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ABSTRACT: E. coli cyclic AMP receptor protein, CRP, is a modular protein that consists of a covalent
linkage of two common structural domains. To probe the mechanism for intramolecular communications
and to define the unique properties acquired by covalent linkage, the structural, and functional properties
of the cAMP- and DNA-binding domains of CRP were studied separately as two independent polypeptides.
The N-terminal cAMP-binding domaire¢CRP), including S-CRP and CH-CRP, which were generated

by digestion of CRP by subtilisin and chymotrypsin, respectively, are mainly populatgéesbgets. The
C-terminal DNA-binding domain, designated &gCRP, consists of mostlg-helices. The residues of
S-CRP and CH-CRP are from 1 to 116 and 1 to 136 of intact wild-type CRP, and thgs€RP are

from 108 to 209. The secondary structureste€RP ands-CRP were monitored by FT-IR, and they are
similar to those of the corresponding parts in intact wild-type CRP. Results from hydrdgeterium
exchange experiments indicated tffaCRP is more dynamic thaa-CRP. In an earlier study, it was
shown thata-CRP retains the function of binding cAMP [Heyduk, E., et al. (19B&)chemistry 31
3682-3688]. 5-CRP was able to bind to DNA, although only weakly, and was not sequence specific.
Thus, a covalent linkage between the two domains is essential for the realization of the intramolecular
signal transmission between the domains triggered by ligand binding. The acquisition of this unique property
is intimately associated with the dynamics of the molecule.

Biological functions are, in general, regulated with the aid cAMP levels 8—6). A modular protein in nature, CRP is a
of proteins. Many proteins consist of more than one product of covalent linkage of two common structural
covalently linked structural domain, which individually domains. The N-terminal domain consists of the cyclic
exhibit distinct properties. Regulation of biological functions nucleotide binding site, which has served as a prototype for
is generally realized by the interactions between thesestudying cyclic nucleotide selectivity and the molecular
structural domains in the proteins. Thus, it is important to mechanism for activation by cyclic nucleotides in cyclic
understand if these structural domains exert their functional nucleotide-dependent protein kinases and cyclic nucleotide-
properties independently or if unique properties are acquired gated channel¢11). The C-terminal DNA-binding domain
when the domains are covalently linked. To address theseshows structure and sequence similarities to other gene

issues, Escherichia colicAMP receptor protein (CRP)s regulatory proteins and is the founding member of this
employgd as a moqlel system. . . _ enlarging family of DNA-binding proteins1¢—18). The
CRP is a homodimer of 209 amino acid residugs2). helix—turn—helix motif formed by the E- and F-helices is

As a global transcription factor, CRP regulates the expressionhighly conserved in many prokaryotic DNA-binding proteins
of more than 150 genes in response to changes in intracellulag18, 19). The binding of cCAMP to the N-terminal domain of
CRP allosterically enhances the binding affinity of the
' This work was supported by NIH Grant GM-45579 and Robert A. - specific DNA in the C-terminal domain, and vice verga,(
We'g_h F%Ufldaﬂon Gfaﬂés H-00k1]3 ?élg H-é§38- . (08) 772 21). cAMP binding exerts little effect on the secondary
* To whom corresponaence snou e adaaressed. one: - H H _ _ : :
2281. Fax: (409) 772-4298. E-mail: jclee@utmb.edu. structure elements in either the N- or C-terminal domain of
* Current address: Department of Pharmacology and Toxicology, CRP, but it results in the exposure of F-helix to solvent to

The University of Texas Medical Branch at Galveston, Galveston, TX facilitate the binding to specific DNA 22—25). These

77?25b_blr%?/ilétions- CRP, cyclic AMP receptor protein:CRP, N observations are consistent with a proposed model that the
terminal domain of CRP; S)-/CRP and CH-CRPCpRP generated by CAMP-mediated structural changes in CRP involve rigid-
subtilisin and chymotrypsin A digestion, respectivef{:=CRP, C- body motions, including subunit realigment and domain

terminal domain of CRP; IPTG, isopropylthiogalactopyranoside; Gu- reorientation, which lead to the activation of CR¥,(27).

