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ABSTRACT. Cyclic AMP receptor protein (CRP) plays a key role in the regulation of more than 150 genes.
CRP is allosterically activated by cyclic AMP and binds to specific DNA sites. A structural understanding
of this allosteric conformational change, which is essential for its function, is still lacking because the
structure of apo-CRP has not been solved. Therefore, we performed various NMR experiments to obtain
apo-CRP structural data. The secondary structure of apo-CRP was determined by analyses of the NOE
connectivities, the amide proton exchange rates, anéHHEN steady-state NOE values. A combination

of the CSI-method and TALOS prediction was also used to supplement the determination of the secondary
structure of apo-CRP. This secondary structure of apo-CRP was compared with the known structure of
cyclic AMP-bound CRP. The results suggest that the allosteric conformational change of CRP caused by
cyclic AMP binding involves subunit realignment and domain rearrangement, resulting in the exposure
of helix F onto the surface of the protein. Additionally, the results of the one-dimensid@dtdrbonyl

NMR experiments show that the conformational change of CRP caused by the binding of cyclic GMP,
an analogue of cyclic AMP, is different from that caused by cyclic AMP binding.

Cyclic AMP receptor protein (abbreviated as CR&lso terminal domain and the D helix of the C-terminal domain,
referred to as catabolite gene activator protein, CAP) is well- named the hinge region (Figure 1). The larger N-terminal
known as a DNA-binding protein that regulates gene domain, which is predominantlg-stranded, is for dimer-
transcription by binding to specific DNA sites, as well as ization of CRP and also provides the cAMP binding
by interacting with RNA polymerase (reviewed in réfand specificity through g-roll structure. The smaller C-terminal
2). CRP is a dimeric protein composed of two chemically domain, which is predominantlg-helical, is involved in
identical subunits. Each subunit of CRP has a molecular massspecific recognition of DNA via a helix-turn-helix motif (E
of 23 619, as deduced from the nucleotide sequence, and ishelix and F helix).

209 amino acids long with two cAMP-binding site3 ¢). Biochemical and biophysical studies have shown that
Inits apo-form, i.e., in the absence of cAMP, CRP is inactive. cAmp binding allosterically induces CRP to assume a
Upon cAMP binding, CRP is capable of high affinity binding - conformation that binds to DNA and interacts with RNA
to both DNA and RNA polymerase. The three-dimensional polymerase 10-19). In contrast, cGMP, an analogue of

crystal structure of holo-CRP has been solved, in both the cAMP, binds to CRP with an affinity comparable to that of
presence and absence of DN®-9). However, no structural cAMP, but does not induce the binding of the protein to

information about apo-CRP is available. In the crystal pna (11, 17—19). However, the details of the mechanism

structures of holo-CRP, each subunit of CRP is composedp,y which cAMP mediates the allosteric activation of CRP
of two domains, which are covalently connected by a stretch \gmain obscure, because the structure of apo-CRP has not

of polypeptides running between the C helix of the N- peen available. To solve this problem, we have studied the
solution structure of apo-CRP by NMR spectroscopy. The
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Research Program (1996), Ministry of Education, Korea. most important question regarding the mechanism of CRP
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cyclic AMP receptor protein; CSI, chemical shift index; DNA,  Other, with the concept of “rigid-body movemenf, 20—
deoxyribonucleic acid; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate; 28). The first model demonstrates that cAMP binding alters

€278, extinction coefficient at 278 nnE CO", Escherichia CO“HSQC, the relauve 0r|entat|0n Of the C, D' and F hehces Of CRP,

heteronuclear single quantum coherence; IPTG, isoprémythioga- e . . . :
lactopyranoside; NMR, nuclear magnetic resonance; NOE, nuclear positioning the F helix appropriately to interact with DNA.

overhauser effect; NOESY, NOE correlated spectroscopy; PMSF, This model was proposed from the characterization of a CRP
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onate. orientation of the two domains. Consistent with this model,
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Ficure 1: Ribbon presentation of the crystal structure of holo-CRP dimer. The direction of view is different between panels A and B, by
the relative rotation of the protein by about°d@ith the long axis of the C helix. At the center of each subunit, the cAMP molecules bound

to the protein are shown as stick-like models. The secondary structure in the subunit is labeled with lettdrslimes and numbers for
p-strands. The regions showing reasonable differences in secondary structure between apo- and holo-CRP are shadowed in black: E34-
V47, D68-S83, and T127-N133. The positions of cAMP-contacting residues are indicatedOGEF? (), R82 ), S83 @), R123 @),

T127 (outlined square), and S128)( These drawings were produced with the UCSF MidasPlus program using the coordinates for holo-
CRP (7).

