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ABSTRACT. Amino acid substitutions at distant sites in thscherichia colicyclic AMP receptor protein

(CRP) have been shown to affect both the nature and magnitude of the energetics of cooperativity of
cAMP binding, ranging from negative to positive. In addition, the binding to DNA is concomitantly
affected. To correlate the effects of amino acid substitutions on the functional energetics and global structural
properties in CRP, the partial specific volunié)( the coefficient of adiabatic compressibilitgs{), and

the rate of amide proton exchange were determined for the wild-type and eight mutant CRPs (K52N,
D53H, S62F, T127L, G141Q, L148R, H159L, and K52N/H159L) by using sound velocity, density
measurements, and hydrogasfeuterium exchange as monitored by Fourier transform infrared spectroscopy
at 25°C. These mutations induced large change®’i(0.747-0.756 mL/g) angis° (6.89-9.68 Mbar?)
compared to the corresponding values for wild-type CRP=f 0.750 mL/g andss° = 7.98 Mbar?).

These changes in global structural properties correlated with the rate of amide proton exchange. A linear
correlation was established betweefi and the energetics of cooperativity of binding of cAMP to the
high-affinity sites, regardless of the nature of cooperativity, be it negative or positive. This linear correlation
indicates that the nature and magnitude of cooperativity are a continuum. A similar linear correlation was
established between compressibility and DNA binding affinity. In addition, linear correlations were also
found among the dynamics of CRP and functional energetics. Double mutation (K52N/H159L) at positions
52 and 159, whose-carbons are separated by 34.6 A, showed nonadditive effeats amd3s°. These

results demonstrate that a small alteration in the local structure due to amino acid substitution is dramatically
magnified in the overall protein dynamics which plays an important role in modulating the allosteric
behavior of CRP.

Two of the major focuses in allostery are the identity of composed of two chemically identical subunits with 209
the pathway of communication between functional sites and amino acid residues in each. The X-ray crystal structure of
the mechanism(s) of modulating the pathway. A specific the cAMP-liganded CRP revealed that each subunit contains
issue about the latter is whether the modulating mechanismtwo domains: a larger amino-terminal domain (residues
involves an extensive perturbation of a network of interac- 1—133), which contains the high-affinity CAMP binding site,
tions or a specific localized perturbation. If it involves an and a smaller carboxyl-terminal domain (residues-1339),
extensive network, would a perturbation of the network be which binds to DNA through a helixturn—helix motif (5—
manifested in global structural perturbation that could be 7). The two functional domains are connected covalently by
detected by solution biophysical techniques? a stretch of polypeptides denoted as the hinge region

The cyclic AMP receptor protein frorescherichia coli (residues 134138), as shown in Figure 1a. &t al. showed
(CRPY} is chosen as a model system with which to address that CRP is a modular protei8) A noncovalent complex
these issues. CRP is a global transcription regulator which of the two domains does not yield any functional properties
controls the expression of many different genes that are exhibited by the natural protein, whereas a covalent linkage
responsive to cCAMP1—4). CRP exists as a dimeric protein  between the two domains is essential for the realization of

the intramolecular signal transmission between the two
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a Loop 3 F-helix the hinge region of adjacent subunits (Figure 1a). Chen and
H Lee (11) recently reported that a deletion of three residues
x in loop 3 affects the cooperativity of cCAMP binding, the
DNA binding affinity, and the energetics of intersubunit
interaction. Thus, the pathway of communication most likely
involves these structural elements. There is mounting evi-
dence, from a variety of spectroscopic and biochemical
techniques, to suggest that CRP undergoes allosteric con-
formational changes upon cAMP binding—4). In the
presence of a micromolar concentration of CAMP, formation
of an intersubunit disulfide bridge between Cys-178 in the
C-terminal domains of both subunits can be detecte). (
While apo-CRP is relatively resistant to proteolytic digestion,
CRP is readily digested in the presence of micromolar
concentrations of CAMP, producing a protease-resistant core
(13, 14). Using neutron scattering, Kumast al. (15)
demonstrated that CRP undergoes a significant global
structural change in the presence of 10 cAMP, a change
that is consistent with the results of fluorescence depolar-
ization studies by Wt al. (16). Although earlier spectro-
scopic comparison between holo- and apo-CRP showed no
apparent secondary structural chang&g),(the results of
protein footprinting experiments and recent NMR studies
indicate that there are wide-ranging structural differences
between apo- and holo-CRP7-21). The combined results
of these studies indicate a global, albeit subtle, perturbation
of the structure of CRP upon binding of cAMP.

