the H8 
resonance of the purine ring following irradiation 
of the H5’ and H3’ sugar resonances, are charac- 
teristic of the anti conformation [8]. 
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Table 2 

Conformations about the glycosidic bond and the 
glycosidic bond torsion angles of CAMP, cTuMP and 
cGMP bound to CRP and aCRP, determined from 

TRNOE measurements 

Cyclic Conformation about the glycosidic bond (x”) 
nucleotide CRP (uCRP 

CAMP SJW (x = 45” f S”)b anti(x - 2250d) 
cTuMP SJW (x = 60” + 5°C) anti (x - 225”d) 
cGMP anti& = 225” + 1o”)b SJW (x - 75”d) 
_ 

The convention used in defining x is the standard one 
given by Davies [ 111: x = 04’-Cl’-N9-C4. x is related 
to the angle x’ defined by Arnott and Hukins 1221 and 
adopted by most crystallographers by the relation x 
= 360” -x’ 
From Gronenborn and Clore [S] 
x was determined by model building on the basis of 
the distance ratio 

rB2-B=,‘/rH2-H3’ = [&2(H3’)/Nt~(H5’)]“~ 

= 1.06 ‘;;o”‘: 

calculated using the values of the TRNOE’s given in 
table 1. (The notation Nio~ denotes the TRNOE ob- 
served on the resonance of proton i following irradia- 
tion of the resonance of proton _j.) The use of this 
equation is justified providing no positive NOE’s on 
the H2 resonance following irradiation of the H3’ and 
H5’ resonances are observed for free cTuMP in the 
absence of protein 161, which is indeed the case. The 
error in the distance ratio and, hence, in the value of x 
is based on an estimated error of 23% in the ob- 
served TRNOE’s 
As a TRNOE between only a single pair of protons 
was observed, the value of x given is only approxi- 
mate and is that for which the distance between the 
two protons involved in the TRNOE is at a minimum, 
namely the distance rHs_H5’ in the case of CAMP and 
cTuMP and the distance rHs_Ht’ in the case of cGMP 

The conformations about the glycosidic bond 
and the values of the glycosidic bond torsion angle 

x (04’-Cl’-N9’-C4) for CAMP, cTuMP and cGMP 
bound to CRP and aCRP, determined from the 
TRNOE measurements, are given in table 2. 

4. DISCUSSION 

The results of the TRNOE measurements pre- 
sented here demonstrate that aCRP does not exert 

conformational selection on cyclic nucleotides, 
such that the conformations about the glycosidic 
bond of CAMP, cTuMP and cGMP bound to 
aCRP (see table 2) are the same as the predomi- 
nant form in free solution, namely anti in the case 

of CAMP [g-10] and cTuMP (see footnote d to 
table l), and SJW in the case of cGMP [8-lo]. This 
contrasts with the situation for CRP where con- 
formational selection is exerted, CAMP and 
cTuMP being bound in the syn conformation and 
cGMP in the anti conformation (see table 2 and 

[7t31). 
It should be noted that although the TRNOE’s 

observed for a given cyclic nucleotide in the pres- 
ence of both CRP and cKRP arise from only a sin- 
gle conformation, the data do not allow one to con- 
clude that a given cyclic nucleotide is bound 
exclusively in a single conformation. However, an 
upper limit for the proportion of a second minor 
conformation can be estimated on the basis of the 
dependence of the magnitude of the TRNOE’s on 
the molar ratio of free to bound ligand, [LF]/[L~] 
[6]. For a TRNOE, Ni(j), observed on the reso- 
nance of proton i following irradiation of the reso- 
nance of proton j, for which no corresponding 
positive NOE is observed for the free ligand in the 
absence of protein, one can calculate that for val- 
ues of Ni(j) of -2O%, -15%, -10% and -5% at 
[LP]/[Ln] = 10, the upper limits for the proportion 
of a second minor conformation are approximately 
5%, lo%, 15% and 30% respectively, bearing in 
mind that under our experimental conditions the 
lower limit of detectability of a TRNOE lies in the 
range -1% to -2% [6,8]. Thus, the upper limit for 
the proportion of a second minor conformation of 
bound CAMP, cTuMP and cGMP lies in the range 
5-15% in the case of CRP and 15-30% in the case 
of aCRP (see table 1 and [S]). 

Although the available 2.9 A resolution crystal 
structure of the CAMP l CRP complex [23] does 
not resolve the conformation of bound CAMP, it 
clearly shows that CAMP is buried in the interior of 
the p roll of the N-terminal domain of each sub- 
unit, with its phosphate group bound in the loop 
connecting strands 6 and 7 in the /3 roll, and the 
adenine ring located in the proximity of helix C of 
one or both subunits. This suggests that the con- 
formational selection exerted on cyclic nucleotides 
by CRP and revealed by 1 H-NMR [7,8], arises 
from the formation of specific hydrogen bonds be- 
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tween groups of the purine ring (namely the 6- 
NH2 group and the N( 1) atom in the case of CAMP 
and its analogues, and the 6-keto and N(l)H 
groups in the case of cGMP and its analogues) and 
groups of one or more amino acid residues of helix 
C. This model is supported by the results presented 
here on aCRP. Comparison of the amino acid se- 
quence of the C-terminal end of cllCRP obtained 
by amino acid sequencing [24] with the amino acid 
sequence of CRP deduced from the nucleotide se- 
quence of its structural gene [25,26] has shown that 
the site of subtilisin cleavage is located between 
Leu 116 and Ser 117. Inspection of the crystal 
structure of the CAMP. CRP complex [23] indi- 
cates that this cleavage site is located close to the 
N-terminal end of helix C (which extends from 
residue 111 to residue 134). Thus, in the case of 
aCRP where approximately three quarters of helix 
C are no longer present, conformational selection 
on cyclic nucleotides can no longer be exerted, the 
base of the bound cyclic nucleotide is free to rotate 
about its glycosidic bond, and the predominant 
conformation adopted by the bound cyclic nu- 
cleotide is the same as that of the free cyclic nu- 
cleotide. Moreover, the finding that the equi- 
librium association constants for the binding of 
CAMP and cGMP to both CRP and aCRP are 
comparable, lying in the range 104-5 X 104 M-1 
([14] and M. Takahashi, B. Blazy and A. Baudras, 
personal commun.), indicates: (i) that in the case 
of both CRP and (uCRP the predominant contribu- 
tion to the binding free energy arises from the in- 
teraction of the negatively charged phosphate 
group with a basic amino acid residue(s); (ii) that 
the base of the bound cyclic nucleotide is accessi- 
ble to the solvent in the case of &RP in contrast 
to the situation with CRP where it is buried within 
the protein [23]; and (iii) that the main driving 
force governing the conformational selection ex- 
erted by CRP over cyclic nucleotides arises be- 
cause the selection of the minor free solution con- 
former (viz. SJVI in the case of CAMP and cTuMP, 
and anti in the case of cGMP) is energetically 
more favourable than the preservation of the ma- 
jor free solution conformer [viz. anti for CAMP 
(~.70%), anti for cTuMP (~90%) and syn for 
cGMP (5: 9OW)] as in the latter case the base of the 
cyclic nucleotide can no longer hydrogen bond 
with either solvent molecules or a residue(s) of the 
protein. 
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