Table 1: [PC-carbonyF°*N-amide]-Double-Labeled Sites for Site-Specific Assignments oft#eCarbonyl Carbon Resonances of CRP

target amino acid double-labeling{3C—°N—) sites

[**C]tyrosine —Tyr23—Pro24- —Tyrd0-Tyr41— —Tyr41-lle42—
—Tyr63—Leu64— —Tyr99—-Lys100- —Tyr206-Gly207—

[**C]phenylalanine —Phel4-Leul5- —Phe69-1le70— —Phe76-Glu77—
—Phel102-Arg103— —Phel36-Leul37

[*3C]methionine —Met59-1le60— —Metl114-Argll5— —Met120-Alal21-
—Metl57-Thr158- —Met163-GIn164- —Met189-Leul90-

several mutational analyses of CRP have suggested a hing&he isotope enrichment was 95% or higher for each of the
reorientation that adjusts the small domains to interact with amino acids. IPTG, cAMP, cGMP, and subtilisin were

DNA (21, 24—26). In these two models, the conformational purchased from Sigma (St. Louis, MO), and all other

effect induced by cAMP at its binding site is transmitted to materials were either analytical or biotechnological grade.
the DNA-binding site, mainly in the monomer units, through Column resins, Bio-Rex 70 and hydroxyapatite were pur-
the hinge region. In contrast, the third model states that the chased from Bio-Rad Laboratories (Hercules, CA).

overall realignment of the two subunits within a CRP dimer Sample PreparationUniformly !5N-labeled CRP was

is crucial for the activation of CRP upon cAMP binding.  nenared from the overproducifig coli strain pp47 contain-
This model was derived from the investigation of the ing the plasmid pLCRP1, by growing the bacteria in M9
intersubunit interaction of the CRP dimer mediated by CAMP & 1o e iim with15NH’4CI as the sole nitrogen source
b|nd|n.g @1, 27-29). Specific amino acid (tyrosine, phenylalanine, or methionine)

Until now, however, no structural data that support the [13C]carbonyl carbon-labeled CRP arfdC-5N double-
three mechanisms have been reported. This paper present§peled proteins were obtained from the overproduding
the secondary structure of apo-CRP in solution, and provides i strain BL21 containing the plasmid pF¥CRP, with the
structural evidence for the three mechanisms of CRP jshione jabeled amino acids. Table 1 shows the kinds of site-
activation. We also studied the differences between the gqifically double-labeled samples used for the assignments
blntﬂng mc:)de olf CAMP to CEP and th?thOf C(E]MFP:' byhusmg of the carbonyl carbon resonances of the Tyr, Phe, and Met
a [ C]par onyl NMR technique. .At ough t € three- esidues. The purification of CRP was performed by sequen-
dimensional structure of apo-CRP is not yet available, our ., chromatography on Bio-Rex 70 and hydroxyapatite, as
results and investigations provide a detailed structural picture described previously3(). The purity was confirmed b3'/
at the atomic level for the allosteric activation of CRP. SDS-PAGE. and the Coﬁcentration of CRP was determined