A significant revelation about the structutrinction
correlation was reported by Heyduk and L&®)( Using
various chemical and spectroscopic techniques to monitor
structural changes as a function of cAMP concentration,
identical association constants for cAMP binding were
derived from these data, demonstrating that different parts
of CRP respond to the binding of cAMP in a synchronized
and global manner. The proposed cAMP-induced confor-
mational changes represent rigid-body movements of struc-
tural elements without significant changes in secondary
structures. Results in this cited literature imply a widespread
structural perturbation of CRP induced by binding of the
allosteric effector cAMP. On the basis of the principle of
thermodynamic reciprocity, it might be expected that struc-
tural perturbations in CRP outside of cCAMP and DNA
binding sites could result in functional perturbations.

Results from a series of recent studies with CRP mutants,
whose sites of mutations are indeed outside of functional
binding sites, suggest that the CRP molecule is designed with
a high degree of plasticity; namely, there is long-range
communication between these sites of mutation and ligand
Ficure 1. Structure of a CRPCAMP binary complex. (a)  pinding sites 9, 10, 21, 22, 33). However, several important

Identification of the locations of the F-helix, loop 3, and the hinge - . . .
region. (b) Different color bands represent the positions of K52N questions about this protein remain unanswered. Are there

(red), D53H (blue), S62F (orange), T127L (yellow), G141Q ;tructural dynamic.changes associated _with the CAMP-
(purple), L148R (green), and H159L (light blue). The ball-and- induced conformational changes? How important is the
stick structure represents bound cAMP. The structure of proteins change in structural dynamics related to CRP biological

was drawn using Molmol (Institute fur Mekularbiologie und in? i
SopSH T Hogneiers O S088) i Somic oines e soanass osoos i s omiones A soupias
' study on the structural dynamics of CRP mutants should shed

as consequences of communications between subunits antight on these questions.

domains. It is, therefore, an ideal model system for inves-  Protein dynamics has been widely investigated by various

tigating the ground rules of allostery. techniques related to the magnitude and rate of fluctuation
On the basis of crystallographic data, Passteal. (7) (24). Among them, compressibility, which is directly linked

proposed that the pathway of communication involves the to the volume fluctuation25), is a novel measure of the

coiled-coil C-helices and an interaction between loop 3 and structural flexibility in solution. Compressibility is a ther-

Hinge region
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modynamic quantity which also reveals the effects of internal method” developed by Greenspan and Tschie®)). (The
cavities due to imperfect atomic packing and surface hydra- apparatus was essentially the same as that constructed by
tion (26—28). It is known that the adiabatic compressibility Tamuraet al. (38). The ultrasound velocity in a sample
can reveal the structural characteristics of native proteinssolution (~1.5 mL) was determined at 5.9 MHz with an
(27), conformational changes induced by ligand bindi2@) ( accuracy of 1 cm/s from the repeating frequency in a circuit
reduction of disulfide bonds3(), and denaturation3(). with a known retardation time~(1 us) and sample cell length
Recent studies on various mutants of t#&ocoli proteins, (~1 cm). The temperature was controlled with an accuracy
dihydrofolate reductas&®) and aspartate aminotransferase of 0.01°C using a thermobath (Neslab RTE-111).

(33), revealed that a perturbation as small as a single amino The adiabatic compressibilities of the sample solutj$)n (
acid substitution induces large changes in adiabatic com-and solventf,) were calculated with the Laplace equation
pressibility, demonstrating the sensitivity of this parameter (5 = 1/dw?) using a densityd) and sound velocityd) data
that is comparable with the enzyme activity in response to set of the sample solution and solvemt &ndd,). The patrtial

structural perturbation. specific volume,»°, and the coefficient of adiabatic com-
Another method for probing the structural dynamics of a pressibility of the proteins°, at infinite dilution were
protein is the rate of amide proton exchangd)( Hence,  calculated using the following equations:

the global dynamic properties of CRP were probed by
monitoring the partial specific volume, adiabatic compress-
ibility, and amide proton exchange of the wild-type and eight
mutant CRPs (K52N, D53H, S62F, T127L, G141Q, L148R, B = —(1/t°)(07°/0P) =

H159L, and K52N/H159L). The locations of the sites of oy |i _(d —

mutation are shown in Figure 1b. In this initial study, the (172%) !:lm)(llc)[ﬁ/ﬁo (d—cyd] (2)
global structural perturbations of apo-CRP by mutations were
investigated to establish correlations with the functional
consequences of such perturbations.