HCI, guanidine hydrochloride; TEK (100) buffer, 50 mM Tri-base, 1 i i i ; ;
mM EDTA, and 100 mM KCI buffer at pH 7.8; Buffer A, 20 mM Th'ﬁ‘ moﬁelr:mptl;eshthat_theshe two domains comrr(;udmcalmte
phosphate, 0.1 M KCI, 1 mM EDTA, 1 mM PMSF, 1 mM DTT, and with each other Yy changing the tertlary structure an Isplay

10% (v/v) glycerol at pH 7.5; Buffer B, 50 mM phosphate, 0.1 M KCI,  functional properties when they are covalently linked. Thus,
1 mM EDTA, 1 mM DTT, and 10% (v/v) glycerol at pH 7.5; Buffer  the functional and structural properties of native CRP

C, 50 mM Tris, 0.02 M KCI, 1 mM EDTA, 1 mM DTT, and 10% = yanrasent the consequences of a covalent attachment of these
(v/v) glycerol at pH 8.5; FT-IR, Fourier transform infrared spectroscopy;

CPM, N- [4-[7-(diethylamino)-4-methylcoumarin-3-yl] maleimide; FM,  two domains. To identify the unique properties acquired by
fluorescein 5-maleimide. this covalent linkage, an effective approach is to study these
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two domains separately and compare the properties of twoone column volume of washing was collected and dialyzed

separated domains with that of the intact CRP.

against Buffer A. Ammonium sulfate was added to the

This study focuses on the isolated domains. The C-terminal dialyzed sample to reach a final concentration of 1.0 M. The

domain, known as3-CRP, was cloned, expressed, and
purified. The N-terminal domain, known asCRP, was
obtained by proteolytic digestion of CRP. The structural

solution was applied to a 30 mL column of Phenyl Sepharose
equilibrated with 1.0 M (NH),SO, solution in Buffer A.
After washing with 100 mL of Buffer A with 0.8 M (Nk).-

properties of these domains were monitored by FT-IR, and SOy, the column was eluted with a linear gradient of-6(8
the dynamics of these separated domains were compared wittM (NH4).SO, in a total volume of 160 mL of Buffer A.

those in intact wild-type CRP.
EXPERIMENTAL PROCEDURES

Materials. Bacto-tryptone and yeast extract were from
Difco. IPTG was purchased from Life Technologies. BL21-
(DE3)/pLysS cells and pET8C vector were from the Mo-
lecular Biology Lab, UTMB. Chymotrypsin A was from
Boehringer Mannheim. Subtilisin (protease type XXVII) and
cAMP were purchased from Sigma. Ultrapure guanidine
hydrochloride (GuHCI) was a product of ICN Biochemical.
99.96% Deuterium oxide (fD) was purchased from Cam-
bridge Isotope Laboratories (Andover, MA).

Concentration Determinatiolhe concentrations of pro-

Fractions containingg-CRP of greater than 99% purity, as
monitored by SDSPAGE, were pooled and stored-a20
°C.

Amino Acid Sequence AnalysiBurified 5-CRP was
submitted to the Protein Chemistry Lab, supported by the
UTMB Educational Cancer Center and the UTMB NIEHS
Center, for sequencing analysis. N-terminal protein sequenc-
ing was done by using an Applied Biosystem, Inc. (ABI)
475A gas-phase protein/peptide microsequencer online with
an ABI 120A PTH amino acid analyzer. Data were analyzed
with an ABI 900A data analysis unit.

Preparation and Purification of.-CRP.S-CRP and CH-
CRP were prepared and purified as described previously by

teins and CAMP were determined by absorption spectroscopyProteolytic digestion of the purified wild-type CRP in the

using the following absorption coefficients: 40 800 M
at 278 nm for CRP dimer2(Q); 3190 M'cm™* at 276 nm
for 5-CRP dimer (see Result); 14 650 &m™* at 259 nm

for cAMP. Absorption spectra were measured using a Hitachi

U-2000 spectrophotometer.

Cloning and Expression ¢-CRP.5-CRP encoding amino
acid residues 108209 of CRP was generated by PCR using
the following primers:

Upstream:
GCATGGATCCATGGTAAACCCGGACATTCTGATGCGT

Downstream:
GACTGGATCCAAGCTTAACGAGTGCCGTAAACGACGA

The product was cloned into the pET8C vector via restriction
sites Ncol/BamHI and expressed in BL21(DE3)/pLysS cells.
To maximize the expression of solufeCRP, an optimal
condition of 100uM of IPTG and 2.5 h of induction time
was employed.