i i — -1 —1
the dimer B81). The large-scale preparation of half-size

Materials. Isotope {®N or 3C)-labeled amino acids, deleted CRP (CRP) was done according to the method
15NH,CI, and 99.9%-BO were purchased from Isotec reported previously32). A 19 ug/mL CRP solution in the
(Miamisburg, OH) and Cambridge Isotope (Andover, MA). presence of 1 mM cAMP was digested with L@/mL of
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subtilisin for 9 min at 37°C, in a 20 mM potassium  relaxation times progressively shorten and the effects of spin-
phosphate, 370 mM NacCl, pH 7.0 buffer. The reaction was diffusion make'H NOE measurements much more difficult
stopped by the addition of PMSFP ta 1 mM of final to analyze 88). Since these problems occurred with CRP
concentration, and the mixture was incubated for an ad- (47 kDa), the CSI method and the TALOS progra®9)(
ditional 5 min at 37°C. The mixtures were immediately were used to determine the secondary structure of apo-CRP.
subjected to cation-exchange chromatography (Bio-Rex 70) The CSI and TALOS approaches were developed to provide
for purification. The concentration of the purifiedCRP was a NOE-independent method for structure determinats@n (
determined spectrophotometrically withys= 2.6 x 10* M1 39). Since the CSI protocol is fundamentally a statistical
cm ! for the dimer 81). The absence of cAMP in the protein  technique 88) and the TALOS-derivedp/¢-values are
solution was checked by the absorbance ratio at 278 andempirical in nature 39), the two applications complement
260 nm @7, 33). Cyclic AMP was easily removed from each other. To be applied more correctly to the CSI method
o.CRP after purification through a column chromatography and the TALOS program, the chemical shifts of apo-CRP
procedure. were first adjusted to be referenced to TSP for!fi@zatoms
NMR ExperimentsUniformly *N-labeled and nondeu- and to liquid ammonia for thé’N atoms 89). Second, the
terated apo-CRP was used to record a ZN-edited chemical shifts of the'3C*, 13Cf, and >N atoms were
TOCSY—HSQC spectrum with an isotropic mixing time of modified to account for deuterium isotope effects on the
30 ms and a 3B°N-edited NOESY-HSQC spectrum with  atoms 40, 41), since the previous NMR assignments of apo-
a 100 ms mixing time. Slowly exchanging NH protons were CRP were done with a highly deuterated sam3@);(the
monitored with a series of 2BH-1N HSQC spectra. The  13C%, 13CP, and!*N chemical shifts are moved upfield by the
amide-proton exchange experiment was started immediatelyreplacement of locally bonded protons with deuterof; (
after the addition of PO to a sample of°N-labeled apo-  41). The CSl results of apo-CRP are shown in Figure 2 along
CRP lyophilized from buffer. The firstH-1N HSQC the sequence. The mark “1” representsfFstrand tendency
experiment was started 10 min after dissolving the sample of the atom of the residue (upfield shifts &C* or 13C’
in D,O. After the first'H-15N HSQC experiment, a series of  resonances, and downfield sfifts'6€# resonances from their
experiments was recorded at 40, 70, 100, 130, 190, 250, 310yeference values), while the mark-1" represents the
370, 430, and 490 min. TH&l-15N steady-state NOE values opposite patternol-helical tendency). The chemical shift
were determined from spectra recorded with (NOE experi- within the reference value range was marked as a “0”. The
ment) and without (NONOE experiment) a proton presatu- consensus CSI for each residue was derived by a simple
ration period of three second84 35). 'H saturation was  “majority rule” (two or three out of three, re§8) from the
achieved with the use of 120H pulses applied every 5 ms. individual CSI of each*C atom. In the consensus plot in
In the case of the spectrum without NOE (equilibrium Figure 2, “1” and “-1” indicate respectively &-strand and
nitrogen magnetization spectrum, NONOE spectrum), a an o-helix tendency of the residue, while the others (zero
relaxation delay b5 s was employed, while a relaxation values) indicate that the residue does not have a strand or a
delay of two seconds prioiot3 s of proton presaturation  helical tendency. It has been demonstrated that the accuracy
was employed for the NOE spectrum. All of the above- of the consensus CSl is in excess of 92%, and many of the
mentioned NMR spectra were obtained at@on a Bruker errors lie in the N- or C-terminus of helices or stran@8)(
DRX 600 spectrometer with the uniformiyN-labeled and TALOS is a new database system for the predictiornp of
nondeuterated apo-CRP dissolved in 50 mM potassiumand ¢ backbone torsion angles using a combination of
phosphate buffer (pH 6.0) containing 0.5 M KCI. The spectra chemical shift assignments for a given protein sequed@ge (
were processed and analyzed on a Silicon Graphics Indigo-2The TALOS output for thep and ¢ angles of the center
workstation, using the NMRPipe/NMRDraw softwar@s) residue in each string consists of the average of the
and the NMRView program 37). [**C]Carbonyl NMR corresponding angles in the 10 strings in the database with
spectra were recorded on a Bruker AMX 500 FT NMR the highest degree of similarity. The individual prediction
spectrometer at 30C with the protein dissolved in 50 mM is classified as “Good” (good prediction with at most one
potassium phosphate buffer (pH 6.7) containing 0.3 M KCI. outlier), “Bad” (bad prediction relative to a known structure),
Before measurement, the solvent water was changed® D “Ambiguous” (no prediction), or “Unclassified” (no clas-
after lyophilization. Cyclic AMP or cyclic GMP was added sification yet), according to the reliabilities of the prediction.
as a concentrated stock to a 0.5 mM final concentration. TheWhen the chemical shift data of apo-CRP were applied to
final concentration was in the range of 8:8.7 mM for apo- this program, the predicted backbone angles of 132 residues
CRP, and 0.10.2 mM for the CRP complexed with cAMP  were classified as “Good”, and the others were “Unclassi-
or cGMP. The NMR spectra were recorded at 125 MHz using fied”. No residue was classified as “Bad” or “Ambiguous”.
a Waltz-16 composite pulse decoupling sequence. The freeln Figure 2, the predicted angles of the residues classified
induction decay was recorded with 32 K data points and a as “Good” are plotted with their standard deviations along
spectral width of 25000 Hz. Th&C chemical shifts are  the sequence. An advantage of the TALOS approach is that
given in parts per million from the methyl group resonance it considers the chemical shifts and the residue types of a