7° = lIm(1/O)[L — (d ~ )/d] (1)

whereP is the pressure andthe concentration of the protein
in grams per milliliter of solution.
Amide Hydrogen Deuterium Exchange Monitored by FT-

MATERIALS AND METHODS IR. Samples for H-D exchange experiments were prepared
by dissolving 10Q«g of lyophilized CRP in 10@L of D,0.
Site-Directed Mutagenesi$he Promega Altered Sita The reconstituted sample was injected into a SaiRdow

vitro Mutagenesis System was used to introduce specific cell with a path length of 5@m. One minute after addition
point mutations into thecrp gene using a previously of D,O, single-beam spectra were recorded using the kinetic
published procedure3f). The desired mutant was directly scanning mode at 1 min intervals. Twelve minutes after the
screened by DNA sequencing using the Sequence versioraddition, the interval for the kinetic scanning was changed
2.0 kit from United States Biochemical Corp. Wild-type and to 5 min. The number of scans per time interval for these
mutant CRPs were purified froi. coli strain K12 H1 using two kinetic scannings was 10 each at a rate of 3 s/scan.
a previously described protocoBg). All purified CRP Subsequently, the number of scans was changed to 60 per
proteins were>99% homogeneous as judged by SPS time interval, and spectra were collected every 30 min. The
PAGE stained with Coomassie Blue. The masses of proteinsamide Il band, located at1548 cm* which is ascribed to
were further checked by mass spectrometry. >N—H bending vibration in the peptide bond, was employed

Protein Preparations.The CRP solution was dialyzed to analyze protein dynamics. As theN—H group in protein
against 50 mM Tris buffer containing 0.1 M KCland 1 mM was changed into & N—D group in DO, the absorption
EDTA (pH 7.8). The dialyzed solution thus obtained was peak of the>N—D bending vibration at-1450 cnt* was
centrifuged at 8000 rpm for 20 min to remove aggregates. strengthened while the magnitude of th&l—H absorption
Four or five sample solutions at different concentrations peak decreased. The absorption of exchange product HOD
(0.2—-0.7%, wiv) were prepared by diluting the dialyzed stock exhibited a frequency similar to that of teN—D group.
solution with the dialysate. The concentrations of all CRP Thus, the decrease in the magnitude ofti¢—H absorption
samples were determined spectrophotometrically after soundPeak was used to monitor the protein dynamigg).(The
velocity and density measurements. A molar extinction analysis of the HD exchange data was carried out as
coefficient of 40 800 M cm ! at 278 nm was used for the ~ previously describeds].
wild-type CRP dimer22). For the mutants, this coefficient Spectroscopic MeasurementdV absorption measure-
was corrected using the molecular masses of the amino acidgnents were performed using a Shimazu UV-250 spectro-
that were introduced and the molecular absorbance ofphotometer. Fluorescence emission spectra were recorded
phenylalanine for S62F3). using a Jasco FP-750 spectrofluorometer at an excitation

Density and Sound Velocity Measuremefitse partial wavelength of 290 nm. CD_spectra were r_ecorded usin_g a
specific volume and the coefficient of partial specific Jasco J-720W sp(—;-ctropolarlmeter at protein c_oncentratlons
adiabatic compressibility of the proteins were determined by ©f 0-01 and 0.1% in the far- and near-UV regions, respec-
the density and sound velocity measurements &C25The tively. All spectroscopic measurements were conducted at
density was measured with a precision density meter (model25 °C.

