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Magnitudes and time scales of intramolecular conformational
fluctuations of several proteins have been characterized by using
NMR spectroscopy to measure !N and 13C nuclear spin relaxation
rate constants (for a review, see ref 1). The spin relaxation data
usually are interpreted using the “model-free” formalism, which
parametrizes intramolecular dynamics in terms of an overall
tumbling correlation time 7., generalized order parameters S2,
and effective internal correlation times 7..2 As described in this
communication, contributions to the Gibbs free energy from fast
time scale intramolecular fluctuations (7, < 7;) can be estimated
from experimentally-determined order parameters. As an il-
lustration, contributions to the free energy of cooperative calcium
ion binding by calbindin Dygy are obtained from generalized order
parameters of the backbone 15N nuclei.3# Although theavailable
experimental data sample only a subset of the motional modes
of the protein, the results support the hypothesis that changes in
the distribution of intramolecular fluctuations can contribute
significantly to the free energy of cooperativity.’

Dipolar spin relaxation of a protonated !3C or !N nucleus is
mediated by the orientational fluctuations of the internuclear
vector between the heteronucleus and the proton. Therelationship
between atom coordinate fluctuations, which lead toreorientation
of the bond vector, and the Helmholtz free energy is expressed
by$

=-kTInQ 1

in which @ is the canonical partition function. Assuming that
the orientations of the bond vectors are statistically independent
of other degrees of freedom of the molecule,
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in which Q, is the contribution from the observed orientational
fluctuations of the N bond vectors and @, is the contribution
from unobserved sources. The g; are partition functions for the
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individual bond vectors and are given by
=D exp(-E’/kT) =
exp(-EJ/kT))_ exp(-AE{/kT) = exp(-EJ/kT); (3)
T

in which E{" is the energy of the jth bond vector in the ith
or1entat10n, AE{" = E{" - EY, and E) is the minimum energy of
the potential energy surface for the jth bond vector. The
assumption of independence will lead to an overestimation of the
partition function @; however, this treatment is a reasonable first-
order approximation for the fast fluctuations governed by random,
thermal motions.” Neglecting contributions from pressure—
volume work, the change in Gibbs free energy between twostates,
denoted 1 and 2, of the system is AG = G, - G; ~ 4; - 4; and
is given by

AG = -kTIn(Q,/Q,) = AG, + AG, =

N
AG, + ) [AE] - kT1n(3,,/3,)] (4)
j=1
in which AG, contains experimental contributions from bond
vector fluctuations, AG, contains contributions from unobserved
sources,and AE, = ES, - E),. The generalized order parameter,
82, is defined a52

ZlZp"’Y'"(a,"> & (5)
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in which Y"'(Hj('),qp“)) are spherical harmonics,? 6" and ¢{” define
the ith orientation of the jth bond vectorina moIIecular reference
frame, and the equilibrium probability distribution is

p{’ = exp(~E{’/kT)/q; = exp(-AE{’/kT)/g; ~ (6)

Hence, sz only depends on relative energies with respect to
E}’. Herein, motions of the bond vectors are assumed to be axially
symmetric; thus, only the term with m = 0 in eq 5 is non-zero,
and AE{, p¥, g, and S7 depend solely on the polar angle 6.

Numerlcal calculatlons were performed using three sunple
models to describe the orientations of the bond vectors: (i) free
diffusion within a cone with AE;(f,¢) = 0if 8 < 6, and AE(6,0)
— o otherwise;*!0 (ii) axially symmetric parabolic potential
energy function with AE;(6,¢)/ kT = a#%! (iii) maximum entropy
potential function with AE;(8,¢)/kT = q;sin? §.!2 Each model
contains a single characteristic parameter, a; or ;.. Models ii
and iii represent the lowest order approximations to arbitrary
potentials in # and sin 6, respectively. To proceed, a; or 8, is
obtained from S? by numerical inversion of eq 5, g, is calculated
according to eq 3, and AG, is obtained from eq 4 together with
the simplifying assumption that AE° = 0. Graphs illustrating
the dependence of ; on 52 for the above models are presented
in Figure 1; as can be seen, gy = (1-8? for §7>0.5. Thus,
changes in the Gibbs free energy also can be calculated directly
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Table I. Generalized Order Parameters for Calbindin Dg#
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apo (Cd2*), (Ca?*),

residue S, S S Si S, S,
GS7 0.77 % 0.03 0.77 % 0.03 0.84 % 0.04 1.0 0.81 % 0.04 10

D58 0.78 % 0.03 0.81 £ 0.04 0.86 % 0.04 1.0 0.85 % 0.04 1.0

Gs9 0.83 £0.04 0.74 £ 0.03 0.90  0.04 1.0 0.86  0.04 1.0

E60 0.69 % 0.03 1.0 0.88 % 0.04 1.0 0.85 £ 0.04 1.0

S74 0.77 % 0.04 1.0 0.67 % 0.03 10 0.77 % 0.03 0.78 % 0.03
Q75 0.70 0.63 £ 0.03 0.70 0.47 £ 0.02 0.70 0.48 £ 0.02

@ Order parameters are taken from refs 3 and 4. The generalized order parameter Sj s?