of DSS. string of length 3 instead of only a single residue to obtain
the information, and its accuracy was estimated at about 97%
RESULTS (39).

CSl and TALOSAs the number of residues (and thus the ~ NOE Connectiities. The sensitivity and the resolution of
number of NOES) increases, the difficulty in measuring, the 3D TOCSY-HSQC (30 ms mixing time) and 3D
identifying, and assigning thiéd NOEs grows very rapidly. NOESY—HSQC (100 ms mixing time) spectra of the
Furthermore, as the size of the protein increases, theuniformly *N-labeled and nondeuterated apo-CRP were too
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Ficure 2: Secondary structure determination of apo-CRP. Dashed lines and question marks represent the tentative assignments, due to
spectral overlap. For the NOE connectivity data, the height of the bar corresponds to the intensity of the correlation [weak, medium, strong,
and very strong for thdyn(i,i+1), weak, medium, or strong for thiRn(i,i+2) cross-peaks]. Refer to the text for the individual and consensus

CSl results. “na” and “nd” indicate “not available” and “not detected”, respectively. The length of the error bars with the TALOS-predicted
backbone angleg) (O) and ¢ (®), indicates the standard deviation from the average of the dihedral angles of the 10 residues from the
database with the highest chemical shift and sequence similarity with the query residues. Triangles correspond to the stehtiNstate

NOE values of each residue. Moderately, slowly, and very slowly exchanging amides are represented as open circles, gray circles, and
filled circles, respectively. The other residues showed fast exchange of the amide proton. The determined secondary structure elements of
apo-CRP are indicated by coil symbols fpthelices and arrow symbols f@Fstrands. The secondary structure of holo-CRP derived from

the analysis by Weber and Steif?) (s represented with boxes. The residues with unavailtteand >N chemical shifts are underlined

and those that interact directly with cAMP are marked by open circles in the sequence line.
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Ficure 3: Strong long-range NOEs between amide protons (A) in the N-terminal and (C) in the C-tefasimahds of apo-CRP, and
main-chain hydrogen bonds (B) within the N-termigafoll structure and (D) within the C-termin@tsheet of holo-CRP. Every (A and
B) fifth or (C and D) second residue is numbered. The direction of the hydrogen bértd, €, is indicated by an arrow (B and D). The
residues that interact directly with cAMP are indicated by boxes (G71, E72, R82, and S83).

low, and the spectral overlap was too serious to be analyzed'H-1>N NOE values of the 195 resonances were identified
(data not shown). The reduced resolution and sensitivity of unambiguously, because the peak overlap was extreme in
the spectra seem to be due to the high molecular weight ofsome regions of the 2D NOE and the 2D NONOE spectra
the protein. The molecular weight (47 000) and the rotational (Figure 4). The individual NOE values that were determined
correlation time (55 ns, refl1) of CRP are so high that low  are plotted in Figure 2 along the sequence. Negative NOEs
quality spectra seem to be expected without the use of aappeared only in the N-terminal region, while the C-terminal
special technique, such as deuteration. Generally, it has beemegion did not show negative NOEs, indicating a more
shown that high quality MHN NOE spectra can be recorded constrained structure in this region than in the N-terminal
on a deuterated proteidZ, 43). Nearly complete {90%) region. The spectral overlap was somewhat alleviated in the
deuteration is also needed for the assignments of theamide proton exchange experiment, since about 50% of the
backbone NMR signals of a high molecular weight protein signals disappeared immediately in the filst'>N HSQC

(44). Thus, we previously used a fully*@0%) deuterated  spectrum after solvent exchange fromHto D,O. The
sample to assign the backbone NMR signals of apo-CRPslowly exchanging NH groups that were identified are also
(30). Deuteration greatly enhanced the quality of the 3D indicated along the sequence in Figure 2.