DMA-02C, Anton Paar, Gratz), with an accuracy ofxl RESULTS

106 g/mL. The apparatus and experimental procedures of
density and sound velocity measurements were essentially Structural Perturbations Caused by Mutatio&ructural

the same as those previously us2d @9, 30, 32). The sound information about these CRP samples was acquired by CD
velocity was measured by means of a “sing-around pulse and fluorescence spectroscopy. These mutations did not affect
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— with D53H and H159L mutations inducing an increase and

100004 (a) ——ksan a decrease in emission intensity, respectively. These results

————D&IH

— imply that the secondary structures are not modified by the

T TiZiL

5000 s14i mutations but the tertiary structure or the atomic packing
issL around the aromatic amino acid residues is influenced and
the effect originates via long-range communications.
Structural Dynamics Perturbations Caused by Mutations
The densityd, and sound velocity,, of all CRP solutions
increased in proportion to the protein concentration. Fhe
andfs° values at infinite dilution were calculated by means
of the least-squares linear regression, and the results of the
210 220 230 240 250 260 cal_culatior_l together with the sound veI_ocity i_ncrements per
S unit protein concentrationgu/dc, are listed in Table 1.
807 (b) Evidently, single amino acid substitutions induced significant
60 variations inz° (0.747-0.756 mL/g) andss® (6.89-9.68
40 Mbar~?) from the corresponding values for wild-type CRP
(z° = 0.750 mL/g angbs’ = 7.98 Mbar?). Like the observed
204/ . .
/ perturbations of the tertiary structures revealed by spectro-
0] scopic techniques, the perturbations induced by mutations
-207 / can lead to either an increase or a decrease in the volume or
-407 compressibility, meaning that a small structural alteration
-607 around the mutation sites significantly influences the flex-
-80 ibility or overall dynamics of this protein. This is consistent
-100 — T — with the findings that these mutations induce significant
260 280 = 300 ~ 320 340 360 changes in functional energetics, although the mutation sites
are located in neither the DNA nor cyclic nucleotide binding
sites. These results lead to the intriguing question: What is
the linkage between single amino acid substitutions and
changes in the overall dynamics of the protein?
Hydrogen-deuterium exchange was employed to monitor
the flexibility of CRP and the effect of single-site mutations.
The exchange-in of D was monitored by FT-IR which
provides information about the amount of globaN—H
signal of a protein. The intensity of the amide | band showed
little effect to reflect the exchange reaction. However, the
———— T absorbance of the amide Il band was quite sensitive. As
280 300 320 340 360 380 400 420 440 46 shown in Figure 3, the second-derivative spectra indicate a
Wavelength (nm) shift in peak wavenumber with a concomitant decrease in
FIGURE 2: Spectroscopic data of CRP and mutants: (a) far-Uv Intensity. With an increase in time after the addition ED
CD, (b) near-UV CD, and (c) fluorescence emission spectra. All the remaining amount of signal from tlreN—H fraction
CD and fluorescence measurements were carried out in 50 mMdecreased, reflecting the exchange-in process, as shown in
Tris buffer containing 0.1 M KCland 1 mM EDTA (pH 7.8) at 25 Figure 3. The fraction of nonexchanged amide profgris
C expressed as
the far-UV CD spectra (Figure 2a) but induced significant
changes in the near-UV CD (Figure 2b) and the fluorescence F=Ag/A, 3)
emission spectra (Figure 2c). The observed changes in the
near-UV CD spectra indicate that the environments sur- whereA, and Ay are the area encompassed by the second-
rounding the aromatic residues, particularly Tyr and Phe, derivative peak of the amide Il band in,©® and HO,
were perturbed by these mutations. It is interesting to note respectively. Because of the technical limit of FT-IR, the
that the perturbations lead to either an increase or a decreasshortest interval of exchange that can be monitored occurs
in ellipticity in reference to the wild-type CRP spectrum; after the sample has been mixed for 1 min. The fraction of
i.e., the local environments of these aromatic residues, whichnonexchanged amide protons at the first time point of 1 min
are distributed throughout the CRP molecule, can be affectedafter the initiation of the exchange reactién, was usually
by these mutations qualitatively to assume opposite physicalless than 40%. Mutations exert a pronounced effecEgn
properties. The fluorescence emission spectra are reflectiveas summarized in Table 2. After being exposed @ Bor
of the local environmental changes of Trp. The spectral 1 min, wild-type CRP retained-27% of its amide proton
changes also show that the perturbations lead to either aas an>N—H group. However, the K52N mutation reduced
decrease or an increase in the intensity of the spectral signalthe exchange rate so that after exposure for 1 w86% of
However, the order of perturbed changes and the identity of the >N—H group was retained, but an L148R mutation led
mutations differ from those observed in the CD study. For to an increase in the exchange rate with orl{5% of the
example, D53H and H159L do not perturb the CD spectra >N—H group being retained within the same period of
but affect the fluorescence spectra in an opposite mannerexposure to BO. Usually, all amide protons>(N—H) in

~dmol)

2

SKSIZN HISIL

[8] (degree-cm
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Table 1: Partial Specific Volumer{), Sound Velocity Increment per Unit Protein Concentratidw/dc), and Adiabatic Compressibility3()
of CRP Mutants at 28C?