" J, in which motions on two separable time scales are

characterized by order parameters S7 - and s? » Tespectively.'s If motions were observed on only one time scale, then S? ;= 1.0. For Q75, S? - was fixed

at 0.70 for all analyses,
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Figure 1. Calculates values of the partition function g; versus the
generalized order parameter S} for the (—) diffusion in a cone, (-—-)
parabolic,and (- » ) maximum entropy potential energy functions. Graphs
were constructed using the equations g, = [2"def5 exp[-AE;(6,¢)/kT]
sin 6d6 and S7 = ;' [3"def§P,(cos 6) exp[-AE|(6,¢)/kT] sin 646, in
which Py(cos 8) = (3 cos? § - 1)/2.

from order parameters if S7,, S7, > 0.5 by using

N
AG, = -kTY_ In[(1 - $3)/(1 - S3,)] M
J=1

The linear relationship between g; and S? does not hold for
arbitrary model potentials (e.g., diffusion on the surface of a
cone).

In the consecutive binding of calcium ions first to site II (the
C-terminal site) and subsequently to site I (the N-terminal site)
of calbindin Dy, the cooperative phenomenon implies higher
affinity for the second calcium ion than for the first calcium
ion.1415 Hence, the total free energy of the cooperative phe-
nomenon is AAG = AGyy - AGy < 0, in which AGy; is the free
energy of binding the first ion (to site II) and AGyy is the free
energy of binding the second ion (to site I) after the first ion has
bound. Estimates of the contributions to AAG from conforma-
tional fluctuations of the backbone amide bond vectors (AAG,)
were calculated from the generalized order parameters for the
apo, half-saturated [(Cd?*),], and fully saturated [(Ca2*),] states
of calbindin Dg. Only residues G57, D58, G59, and E60 in site
IT and S74 and Q75 at the C-terminus were included in the
calculations, because order parameters for other individual
residues donot vary significantly for the three states of the protein.
Values of the order parameters are given in Table I. As shown
in Table II, the values of AAG, estimated from the 13N order
parameters range from -13.2 £ 3.5 to0 -11.6 £ 3.2 kJ/mol. The
dominant contribution to AAG, originates from the first binding
event [apo — (Cd?*);], which essentially accounts for the free
energy cost of stiffening the backbone of the protein. The free
energy of cooperativity of calbindin Dy, is —7.7 kJ /mol at moderate

Table II. Contributions to AAG, from Fluctuations of the N-H
Bond Vectors in Calbindin Dg,#

AAGy(kJ! mol)
unimodal distribution polymodal distribution

model

diffusion in a cone -12.5+3.3 -132+34
parabolic potential -128£3.3 -13.2%3.5
maximum entropy -11.9+33 -13.0+ 34
linear approximation -11.6 £3.2 -128 £3.0

4 Residues G57, D58, G59, and Q75 exhibit intramolecular motions
on two separable time scales. Analyses of the dynamics of these residues
were treated in two fashions: in the unimodal treatment, §; was determined
from S in the polymodal treatment, the siower motion is modeled as a
jump of the N-H bond vector between two distinct conformatlons, aand
B, and the partition function is given by §; = (1 + pg/p,)qj, in wh1ch Pa
and pg are the populations of the two conformers (p, 2 pg) and qj is the
partition function for the fluctuations described by S7 - For the
calculations, p, = pg = 0.5 was used.

salt concentration (0.05 M KCl), as determined by competitive
Ca?* titration in the presence of a fluorescent Ca2* chelator.!?
The net free energy of cooperativity results from many contri-
butions and tends to be small because of cancellation among
large terms.1# Nonetheless, the present calculations indicate that
changes in free energy resulting from alterations in the intramo-
lecular fluctuations of the protein are large enough to contribute
significantly to overall cooperativity.

At present, experimental relaxation data are available for only
a limited set of bond vectors; however, fluctuations at other sites
also contribute to @ and AG through @, and AG,. In addition,
slower time scale motions (7, > 7.) of the bond vectors are not
reflected in the order parameters?and are not incorporated within
the present theory. Furthermore, factorization of Q into the
product of g; for individual bond vectors is not strictly justified
if the motions of different internuclear vectors are correlated.
Finally, possible contributions from AE? have not been included
in the estimates of AG,. Experimentalj and theoretical investi-
gations of these limitations are in progress.

In conclusion, this communication describes an analytical,
approximate approach for extracting thermodynamic quantities
from generalized order parameters and shows that changes in
intramolecular fluctuations of calbindin Dg; contribute signifi-
cantly to the cooperative phenomenon of calcium binding.
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