Purification of 3-CRP.Ninety grams of BL21(DE3)/pLysS
cells expressing-CRP were suspended in 250 mL of Buffer

presence of CAMP using Subtilisin (protease type XXVII)
and chymotrypsin A, respectivel2®). Wild-type CRP was
purified according to an established proced®).(
Denaturation of3-CRP by GuHCI.GuHCI-induced de-
naturation of3-CRP was carried out in TEK (100) at 2G.
Stock solutions b7 M GuHCI in TEK (100) were prepared
and filtered through a 0.4b6m filter. The final concentrations
of the stock GuHCI solutions were determined by density
measurement with a precision DMA-02D density meter
(Mettler/Paar). Protein samples were equilibrated at@0
in varying concentrations of GUHCI for at least 1 h. The
denaturation was monitored by circular dichroism.
Secondary Structure Determination by CD and FT-IR.
Circular dichroism measurements were performed using an
Aviv Model 60 DS spectropolarimeter. CD spectra were
recorded over the range of 26800 nm using a 1.0 cm path-
length cell. Protein concentration used in the FT-IR measure-
ments was about 8 mg/mL. Two microliters of sample or
buffer solution was injected into the cell of Cakith 6um
path length and placed in the instrument holder for 10 min
to reach temperature equilibrium. Then 200-scan, at the rate

A on ice. Cells were homogenized and lysed by a French of 3 s/scan, single-beam spectra of protein solutions, buffer
Press at 10,000 psi. A soluble fraction was prepared by solutions, or vacant cell were collected with the resolution
centrifugation at 15 000 rpm for 1 h. The supernatant was of 4 cnt* at room temperature by using a BOMEM Fourier

added and mixed gently with 30 g of Bio-Rax 70 gels
equilibrated in Buffer A at £C for 1 h. The mixture was
packed into a column and washed with 200 mL of Buffer
A. The column was eluted with a 0-1..2 M KCI linear
gradient in a total volume of 200 mL of Buffer A at a flow
rate of 0.9 mL/min. Fractions of 3.0 mL were collected and
analyzed by SDS-PAGE. The fractions containfx@RP
were pooled. After adjusting the conductivity of the solution
to the same as that of Buffer A by adding Buffer A without
KClI, the solution was applied to a HTP gel (12 g of matrix)
column preequilibrated with 120 mL of Buffer A. After
washing with 120 mL of Buffer B, the column was eluted
with a linear gradient of 0:£1.2 M KClI in a total volume

of 100 mL of Buffer B. Fractions containing-CRP were

Transform Infrared Spectrometer (Quebec, Canada). The
absorbance spectra of protein and buffer solutions were
obtained by using “Absorbance” function in the software
B_GRAMS/32 (BOMEM), where the single beam spectra
of the empty cell were used as backgrounds. The absorbance
spectra of protein were obtained by subtracting the absor-
bance spectra of buffer using the software PROTA (BOMEM).
Secondary structure calculations were performed using the
function “Factor Analysis” in the software PROTA. The
secondary structural information of protein is reflected by
the amide | band, which is located in the range of 1620
1700 cml. This band is ascribed to-C=0O stretching
vibration of the peptide bon®0). The second derivative of
the absorbance spectrum yields peaks in the region of 1682

pooled and dialyzed against Buffer C. The dialyzed solution to 1662, 1654, 1645, and 1632 chcorresponding to the

was passed through a DEAE column (15 mL of gel matrix)
equilibrated with 50 mL of Buffer C. The flow-through plus

structural elements of turnsx-helix, random coil, and
[-sheet, respectively.



Properties of CRP Domains

Sample Preparation by LyophilizatioA. 100 uL sample
of protein in TEK (100) was lyophilized fo2 h atroom
temperature. There was no significant difference in the
contents ofoa-helices andg-sheets measured by FT-IR
between the lyophilized and the unlyophilized protein (data
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Matrix-assisted laser desorption ionization-time-of-flight
(MALDI-TOF) mass spectra were acquired on a PerSeptive
Biosystems Voyager DE STR. Data were obtained at a
sampling rate of 2 GHz into 250 000 channels. Accelerating
voltage was 20 kV, grid voltage 70%, and guide wire 0.01%.

not shown). Furthermore, there was no detectable differenceDelayed extraction was used with a nominal pulse delay of

in specific DNA-binding affinities. These results indicate that
lyophilization of CRPs with buffer exerts no significant

100 ns. The manual laser intensity was typically 3000, and
the signal with counts was typically 10 000. The data were

effects on their structures and functions. The reconstituted acquired manually by accumulating traces at least six times
solutions were accurate representation of the solutions priorfor every sample. Cytochrome C, with a molecular weight
to lyophilization, as evidenced by the fact that the densities of 12 361.5 Da was used as an external calibration standard.
of these solutions, monitored by the high precision density DNA Binding. Fluorescence anisotropy measurements,

meter, did not deviate more than 0.7%.
Protein Dynamics as Monitored by HydrogeBeuterium

using the SLM 8000C spectrofluorometer, were employed
to monitor the binding of3-CRP to DNA. The detailed

ExchangeSamples for exchange experiments were preparedexperimental, and data analysis protocols have been previ-

by dissolving 10Q«L of lyophilized CRP or buffer solution
in 100 uL of D,O. The reconstituted sample was injected
into a Cak window cell with a path length of 5@m. One
minute after the addition of D, single-beam spectra were

recorded using kinetic scanning mode at one minute interval.