CRP 2° (mL/g) ouloc(mmLgts? B (Mbar?) AAGP (kcal/mol) —AGy® (kcal/mol)
wild type 0.750+ 0.002 277.3+10.2 7.98+ 0.54 —-0.4 10.5
K52N 0.7524+ 0.002 287.9+ 2.30 7.55+ 0.43 0.9 9.3
D53H 0.756+ 0.002 270.6- 11.3 9.16+ 1.06 —-1.8 12.0
S62F 0.749t 0.005 284.16.79 6.89+ 0.35 15 7.8
T127L 0.748+ 0.002 250.9 3.95 9.68+ 0.57 0.7 6.9
G141Q 0.756t 0.008 267.0+ 3.07 8.50+ 0.78 -1.1 10.6
L148R 0.753+ 0.003 261.8t 3.46 9.43+ 0.23 —2.4 11.6
H159L 0.750+ 0.005 292. A 5.75 7.60+ 0.68 —-0.1 10.3
K52N/H159L 0.747+ 0.005 267.9t 20.5 6.9241.33 1.1 8.8

a All density and compressibility measurements were carried out in 50 mM Tris buffer containing 0.1 M KCIl and 1 mM EDTA (pH 7.8).
b Cooperativity energy for cAMP binding defined as the difference in the free energy of binding two cAMP molecules to a CRP QulSurrié
energy of DNA binding in the presence of 200 cAMP (35).

a D53H CRP intermediate rates, located in flexible, buried regions or
i5t96em® 1561 3cm” secondary structural elements that are not part of the core

region. The third consists of the slow exchange fraction

which is predominantly located in the core region of the

7\ e protein. The protons exchanged within the first minute of
/\ reaction, i.e., 1— F,, were assumed to represent the class
a belonging to the fast exchange portion of thel—H group.
//

o\ e The exchange data were further analyzed by a two-
N exponential model

\ons

/

o i W/ o F=A, exp(—k)t + A, exp(—k,)t + C (4)
— —“\ _ e — T
N 7 .
——----\\ = AN where A is the initial fraction of class 1 proton before
_/,,\\ -7 / ‘oz exchange anld is the corresponding apparent exchange rate

-

constant. A typical set of results is shown in Figure 3b. The
fitted data for all CRP mutants are listed in Table 2. These
HO results indicate that all CRPs have a significant portion of

‘ fast exchange protons or most amide protons in all CRPs

are solvent-accessible and mutations have a significant effect

on the dynamics of CRP, an observation that is, in general,
consistent with the compressibility data.

15I80 15.70 15I60 15'50 15I40 15'30 15I20 DISCUSSION
Wavenumber v in cm™ Compressibility-Structure Relationshiprhe partial spe-
) e cific volume of a protein in water is expressed as the sum
DS3H CRP s82F CRP HISBL CRP of three contributions41): the constitutive volume estimated
] " =1 as the sum of the constitutive atomic volumeg,(the cavity
¢ o0 in the molecule due to imperfect atomic packing,, and
%m - v the volume change due to hydratiofieto):
3 : o
E o2 o V° = v, Uy T Avgg (5)
LA n 1
E [¥] 015 L
8 %‘ WA Avso can be ascribed to three types of hydration, namely,
£ oo qu_ Y . electrostriction around the ionic groups, hydrogen-bonded
4 T B B hydration around the polar groups, and hydration around the
e il S essma o mar el S e e nonpolar groups. Each of them produces a negative volume
Exposure time in min. change; hence, in generalus, is negative. Since the