NOESY—HSQC spectrum of the protein, but the spectrum  Secondary Structure of apo-CRIR.Figure 1, the sequen-
necessarily lacked the NOE cross-peaks between the protonga| and short-range NOE connectivities, the NH exchange,
attached to the carbon atoms. For these reasons, we finelftheH-15N NOE values, and the CSI and TALOS prediction
analyzed the NOE connectivities only between the amide results are summarized. Dashed lines and question marks
protons from the 3D NOESY¥HSQC spectrum of the fully  represent ambiguities due to spectral overlap or unavailable
(~90%) deuterated apo-CRP, which had been recorded withamide chemical shifts. On the basis of all of the results, the
a 150 ms mixing time30). The sequential and short-range secondary structure of apo-CRP was determined as illustrated
dwn(i,i+2) connectivities are summarized in Figure 2. The in Figure 2 (coil symbols fon-helices, and arrow symbols
dnn(i,i+3) connectivities were seldom observed despite the for [-strands). Seven regions were determined-&®lices,
150 ms mixing time, probably due to the short transverse where the sequentiain(i,i+1) NOEs continue strongly, the
relaxation time Tz) expected from the high rotational short-rangelyn(i,i+2) NOEs are frequent, tHéi-15N steady
correlation time (55 ns, ret1) of apo-CRP. Mixing times  state NOE values are relatively high, the amide exchanges
more than 150 ms were not used in this experiment, to avoid are relatively slow, the predicted backbone anglgsiid
spin diffusion @8, 45). About twenty strong NOEs between ) indicate helical properties as judged from the Ramachan-
the amide protons that are distant from each other in the dran p|0t 69), and the consensus CSls main]y indicate
primary structure were detected unambiguously, and arecontinuous helical tendencies: PHI18, G71-G74, and Y99-
displayed in Figure 3. Q107, 1112-V126, (L134)D138-A151, R169V176, and
Steady StatéH-'N NOE and Backbone Amide Exchange. R180-D192. Although the NOEs between th¢* and *HN
Since most of the backbone NMR signals of apo-CRP had atoms were not available, JB3strands were determined, by
been assigned by heteronuclear multidimensional NMR using different data, where th#-1N steady state NOE
spectroscopy30), 195 of the 202 possible backbone amide values and the amide exchanges are relatively high and slow,
chemical shifts (209 residues minus six prolines and the the sequentiatiyn(i,i+1) and short-rangdyn(i,i+2) NOEs
N-terminal residue) were available. Nevertheless, only 161 are absent or weak, and the predicted backbone angles and
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Ficure 4: 2-D (A) NONOE and (B) NOE spectra of apo-CRP. Negative NOE peaks are labeled with boxes.

40, 41

consensus CSls indicate maiiflystrand tendencies: H19
P24, S27H31, (L39)K44-D53, E58-N65, A84-A88, C92 (A) 206 6
197, M157-H159, M163-T168, 1196H199, and K20t ”A 23

V205. The presence gi-strands is also supported by the

long-range NOEs between the strands (Figure 3), which V
allude to the presence of parallel or antipargfiedheets. It

is not clear, due to a lack of information, whether the resi-

dues from Y40 to V43 and from L134 to D138 should be

included respectively in the strand and in the helix compo- (B)
nents (Figure 2).
One-Dimensional*C-Carbonyl NMR Experimentslo 99

overcome the experimental difficulties in the multidimen- I
sional NMR studies on the CRP with ligands, which was

noted previously above, we used the one-dimensid#a]{

carbonyl NMR spectroscopy with selective labelid®,(47)

as a simple technique to compare the conformational effects (©)

of cGMP on CRP with those of cAMP. To ensure efficient 206 63
ligand binding (cCAMP or cGMP), a lower salt concentration l