Twelve minutes after the addition, the interval for the kinetic

ously described31). The DNA-binding sites were the 26
bp fragment of thdac P1 promoter with the sequencé 5
ATTAATGTGAGTTAGCTCACTCATTA-3 and the ran-
dom sequence &ETCAGTTCTGATACCAAGCAGCCCAG-

3'. The underlined sequence is the primary binding site for
CRP. The reaction mixture contained 15 nM of DNA in

scanning was changed to 5 min. The number of scans perTEK(100). Small volumes of concentratg#CRP were

time interval for these two kinetic scannings was 10 each at titrated into the reaction mixture. The anisotropy of the CPM
a rate of 3 s/scan. Subsequently, the number of scans wa®r FM-labeled DNA was measured after each addition of
changed to 60 per time interval, and spectra were collectedprotein. The data were fitted to eq 2 by nonlinear least-

every 30 min. The amide Il band, located at about 1548'cm
that is ascribed te- N—H bending vibration in peptide bond,
was employed to analyze protein dynamics. Ad—H in
protein is exchanged inteN—D in D,0O, the absorption peak
of >N—D bending vibration at about 1450 ctnis strength-
ened, while the>N—H absorption peak is decreased. Thus,
the decrease in the N—H absorption peak was used to
monitor the dynamics of proteir8().

SedimentationVelocity sedimentation experiments were
performed in a Beckman XL-A analytical ultracentrifuge with
an An-60 Ti rotor, equipped with absorption optics. The
experiments were carried out at 50 000 rpm andQ@sing

squares (Sigmaplot) to determine the association constant
for f-CRP-DNA interactionK:

A=A+ (Asp — Ap) X
(KD; + KPy) + 1 — /(KD; + KP; + 1)2 — 4K?D;P;
2KD;

whereA is the measured value of anisotrofys and Arp
are values of anisotropy associated with free DNA and
B-CRP-DNA complex, respectively, arigr andPr are the
total molar concentrations of DNA and dimeric protein,

protein samples with absorbance at 280 nm ranging from respectively.

0.2 to 1.3 in TEK (100) buffer. Data were collected in the
continuous mode. Results were analyzed using the DEDT
program (Version 1.11) by John Philo.

The quaternary structure ¢f-CRP was monitored by

RESULTS

Basic Characterization of;-CRP. Thirty-six cycles of
automatic N-terminal protein sequencing of purifi@CRP

sedimentation equilibrium. The experimental conditions were revealed the following amino acid sequence: MVNPDILM-
the same as in velocity experiments except that the speedRLSAQMARRLQVTSEKVGNLAFLDVTG. This sequence

was at 25000 rpm. The data were fit by nonlinear least-

matched the sequence of 10841 in wild-type CRP. The

squares analysis to obtain the reduced molecular weightexpected molecular weight for monomesiCRP is 11 284.3.

according to
o= M,(1 — 7p)w?2RT (1)

where M, is the molecular weighty is the partial volume

With an additional terminal methionine residue, it becomes
11 415.5. The mass spectrum of purifigcRP showed two
peaks at 11283#1.1 and 11 41540.5, respectively,
suggesting that the N-terminal methionine was partially
cleaved in the express¢dCRP.

which assumes a value of 0.745 calculated from amino acid Sedimentation velocity experiments showed {haERP

composition, p is the solvent densityw is the angular
velocity, andR andT are the gas constant and temperature
in kelvin, respectively.

Mass Spectrometrylhe matrix used in the experiments
was 3,5-dimethoxy-4-hydroxycinnamic acid, at 10 mg/mL,
in a solution containing 1:1:1 acetonitrile, ethanol, and 0.1%
TFA (pH 2.5). The resulting matrix was adjusted to pH 2.5
with 2% TFA. Ten microliters of a GV solution of 3-CRP
was mixed with an equal volume of matrix solution, and 1
uL was spotted onto the MALDI target and air-dried at room
temperature for about 10 min.

sediments as a single symmetric boundary within a range of
approximately 6-fold difference in protein concentration
(Figure 1A). The goodness of fit of the profile to a single
sedimenting species indicated th8tCRP exists as a
homogeneous species with a value of 2.23gf,, as shown

in Figure 1A. The molecular weight g-CRP was monitored
by sedimentation equilibrium and a typical result is shown
in Figure 1B. The data fit well to a protein with a MW of
23 00Gt1,000. Combining the data from mass spectrometry
and sedimentation, one may conclude {IRP is a dimer
under the experimental conditions.
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Ficure 1: Sedimentation data ¢f-CRP. (A) Plots of -d/dt vs GuHClin M
apparent sedimentation coefficient corrected to water 8C26*- FIGURE 2: (A) Circular dichroism spectrum of natiy&CRP. (B)