FIGURE 3: H—D exchange of D53H CRP as monitored by FT-IR. constitutive atomic volume may be assumed to be incom-
(a) Second-derivative FT-IR spectra of D53H CRP in 99.969 D  pressible, the coefficient of partial specific adiabatic com-

at different time points of exchange. (b) Normalized fractions of pressibility of a protein[{;) is mainly due to the internal

nonexchanged amide protons as a function gb @xposure time : ; .
of D53H, S62F, and H159L. The lines represent the two-exponential cavity and surface hydration as followad( 27):

fits to the data points (see the text). Be = —(L°)(07°16P) =
proteins can be divided into three classg4 @0). The first —(1/2°)(Ovgq/OP + 0Av,,/OP) (6)
consists of the fast exchange protons, which are most likely

located on the surface or in regions that are very accessibleThe internal cavity contributes positively while surface
to solvent. The second consists of the amide protons with hydration negatively t@s°; hencefs® can assume either a
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Table 2: H-D Exchange Parameters from the Equatior Aje ™t + Ae ™t + C

CRP Fo? AL Ao AdA> ke (>< 12 min’l) ko (x103 min’l) C (>< 102)
wild type 0.270 0.1H0.02 0.15+ 0.02 0.73 30t 13 12+ 3 5+1
K52N 0.361 0.20+ 0.03 0.22+ 0.01 0.90 52+ 12 11+1 2+1
D53H 0.276 0.18+ 0.01 0.10+0.01 1.78 51 1.2+ 0.5 0.7+ 0.8
S62F 0.391 0.1& 0.02 0.14+ 0.02 1.22 20+ 5 14+ 4 10+ 1
T127L 0.284 0.2G+ 0.01 0.05+0.01 3.70 3.2: 0.3 2+1 3.3+0.8
G141Q 0.144 0.06:- 0.04 0.09+ 0.02 0.61 42+ 44 6+ 3 2+ 2
L148R 0.150 0.09: 0.01 0.044 0.02 2.09 =+ 2 1+15 0
H159L 0.351 0.30k 0.05 0.15+ 0.01 2.01 68+ 15 18+ 4 4.2+0.7
K52N/H159L 0.372 0.32 0.06 0.18+0.01 1.76 7 16 24+ 3 3.3+ 0.6
a o is the fraction of>N—H after exposure to BD for 1 min.

10.0 0.9

® T127L o
95 - L148R o G141Q -
D53H ° 05 ) L148R
—~ 90 .
a
g 85 |.|_o ® °
= T 07 DS3H 11271
T 8ol -
° ., K52N/H1
e 75k K52N
. i .
K52N/H159L 0871 gseaF
70 | °
S62F
6.5 1 L 1 1 1 1 L 1 0.5 | . | | . |
0.746 0.748 0.750 0.752 0.754 0.756 65 70 75 8.0 85 20 o5 10.0
VO (ml/g)

FIGURE 4: Plots of3s° against® of CRPs at 25C. The solid line

B_so

represents the least-squares linear regression with a correlatiorFicure 5: Relation between??s° and 1— Fq of various CRP

coefficient §) of 0.812 (excluding T127L).

positive or a negative value, depending on the relative

magnitude of these two terms. ~

Figure 4 shows the relation betweggf and7° for the
wild-type and mutant CRPs. With the exception of T127L,
there is a reasonable correlation: fhevalue increases with
an increase irv° as also found for other protein systems

mutants. The line indicates only the trend of the data.

Compressibility-cAMP Binding RelationshipThere are
two sets of cAMP binding sites per CRP subunit. In wild-
type CRP, the binding of cAMP to the two high-affinity sites
is characterized by positive cooperativity and mutations can
modulate the degree of cooperativity, ranging from a negative
value to a value significantly more positive than that observed

(27, 32). Since the three-dimensional structures of these for wild-type CRP 9, 10). The cooperativity energAAG,
mutants have not yet been determined, one cannot examinavhich is defined as the difference in the free energy of
the correlation of the measured parameters with the modi- binding between these two cAMP molecul8}, (s listed in
fication of cavity and solvent-accessible surface area with the fifth column of Table 1. To address the contribution of
respect to the location of mutations and the type of amino dynamics to the cooperativity of CAMP binding to these high-
acids that are introduced. However, it is highly possible that affinity sites, we examined the correlation betwgkhand

the large changes i@° and S are induced mainly by

AAG. Evidently, there is a linear relation betwe&nG and

modification of the cavity because the apparent compress-3s° except for T127L, as shown in Figure 6a. With the

ibility of the cavity is very large 26, 27) and the effect of

hydration is negligibly small, as shown by our recent

compressibility study for the mutants of dihydrofolate
reductase32).