(0.3 M KCI) than that used in the multidimensional NMR

experiments for the secondary structure determination of apo- ‘W/

CRP (0.5 M KCI) was applied. Although the concentration

of ligand (CAMP or cGMP)-bound protein was rather low
(0.1-0.2 mM) to obtain multidimensional NMR spectra, all PPM
of the expected resonances could be detected in the one- LR

dimensional spectrum by increasing the experimental time 1 M 6 1 Im 17
(Figures 5-8). The simplification of the spectra by the FIGURES: 125-MHz f*Clearbonyl NMR spectra of (AY'fC-Tyr]-

selective labeling compensated for the reduced resolutionfga]fggl;.(B) PC-Tyr*N-Lys]apo-CRP, and (C)1C-Tyr,™N-

(i.e., increased line broadening) by the ligation of the protein.

The assignments of the'3C]carbonyl resonances were overlap of two peaks in the middle (Figure 5A). THe(]-
obtained using thé3C-1>N double-labeling technique with  carbonyl NMR spectrum of apo-CRP, in which the Tyr and
the limited digestion of CRP4g). In a [F*C-'*N]-double- Lys residues were labeled simultaneously wWi@-Tyr and
labeled protein, the peak of &C]carbonyl carbon is split  *N-Lys, showed a doublet signal centered near 179 ppm
and/or decreases in intensity due to spin coupling with the with the other resonances unsplit (Figure 5B). Since only
amide >N of the next residue in the sequenc&r)( The Tyr 99, of the six tyrosine residues existing in a CRP subunit,
limited subtilisin digestion of the CRP dimer in the presence is directly followed by lysine, the split peak was unambigu-
of cAMP produces:CRP, a dimer of the N-terminal domain ously assigned to Tyr 99 of apo-CRP. When tR€{Tyr,1>N-

of CRP, which retains the same structure as found in the Leu]CRP was cleaved by subtilisin, a peak disappeared, and
intact protein 14, 48). This method made it possible to assign therefore it could be assigned to Tyr 206, which is the only
even the carbonyl resonances coupled with proline amides,residue located in the C-terminal domain of CRP (Figure
which could not be assigned by the previous 3D HNCO 5C). In addition, the peak severely decreased in intensity
experiment. Figure 5 shows an example of the assignmentscould be assigned to Tyr 63, which is next to Leu 64 (Figure
of the carbonyl resonances from tyrosine residues. In the5C). In this way, we could assign all of th&C]carbonyl
[*3C]carbonyl NMR spectrum of apo-CRP labeled witg- resonances of the Tyr, Phe, and Met residues (Figuré.6
Tyr, the carbonyl resonances of the six tyrosine residues inThe chemical shifts of these resonances were in good
a subunit of apo-CRP were well resolved, except for the agreements with those determined previously by the 3D
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FiIGURE 6: 125-MHz [3C]carbonyl NMR spectra of (A)}fC-Tyr]-
apo-CRP, (B) FC-Tyr]CRP in the presence of cAMP, and (€}-
Tyr]CRP in the presence of cGMP.
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FIGURE 7: 125-MHz [i3C]carbonyl NMR spectra of (A)'fC-Phe]-
apo-CRP, (B) TB.C-Phe]CRP in the presence of cAMP, and (C)
[*3C-Phe]CRP in the presence of cGMP.

HNCO experiment30). The number of peaks in théC]-
carbonyl NMR spectra of apo-CRP coincided equally with
the number of residues of one subunit (Figures8jh
indicating a symmetric structure of apo-CRP in solution,
consistent with the previous result30f. Additionally, the
[*3C]carbonyl NMR spectra of theCRP dimer (Figure 5C)
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FiIGURE 8: 125-MHz [*C]carbonyl NMR spectra of (A){fC-Met]-
apo-CRP, (B) I3C-Met]CRP in the presence of cAMP, and (C)
[13C-Met]CRP in the presence of cGMP.

even with the elimination of the small domains. The effects
of cCAMP on the structure of CRP were studied and compared
with those of cGMP binding. When cAMP or cGMP was
added to apo-CRP, overall broadening in th€]Jcarbonyl
NMR spectra occurred, indicating perhaps a motional sup-
pression of the protein by the ligand binding. Despite the
overall broadening, some residues of CRP showing certain
spectral changes upon cAMP or cGMP binding were
identified. The Tyr 63 resonance was remarkably perturbed
by the cAMP binding, while either the Tyr 40 or Tyr 41
resonance was shifted slightly upfield upon the addition of
cGMP (Figure 6). In the case of th&C]Phe NMR spectra
(Figure 7), the peaks from Phe 69 and Phe 76 were
remarkably broadened, and the Phe 136 peak was reduced
somewhat as compared to the others by the binding of CAMP.
In contrast, the Phe 69 and Phe 136 peaks were broadened
slightly and the Phe 69 peak was shifted downfield by the
binding of cGMP. As shown in théJC]Met spectra (Figure