[20,w], for 5-CRP in TEK (100). The data were fit to a one species Unfolding of 8-CRP induced by GUHCI as monitored by CD at

model using the program DCDHA. The solid line was the ; :
experimental data, and the dashed line represented the best fit. (B n2_2|_£lr<n(.1'l(')rc1)¢)a concentration SfCRP in panels A and B was 2/

Sedimentation equilibrium data gfCRP. The solid line was the

fit. The residuals to the fit were shown in the upper panel. )
The secondary structures of the various forms of CRP were

The ultraviolet absorption spectrum B{CRP showed a  investigated by FT-IR. The FT-IR absorbance spectra of
maximum absorption at 276 nm. When it was excited at 276 /-CRP, S-CRP, CH-CRP, and wild-type CRP are shown in
nm, a characteristic emission peak at 311 nm was observed9ure 3A. The peaks that reflect the presencewgfelix
These spectral properties indicate that there is no tryptophan@nd/-sheet were resolved in the second derivative spectra

residue in3-CRP, as expected. The two tryptophan residues (Figure 3B). The content afi-helix was directly obtained
of CRP are in the N-terminal domain. On the basis of its oM the calculations using the software PROTA (BOMEM)

amino acid sequence, the calculated molar absorption coef-08S€d on the FT-IR absorbance spectra. By using the second
ficient of monomeric3-CRP at 276 nm is 1595 Mcm L. derivative spectra, the_rat|o of the peak areasddrelix
and -sheet was obtained. The content @fsheet was

Secondary Structures of CRPEhe secondary structure i jated from the ratio and the contenthelix. The
of 5-CRP was monitored by CD, as shown in Figure 2A. yagyits are summarized in Table 1. Within experimental
Maximal negative ellipticity was observed at 208 and 222 grors, these values are consistent with the calculated values
nm, indicating the presence of a significant amount of |55ed on the crystallographic data of wild-type CRR)(
o-helix, a conclusion that is consistent with the crystal- These observations suggest thaERP and3-CRP assume
lographic data that the C-terminal domain of CRP mainly the same distribution of secondary structures as that in the
consists of helices. wild-type CRP.

To test if -CRP is a cooperatively folded structural entity, Hydrogen-Deuterium ExchangeH/D exchange rates
p-CRP was subjected to chemical denaturation by GuHCI. reflect on the internal motions of folded proteins. This
The results, as shown in Figure 2B, indicate that indeed thetechnique is ideal for probing the structural flexibilities of
unfolding of 3-CRP is cooperative in nature, suggesting that the two linked or separated domains in CRP. The exchange
B-CRP is a folded domain. reaction was complete within a couple of days, as indicated
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Ficure 3: FT-IR spectra. (A) Absorbance spectra of wild-type CRP,
CH-CRP, -CRP, and S-CRP in TEK(100). The amide | band I
intensities of CH-CRP3-CRP and S-CRP were normalized to that | 1 1

of wild-type CRP. (B) The second derivative spectra of amide | 1ss0 1570 1560 1550 1540 1830 1620
bands of panel A. The peaks at about 1654 and 1633 are . 4
assigned tat-helices angb-sheets, respectively. The intensities of Wavenumber v in cm

p-sheets of CH-CRP and S-CRP were normalized to thétsifeets  Figure 4: H/D exchange as monitored by FT-IR. (A) FT-IR
of wild-type CRP, while that of thex-helices of -CRP was  apsorbance spectra ®N—H bending vibration in wild-type CRP

normalized to that obi-helices of wild-type CRP. in 99.96% DO at different time. (B) The second derivative FTIR
spectra of panel A. The shaded parts showed the integrated areas
Table 1: The Content afi-Helices and3-Sheets in the CRPs of >N—H at different time.
CRPs wild-type CRP__ S-CRP _ CH-CRPf-CRP was used to normalize the area of amide Il band at exchange
a-helices  exp. 35% 29% 31% 58% timet = 0.
calc? 38% 23% 32% 59% i i ; _
psheets  exp. 350 56% 18% 19% The ;racnon of nonexchanged amide protdn,is ex
calca 38% 53% 45% 19% pressed as
a Calculated results in % based on the structure determined by X-ray F= AD/AH (3)

crystallography 32).