It might be useful to examine the compressibility data in
view of the H-D exchange data. If one assumes that the

exception of T127LAAG also increases with an increase
in 2° (data not shown). These good correlations mean that
the loosely packed and more flexible mutants can bind the
second cAMP molecule with greater positive cooperativity.
This is preferable for DNA binding function of this protein
since binding to specific DNA sequences by CRP is activated

increase in the size of the cavity is manifested as an increaséoy cAMP. The deviation of the data point for the T127L

in the rate of H-D exchange of amide protons, then the two

mutant could probably be due to the fact that residue 127 is

sets of data should track each other. Figure 5 shows thelocated in the cAMP binding site while the rest of the

relation between the compressibility and-B data. An

mutated residues are not directly involved in any binding

increase in protein dynamics is reflected in a larger value sites. Thess® andz° data are not measured with the cAMP-

for either compressibility or - Fo, the value of which

bound CRPs because of the technical limitation of low

reflects the amount of protons exchanged within the first solubility of CRP-cAMP complexes. Thus, this study does

minute; i.e., the more dynamic the molecule, the larger 1
Fois. It is interesting to note that the-HD exchange data,

not address what happens to the atomic packing or cavities
upon binding of cAMP. However, it is conceivable that the

which are the result of quite a crude measurement, trackbound cAMP induces a looser atomic packing at the C-helix,

reasonably well the compressibility data.

which constitutes most of the intersubunit interface and is
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FiIGUREG: (a) Relation between cAMP binding cooperativityXG) binding (AGy) and 3> of CRPs. Solid lines were drawn by the
andps of CRPs. The solid line is the least-squares linear regression least-squares linear regression with a correlation coefficrgraf(
fit with a correlation coefficientr() of —0.980 (excluding T127L).  —0.935 (excluding T127L). ThAG, data were taken from Liet

The cAMP binding cooperativity data were taken from Lin and al- (39 (excluding T127L). The keys to the identities of CRP
Lee ©). The identities of CRP mutants are as follows: (1) wild Mutants are the same as in Figure 6. (b) Relation between the Gibbs

type, (2) K52N, (3) D53H, (4) S62F, (5) T127L, (6) G141Q, (7) free energy of DNA bindingAGp) andF, of CRPs. The solid line
L148R, (8) H159L, and (9) K52N/H159L. (b) Relation between is the least-squares linear regression fit of data for binding to a 26
cAMP binding cooperativity AAG) and Fy of CRPs. bp lac DNA in 200 uM cAMP.

more susceptible to proteolytic digestion in the cAMBRP be estimated from the equatioV,,s = (KTV37)¥2(25), in
complex (3, 14). which Sy is isothermal compressibilityk the Boltzmann

It is most interesting to note that there is a linear correlation constantT the absolute temperature, avidhe total volume
betweenF, and AAG, as shown in Figure 6b. A major  of the protein. ThedVims of CRP mutants estimated by
implication of such a linear relationship, such as those shown assumingBs® for St is in the range from 55 (S62L) to 65
in panels a and b of Figure 6, is that negative and positive (. 148R) mL/mol, involving 59 mL/mol for wild-type CRP.
cooperativity of CAMP binding are a continuum of global These values are lower limits of the probable volume
properties of CRP. Negative and positive cooperativity are fiyctuation, sincess® involves the contribution of hydration
manifestations of perturbations of the same thermodynamic ang js smaller thagr by 3—4 Mbar* (26, 27).

principle which governs communication between the binding H—D Exchange RateDNA Binding Relationship. &is

sites of CAMP in CRP. employed as a parameter to reflect the global flexibility of

Compressibility- DNA Binding Relationship.The free . X
S : CRPs. Figure 7b shows a correlation betwégmnd DNA
energy of binding of DNA to these CRP mutariié, which binding affinity. With the exceptions of T127L and G141Q,

was measured in the presence of 200 cAMP by means > . ; ) . .

of fluorescence anisotrop%), is listed in the last column ther.e. IS a linear c_orrelauon, implying that the mgregsed

of Table 1. To address the contribution of dynamics to the ﬂe?('p'“ty of CRP s related to enhanced DNA bmdmg

DNA binding, we examined the correlation betweg&khand affinity. The exceptions of T1.27L .and G1.41Q are '?‘OSt likely

AGy. As shown in Figure 7a, it is evident thaGy increases ~ du€ 10 the fact that T127 is directly involved in cAMP
binding and G141Q weakens the subunit association and thus

with an increase i, indicating that the flexible mutants .
can bind with greater affinity to thiac promoter sequence. ~ ProPpably produces greater exposure of the surface involved
in intersubunit contacts.