8), the Met 59 peak was changed by the addition of cGMP
as well as cAMP. The spectral patterns that changed by
cGMP binding were somewhat different from those affected
by cAMP binding, meaning that the binding mode and the
conformational effects of cGMP to CRP are different from
those of cAMP. Additionally, the preseritC]carbonyl NMR
experiment reconfirmed that this technique can be used
efficiently to study the structural changes of a protein by its
interactions with ligands or other proteins.

DISCUSSION

The secondary structure of apo-CRP was determined by
the present NMR studies. The allosteric conformational
change of CRP upon the binding of CAMP can be understood
inevitably by the precise comparison of the structures

showed the unchanged symmetry of the protein in solution, between apo-CRP and holo-CRP. Accordingly, the present
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NMR studies on apo-CRP should be performed similarly fold either, because the distances between the amide nitrogen
with holo-CRP. Unfortunately, however, we failed in this atoms of the residues, in the crystal structure of holo-CRP,
attempt (data not shown), because severe precipitation ofare less than 5 A, from which strong*HHN NOEs can be
CRP occurred when the cAMP was added to 0.6 mM of expected 45). In summary, by the binding of cCAMP, the
apo-CRP. After removal of the precipitate, the remaining S-roll structure of CRP seems to be slightly perturbed around
concentration of CRP was too low to measure the multidi- the cAMP-binding pocket, which seems to be related to only
mensional NMR signals (severe reduction of the spectral the cAMP-binding property of the protein. None of the
sensitivity), and the spectral line broadening was too extremepresent data provide the evidence that the conformational
to analyze (severe reduction of the spectral resolution). Thechange in this region directly affects the DNA-binding
very low solubility of holo-CRP, which is generally known property of CRP. Instead, the signal transmitting the cAMP
(49), and the motional suppression of CRP by the binding binding from the cAMP-binding domain to the DNA binding
of cAMP (12, 15) may be related to the reduced sensitivity domain seems to be mediated by another region, ¥127
and the spectral line-broadening. Therefore, we comparedV139.

the NMR-derived secondary structure of apo-CRP in solution  In apo-CRP, the residues T12RK 133 show few helical
with that observed for holo-CRP in the crystal (Figure 2). tendencies and no slowly exchanging amide protons, while
Of course, it is necessary to refine the determined secondarythe residues L134V139 show frequent helical tendencies
structure of apo-CRP, particularly in tfiestrand components  (Figure 2). However, in holo-CRP, the residues T4R133

and at the beginning and ending points of each secondaryare included in the C helix, while the residues L134139
structure element, by a qualitative analysis of the NOEs are involved in the interdomain hinge region (Figures 1 and
between théH* andHN atoms; however, this was impos- 2). The T127V139 region contains, at its beginning
sible in the present experiments. Moreover, there is the position, residues T127 and S128, which interact directly
possibility that some of the observed differences betweenwith the cAMP molecule (Figure 1; ref). Point mutations
the two structures are attributable to the different experi- at these positions directly affect the activity of CRIB,(28,
mental conditions (apo-CRP in solution vs holo-CRP in 29, 50-52), indicating that the conformation of this region
crystal), particularly in the N- or C-terminus of each is crucial for the allosteric activation of CRP. The direct
secondary structure element. Nevertheless, some regionsnteraction between cAMP and residues T127 and S128
show reasonable differences between the two secondaryseems to change the secondary structure of the region1T127
structures, from which one can infer the mechanism of CRP V139. As many of the intersubunit and interdomain com-
activation. munications of CRP occur in the region T:2V139 (7—9,