) ) _whereAp and Ay are the area encompassed by the second
by no further change in the spectrum spanning both the amidegerivative peak of amide Il band in.D and HO, respec-
I'and Il bands. In CRP the absorbance intensity of amide | tively. In most cases, the fraction of nonexchanged amide
band (around 1650 cm) increased only by about 7% for  protons at the first spectrum were less than 40%, as shown
an exchange time of up to three weeks. Hence, the exchanggn Figure 5 and summarized in Table 2 in the column labeled
reaction has little effect on the intensity of amide | band. £  only CH-CRP was an exception. In this caBgis about
On the contrary, the absorbance of amide Il band (aroundg.8. The data showed that approximately 80% of nonex-
1550 cm*) was more sensitive to the exchange reaction changed amide protons was present after one minute of
(Figure 4A). The second derivative spectra, as shown in exposure to 100% fD. A two-exponential model was used
Figure 4B, indicate an obvious shift in peak from 1549.4 to g describe the decay of the fraction of nonexchanged amide
1543.7 cm! when the exchange time increased from 1 to protons using eq 4
300 min in wild-type CRP. Furthermore, the area under the
peak decreased with H D exchange. Thus, the amount of F=A expk)t+ A, expk)t+ C 4
nonexchanged amide protons was determined by integrating
the area encompassed by the second derivative peak. Tavhere A is the initial fraction of clasd proton before
improve the accuracy and precision in determining the exchange an#d is the corresponding apparent exchange rate
amount of exchange, the intensity of amide | band at 1 min constant. In the present study, no physical significance is
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Ficure 6: Binding isotherms of-CRP tolac 26 (@) and random
sequence @) DNA in TEK(100) buffer at pH 7.8 and 25C.
Concentration of DNA was 15 nM.

result indicates thap3-CRP cannot distinguish between
specific and nonspecific DNA sequences. The binding
affinity was estimated to be (12 0.2) x 10° M1, which

is close to that of intact wild-type CRP tac in the absence
of CAMP.

Fraction of Nonexchanged >N-H

DISCUSSION

Upon binding of cAMP to the N-terminal domain of wild
type CRP, the affinity of the C-terminal domain for specific
DNA is significantly enhanced. On the basis of the principle
of thermodynamic reciprocity, binding of DNA should
enhance the affinity of CRP for cAMP. This basic principle
is observed in the ternary complex formation involving CRP.
For example, the binding affinity of cAMP to D53H CRP is
changed from 4.1x 10*to 3.5 x 10’ M~ in the presence
attached to the resolved parameters except that these argf lac26 DNA, and the DNA binding affinity to lac26 is
grossly different classes of protons in accordance to their increased from 2.4 10 to 2.1 x 10° M~ by the addition

60

t in minute

80

Ficure 5: Normalized fractions of nonexchanged amide protons
as a function of exposure time to,O measured with (A) wild-
type CRP @), S-CRP @), andj3-CRP @) and (B) CH-CRP Y¥)

and S-CRP @). The solid lines represent one or two-exponential
fit to the data points.

rates of exchange. The fitted data are listed in TabieQRP
showed the fastest exchange. After 1 min of exposure@, D
less than 10% of the original amide protons were left.

of cAMP 2 These results indicate that the cAMP- and DNA-
binding domains communicate with each other in CRP. The
issue is the mechanism of communication. The mechanism

Except 8-CRP, the exchange kinetics of all the CRP of allosteric communication upon cAMP binding has been
species apparently can be resolved into at least three classegroposed to involve intersubunit interaction through the
of amide protons with different exchange rates. There is a C-helices, principally T127 and S128, mediated by tife C
class that exchanges so rapidly that their exchange wasamino group of cAMP, and rearrangement of the stereo-
completed before the first time point. In this study only two orientation between the two domains via the hairpin loop
classes can be semiquantitatively monitored, as shown inbetweens4 and5 (32). The residues T127 and S128 are
Figure 5A,B. The apparent exchange rates differ by about 1 crucial for the allosteric activation of CRRZ, 26, 33).
order of magnitude (Table 2). While wild-type CRP and However, the loop betwegdt andj5 is thought to be likely
S-CRP exhibit an approximately equal fraction of these two important for the transmission of ligand signaB(35).
classes of amide protons, CH-CRP exhibits a larger fraction Much of the specificity in DNA recognition resides in the
for both classes. DNA-binding domain 86). These molecular events are the

DNA Binding. The binding of 5-CRP to DNA was results of the intricate network of communication in CRP,
monitored, as shown in Figure 6. The binding isotherms to which is a product of covalent linkage of two popular protein
lac and DNA of random sequence are superimposable. Thisstructural modules. It is of interest to define the independent