Similar positive correlations were also observed in the
presence of cCMP and cGMP, although the slopes of those These linear correlations between global structural proper-
plots were not as significant as that for cAMP (data not ties and heterotropic allosteric effects as reflected by DNA
shown). Thus, these results imply that the heterotropic binding are strong indications that allosteric properties of
allosteric effect of DNA binding is linked to the increased CRP are manifestations of modulations of dynamic properties
volume fluctuation of the structure of CRP induced by single- of the whole protein molecule rather than local structural
site mutations. The probable volume fluctuatioN,ms, may changes.
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FiGURE 8: Nonadditive effect of double mutation ¢h° andz° of CRP: (1) wild type, (2) K52N, (3) H159L, (4) calculated assuming
additivity, and (5) K52N/H159L.

Compressibility-Subunit Association Relationshifphe or mutation. An elucidation of the mechanism of allostery
CRP molecule binds to DNA in a dimeric form. Then the requires information about both the free and liganded states
monometr-dimer equilibrium may be a regulation factor for of CRP. As the compressibilities of cAMP- and DNA-bound
binding of DNA to CRP. From the ultracentrifugation, the CRP cannot be measured due to the low solubility of these
equilibrium constant is known to be affected by mutation complexes, no information can be provided about the
(35). However, there was no definite correlation between compressibility, which is related to the flexibility, of the
B<s° and the free energy of subunit association of the mutantsliganded states of CRP. Thus, it is possible that the
in this study, suggesting that the perturbations in the subunitcompressibility of the liganded states of CRP is less
association of CRP do not make major contributions to the susceptible to changes induced by these mutations. However,
observed changes in global flexibility which is manifested the good correlation between the compressibility and free
in the magnitude of allostery in cAMP and DNA binding. energy of cAMP (and DNA) binding implies that the

Nonadditve Effects of Double MutatiorAn elucidation ~ flexibility of apo-CRP is mainly responsible for cAMP (and
of long-range coupling between sites of mutation can be DNA) binding even though there are structural changes in
achieved by examining the additivity of double mutation on CRP upon binding of these ligands.
7° and 5. As shown in Figure 8, the experimental values  The strategy of correlating global instead of local structural
of 7° and 7°Bs° (=07°/6P) for K52N/H159L are not properties such as fluorescence signals is justified. There is
consistent with those calculated by assuming additivity in no correlation of the changes in the microenvironments of
the contributions of the corresponding single mutants, K52N aromatic side chains with the allosteric energetics. These
and H159L. Such nonadditive effects infer the existence of changes are quite specific to an individual mutation and most
long-range interactions between the two sites that arelikely to an individual system. Thus, it would be difficult to
separated by 34.6 A inCatoms. Compared with wild-type  glean insights about the general features basic to most, if
CRP, the flexible mutants, G141Q, D53H, and L148R, not all, allosteric systems based merely on data that reflect
exhibit large differences in the susceptibility of Cys178 to highly local changes. Apparently, a compressibility study
chemical modification3d5). The distances between the point with mutants can provide new insights into protein dynamics
of mutations and Cys178 are 12.1, 13.2, and 17.5 A, through the modified atomic packing or cavity, which cannot
respectively. These results confirm that a small alteration in be obtained easily by other techniques. The ability of protein
local atomic packing due to amino acid substitution is compressibility to reflect the dynamic nature of proteins is

dramatically magnified over the whole molecule. very important because X-ray and NMR analyses rarely
provide enough visible changes in the structural dynamics

CONCLUDING REMARKS of mutants to explain clearly the perturbation in function and
stability.

The linear correlations between global structural dynamic
properties and the quantitative nature of allostery, be it ACKNOWLEDGMENT
negative or positive, are most significant. First, negative or
positive cooperativity in cAMP binding is governed by the ~ We appreciate the assistance of Drs. Bi-Hung Peng and
same thermodynamic principles. Second, a small alterationMark White in the preparation of the figures.
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