The cAMP-binding domains of holo-CRP provide an 27), the apparently small conformational change in this
example of an ideaB-roll structure (residues H19Y99, region can necessarily alter the relative orientations of the
Figures 1 and 3B) that composes the internal cAMP-binding subunits and the domains of CRP. This supports the subunit
pocket 7—9). As shown in Figure 2, the region D6&83, realignment and domain reorientation as the mechanisms of
which include four (G71, E72, R82, and S83) of the seven CRP activationZ0—28). The most important result of these
residues (G71, E72, R82, S83, R123, T127, and S128; refrigid-body movements has been suggested to be the exposure
7) that interact directly with cAMP, shows relatively large of the F helix, which contacts the DNA directly in the
differences between apo-CRP and holo-CRP. On the contrarypresence of cAMP, onto the surface of the protélr9,
to holo-CRP, apo-CRP shows no evidence of the presence20—28). The present NMR results also support the exposure
of -strands in this region, and instead, th&-HN NOE of the F helix as a result of CRP activation. Although the
connectivities suggest the presence of a helix and/or a turnlocation and the length of the F helix of apo-CRP were
structure in this region of apo-CRP. It is also noteworthy determined to be nearly identical to those of holo-CRP
that the residues G71 to G79 are the only part that shows(Figure 2), most of the amide protons in the F helix of apo-
irregularity in the interstrand hydrogen bonding patterns CRP were not exchanged after about 6 h, despite the high
composing the ideg-roll structure of holo-CRP (Figures 1  temperature, 40C. The relative convergence of residues with
and 3B; ref7). Accordingly, it seems reasonable that the very slow amide exchange rate on the F helix, which is
secondary structure of this region is changed by the directlocated on the surface of holo-CRP (Figure 1), indicates that
interaction with the cAMP molecule. The secondary structure the element is probably buried in the core of apo-CRP. For
of the region E34V47, which has some ambiguities, also the same reason, the region 381 of apo-CRP also seems
shows a slight difference between apo-CRP and holo-CRPto be located in the core of apo-CRP, which is consistent
(Figure 2). On the basis of the evidence of hydrogen bondswith the case of holo-CRP (Figure 1; refs-9).
between residues E34/47 and residues D68S83 in holo- Figures 3C and 3D show an additional small difference
CRP (Figures 1 and 3B), the secondary structure of residuesbetween the apo-CRP and holo-CRP structures. Since it is
E34-V47 also seems to be changed slightly by the cAMP well ordered, the strong "HHN NOE pattern in Figure 3C
binding, mediated by residues D6883. However, the seems to reflect directly the hydrogen bonding pattern
binding of CAMP to CRP does not seem to perturb the global forming an antiparalleB-sheet of fous-strands in apo-CRP.
fold of the S-roll structure greatly. Most of the strong long-  If this is true, then the hydrogen bonding pattern forming
range H-HN NOEs between the residues in theoll of the -sheet would be very similar, but slightly different,
apo-CRP agreed well with the hydrogen bonding patterns between apo-CRP and holo-CRP; i.e., the residues K201
betweens-strands in that of holo-CRP (Figure 3). The several V205 of apo-CRP would be shifted by one residue relative
NOEs (between D53 and G56, between A36 and R82, andto those of holo-CRP in their hydrogen-bonding pairs.
between L29 and A88) inconsistent with the hydrogen- Additionally, as shown in Figure 2, the position and the
bonding patterns could not prove the change in the global length of the5-strand from M163 to T168 of apo-CRP differ
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somewhat from those of the correspondjiigtrand 10 of
holo-CRP. Although several residues in tlifissheet con-
tribute to the direct interaction between CRP and DA (

9, 53), it is not clear whether these small differences are
related to the conformational change of CRP induced by

cAMP binding. As many of the residues in thilssheet show

higher temperature B-factors than average in the crystal
structure of holo-CRP7]), their conformational differences
between apo-CRP and holo-CRP may be due to the different
conditions of the two (solution vs crystal). Indeed, differences
between crystal and solution structures are often reported in
regions with high-temperature B-factors in X-ray structures

(39, 43).

Cyclic GMP, an analogue of cAMP, cannot activate CRP,
although its binding affinity is comparable to that of CAMP

(11, 17-19). From the presentC]carbonyl NMR experi-

ments (Figures 68), it was confirmed that the effect of
cGMP on the structure of CRP is different from that of
cAMP. As noted above, the direct interaction between cAMP
and the residues T127 and S128 is crucial for the allosteric
activation of CRP. This interaction essentially requires the

6-amino group of the adenine ring of CAMP, (1L9). Since

the 6-keto group in the guanine ring of cGMP replaces the
6-amino group of cAMP, cGMP binding could not activate

CRP.
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