Table 2: Fitted Exchange Parameters

CRP Fo A A ki (min~1) ko (Min™1) c
wild type 0.274+ 0.02 0.11+ 0.02 0.15+ 0.02 0.3+ 0.1 0.012+ 0.003 0.05+ 0.01
S-CRP 0.36t 0.02 0.15+ 0.05 0.15+ 0.05 0.14+ 0.07 0.017+ 0.009 0.08+ 2.02
CH-CRP 0.79+ 0.04 0.50+ 0.07 0.35+ 0.05 0.23+ 0.07 0.005t 0.002 0
B-CRP 0.06+ 0.02 0.08+ 0.01 - 0.42+ 0.07 — 0

aF, is the nonexchanged fraction at one-minute after expo8diee exchange of-CRP is fitted to equation for one exponential.
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properties of the two domains and to gain insights into the domains due to the domain-domain interaction induced by
unigue properties acquired by a covalent linkage of the two covalent linkage.
domains. Let us examine the effect of the C-helix. Although the
o-CRP (S-CRP and CH-CRP) aifdiCRP represent the crystallographic data show that the C-helix constitutes
N- and C-terminal domain of wild-type CRP, respectively. extensively the subunit-subunit interface, both S-CRP and
In either a-CRP or 8-CRP, no significant change in the CH-CRP are dimers with similar association constap}. (
secondary structures was detected by comparing the subin Class 1 amide protons of CRP, the H/D exchange rate
structures of the same part in wild type CRP (Table 1). The of S-CRP is much faster than that of CH-CRP (Figure 5).
verification of the predicted distributions of secondary The difference between CH-CRP and S-CRP is that in CH-
structures in wild-type CRP and its separate domains by FT- CRP the whole C-helix is preserved, whereas in S-CRP 85%
IR data means that the formation of secondary structures inof the C-helix is deleted. It means that the C-helix exerts a
the two domains are likely to be independent in wild-type significant effect on either the exposure of the N-terminal
CRP, although there are most likely minor structural changes domain to solvent or the dynamic motion of the domain.
that are not detected by FT-IR. The covalent linkage of these The difference in the number of residues between CH- and
domains does not impart observable gross alteration inS-CRP is only about 20, i.e., less that 20% of the total
secondary structures. The communication between these twanumber of residues in S-CRP. Yet, the presence of these
domains due to cAMP or specific DNA binding must residues in the form of C-helix in CH-CRP leads to a
originate from the tertiary/quaternary structural changes in significant increase irF, to 80%, a 2-fold increase in
the binding domains and possibly subunit-subunit realign- comparison to S-CRP. Thus, the increase in 20 residues
ment. This interpretation is consistent with the observation cannot account for this large increase in slow exchange
that in the CRP-cAMP complex, the domains within the two protons in CH-CRP. This increase Fy implies that the
subunits have different orientation26j. In the “open” C-helix reduces the dynamic behavior of the N-terminal,
subunit, there is a large cleft between the domains, while cAMP binding domain.
the cleft is not present in the other “closed” subunit. When  Although the whole C-helix is retained in CH-CRP, there
bound to DNA, both subunits are in the “closed” conforma- is no large difference between the Stokes radii of CH-CRP
tion (37, 38). The structural changes resulted from the ligand and S-CRPZ8). For the larger CH-CRP to assume the same
bindings are delivered to the other domain. In a thermody- Stokes radius as the smaller S-CRP, CH-CRP has to be more
namic term, the energy of binding is propagated to the other compact. The more compact structure of CH-CRP may
domain by the connections between these two domains ancbbstruct the contact with solvent molecules. However, an
results in a redistribution of the conformational ensemble equally probable mechanism can be proposed to rationalize
(39, 40). the experimental result; i.e., the C-helix is not a dynamic
The lack of observable changes in secondary structuresentity, and its slow exchange rate might account for the
as a consequence of covalent linkage implies that the effectsdifferences in the exchange behavior between CH- and
on domain properties have to be probed by techniques thatS-CRP. At present, there is no information to distinguish
are sensitive to subtle changes of structural conformation these possible mechanisms. The effect of the C-helix on the
and dynamics. Hence, the dynamics of CRP and the separat®NA-binding domain can only be inferred-CRP without
domains are investigated by H/D exchange. All amide the C-helices is very unstable and cannot be expressed to
protons &N—H) in proteins can be roughly divided into  any significant amount4@). The poor expression could be
three classesl(, 42). Class 1, fast exchange protons, is most the consequence of instability of the domain and is highly
likely located on the surface or in regions that are totally susceptible to proteolytic degradation. The exchangeable
accessible to solvent. Class 2, the amide protons with protons in such an unstable entity can be expected to
intermediate rates, is located in flexible buried regions or exchange very rapidly. The fact that a small fraction of
secondary structural elements that are not part of the corenonexchanged proton can be detecte-@RP implies that
region. Class 3, slow exchange fraction, is predominantly the C-helices might induce slower dynamic motions in the
located in the core region of the protein. Hydrogen A-CRP domain as it does ie-CRP.
deuterium exchange of the amide protons is a measurement The value of~0.3 for Fo in full length CRP is ap-
of the flexibility/dynamics of a protein. In general, confor- proximately of the same magnitude as the sum of that of
mational flexibility/dynamics is important to the function of s-CRP ang3-CRP, 0.42. This calculation is made possible
a protein. After 1 min of exchange, the data showed that a pecause the area encompassed by the absorbance band is
significant amount of amide protons in CH-CRP and S-CRP proportional to the amount of amide protons and the fraction
are not exchanged as indicated by the larger valués ef of nonexchanged proton of the two domains can be expressed
0.79 and 0.36, respectively, whileCRP showed the least  as Fs+ Fs) ~ (Asp + Asp)/Ast. Ash andAgy are the areas
with a value of 0.06 forF,. These data indicate that the ofthe nonexchanged N—H absorption peaks of S-CRP and
C-terminal domain is much more dynamic than the N- B-CRP in HO, respectivelyAsp andAgp are their areas in
terminal domain. After one-minute of exposure tgd) the D,0, respectively, andfs, andF4 are their nonexchanged
fraction of nonexchangedN—H in wild-type CRP is 0.27.  >N-—H fractions, as summarized in the second column of
The observation thaFo is less than that oft-CRP is a  Table 2. As there are approximately the same number of
surprising result. One might expect the reverse order if one residues in S-CRP anf-CRP, one might sefsy ~ Agn.
considers the surface area exposed to solvent. In CRPThe similarity of the calculated result and the observed value
intuitively one might expect to have less solvent exposed (0.4 vs 0.3) for Es + Fy) is different from the estimated
surface area than the summation of the two separatedyalue for Ecn + Fg), ~0.85. Remembering that the
difference between CH- and S-CRP is the presence in the
2Lin, S.-H. and Lee, J. CBiochemistry(in press). C-helix in CH-CRP, the result of this comparison implies
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that the presence of the C-terminal, DNA-binding domain
in wild-type CRP can overcome the stabilizing effect of the
C-helix. The validity of such a conclusion is being further
investigated.

CH-CRP and S-CRP lack the DNA-binding domain;
however, in an earlier study, it was shown that they could
bind cAMP with approximately the same binding affinity in
comparison with wild-type CRP2@). This indicates that the
ability to bind cAMP is maintained in this domain and the
C-helices do not play a significant role in ligand recognition.
Nevertheless, the C-helices affect the communication be-
tween the ligand binding site2®). The two sites in S-CRP
show no cooperativity, while those in CH-CRP show
significant negative cooperativit28). In a recent study, as
a result of extensive investigation of cCAMP binding to wild
type and mutant CRPs, it was shown that wild-type CRP
exhibits two sets of CAMP binding sites, two sites per set.
The pair of high-affinity sites exhibits positive cooperativity
(44). These results are consistent with the binding study
reported by Gorshkova et ak%) and the structural study
of Won et al. 86). The opposite degree of cooperativity
observed in CH-CRP and wild-type CRP implies that the
presence of the rest gi-CRP can modulate the effect of
C-helices. It is most interesting to note the report by Tanaka
and co-workers on a chimeric protein that consists of the
cyclic nucleotide binding domain from bovine retinal rod
ion channel and the DNA-binding domain from CRE5)
Although the specificity for ligand in the channel is cGMP
> cAMP, the chimeric protein shows reverse efficiency in
activation. These results imply that the DNA-binding domain
assists in conferring ligand specificity. Thus, CRP exists as
a network of communication, and the proper arrangement
of all the structural components within the protein are crucial
for functional signal transmission.

Concluding RemarkThe covalent linkage between two

independent domains can lead to unique properties that are 32.

essential for intermolecular communications. These proper-
ties are not necessarily associated with significant structural

changes. Perturbations in structural dynamics are the con-

sequences in covalent linkage in CRP. Intramolecule signal
transmissions between the two covalently linked domains,
triggered by ligand binding, are required for the completion
of CRP activation 25, 44). Thus, it is useful to exercise
caution in ascribing structurgfunction correlations of mul-
tidomain proteins. One should not simply consider the
summation of properties of individual domains.
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