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Countless biological processes, including
macromolecular interactions and protein
folding, occur with concomitant and often
compensating changes in enthalpy and
entropy1. This common phenomenon
reflects the opposing effects of the funda-
mental tendency of a system to seek out the
lowest energy levels and, at the same time,
populate as many levels as possible given
the available thermal energy. A thorough
understanding of biological processes
requires a detailed description on the mol-
ecular level of the driving thermodynamic
forces involved. Inspection of high resolu-
tion structures of protein complexes often
reveals a large number of favorable inter-
actions (for example, hydrogen bonds, ‘salt
bridges’, and close packing of hydrophobic
residues) that offer intuitively appealing
explanations for the enthalpic contribu-
tion to binding. In contrast, the entropic
contributions are impossible to assess
directly from static molecular coordinates. 

On page 72 of this issue of Nature
Structural Biology, Wand and coworkers2

use NMR relaxation methods to charac-
terize the change in dynamic behavior of
calcium-loaded calmodulin resulting
from the binding of a peptide from the
calmodulin-binding domain of smooth
muscle myosin light chain kinase. Their
investigations reveal that while the
dynamic behavior of the protein back-
bone is essentially unaltered, the motions
of several side chains are dramatically
affected. Upon target binding, methyl-
bearing side chains throughout the pro-
tein exhibit slightly decreased mobility
on average, while certain methionines in
and around the binding site become
much more rigid. The authors use their
results to provide a description of com-
pensatory changes in enthalpy and
entropy associated with the formation of
a protein–protein interface. This work is
noteworthy because it delineates such
enthalpy-entropy compensation at the
level of individual side chain groups.

All molecular processes are governed
by the difference in Gibbs free energy
between the initial and final states. This
difference can be divided further into
enthalpic and entropic contributions as
stated by the familiar expression ∆G =
∆H - T∆S. Calorimetric methods, such as
isothermal titration calorimetry, provide
an experimental means to determine the
changes in each of the component state
function3. Knowing the relative impor-
tance of enthalpic and entropic contribu-
tions is a first step towards characterizing
the dominant driving forces of a given
biomolecular recognition process.
However, to understand the molecular
basis for biological function, these ther-
modynamic parameters must be related
to the detailed interactions between the
molecules, as well as to any changes in
solvation, structure and structural fluc-
tuations of the interacting molecules that
result from the binding event. To this
extent, atomic resolution structural
information is essential.

In principle, the energetics of ligand
binding can be assessed from high 
resolution structures and model energy
functions, but full thermodynamic treat-
ments are still computationally demand-
ing4. Mutational analyses targeting
recognition surfaces have enabled the
identification of ‘hot spots’ on proteins
that dominate the binding energy5.
However, these types of studies have not
revealed why certain residues appear par-
ticularly important for recognition.
Because proteins are inherently dynamic,
analyses of time- or ensemble-averaged
structures do not provide a complete
description of protein behavior and
function. Complementary work that
characterizes the dynamic properties of
protein–protein interaction surfaces has
underscored the potential importance of
protein flexibility in governing affinity
and specificity6,7. In this respect, signifi-
cant advances have been made toward
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Changes in the atomic coordinate fluctuations contribute to the entropy of biomolecular processes such as
complex formation. Characterizations of such changes in proteins reveal that the response may be dramatically
different between the backbone and the side chains, and further resolve enthalpy-entropy compensation at the
molecular level.

Fig. 1 a, Ribbon diagram of GCN4-58 com-
plexed with DNA. The section in blue is the
basic DNA-binding domain and the section 
in red (residues 27–58) is the leucine zipper
dimerization domain (residues 3–26).
b, Representation of the backbone motions
of GCN4-58 at 310 K in the absence of DNA.
The width and color are representative of
motions (picosecond–nanosecond regime),
with the thicker and deeper purple regions
indicating the highest degree of disorder.
c, Approximate backbone order parameters
derived from spectral density mapping of
GCN4-58 plotted against amino acid residue
number. The amino acid sequence of (c) is
aligned with the structure shown in (b). It can
be seen that the order parameters begin low,
indicating a highly disordered structure, and
gradually move to a value of S2 ∼ 0.9 at residue
27. Order parameters of ~0.86 are typical of
well ordered residues in helices in globular
proteins. There is a clear partition between
the DNA-binding domain and the dimeriza-
tion domain.
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understanding the subtle relationships
between biomolecular recognition and
the conformational space of proteins.

Another very important question con-
cerns the decomposition of the entropy
changes into contributions from solvation
and from the configurational entropy of
the macromolecules themselves. Semi-
empirical models based on changes in the
solvent accessible surface area have been
proposed that provide estimates of the rela-
tive importance of these two contribu-
tions8. Ideally, one would like to obtain
experimental data that report directly on
the configurational entropy of all compo-
nents of the system: the protein, the ligand,
the solvent water, and any co-solutes such
as buffer ions. In the last few years, NMR
relaxation experiments have offered some
initial, albeit partial, data of this kind that
promise to provide important insights into
the entropy of biomolecular processes.

NMR spectroscopic investigations can
provide specific information about both
the amplitudes and time scales of
intramolecular motions. Heteronuclear
(13C and 15N) spin relaxation is caused by
time-dependent magnetic fields, the
most dominant of which are usually
those generated by the magnetic dipoles
of the covalently attached proton(s). The
time dependence of the magnetic field
arises as a consequence of intramolecular
motions and rotational tumbling of the
entire molecule. A suite of NMR tech-
niques is now available that allows one to
investigate and distinguish intramolecu-
lar motions in different ‘time windows’;
in solution NMR, these windows are
commonly divided into the picosec-
ond–nanosecond, microsecond–millisec-
ond and second time scales9,10. Important
results have been compiled over the last
five to six years showing that motions on
each of these time scales may be of funda-
mental biological significance11–14.

NMR relaxation experiments sensitive
to the picosecond–nanosecond time scale
probe the amplitudes of bond vector
fluctuations, which can be expressed in
terms of an order parameter15,16, com-
monly reported as the square of its value
(S2), that varies between 0 for unrestrict-
ed internal motion to 1 for no internal
motion. The order parameter can be
directly related to the entropy of the cor-
responding molecular degrees of free-
dom, as follows. The order parameter
determined using NMR spin relaxation
experiments in solution provides infor-
mation on the equilibrium probability
distribution, P(Ω), of the bond vector
orientation on a time scale shorter than

overall rotational diffusion, which typi-
cally is on the order of 10 ns9,10:

(1)

where Y2,m(Ω) is a second order spherical
harmonic function. Using model energy
functions, E(Ω), the probability distribu-
tion measured through the order parame-
ter can be obtained and related to the
partition function, Q, of the system in
question17–20:

(2)

which in turn enables calculation of ther-
modynamic parameters, such as the free
energy (G) and entropy (S)17–20:

(3)

where k is the Boltzmann constant and T is
the temperature. Reassuringly, the various
physically reasonable models of E(Ω) that
have been applied in this context yield sim-
ilar results when the difference in thermo-
dynamic parameters between two different
protein states (for example, free and
bound) is evaluated. 

Currently, this approach has several lim-
itations: (i) the order parameter is sensitive
only to motions on a time scale shorter
than overall rotational diffusion; (ii) the
order parameter is sensitive only to
motions that reorient the relevant bond
vector; (iii) present methods do not
account for possible correlations between
motions of different bond vectors; and (iv)
only a subset of bond vectors are charac-
terized. It should be noted that even the
slowest vibrational modes of proteins tend
to fall within the time window dictated by
the overall rotational diffusion, implying
that limitation (i) may not be severe21.
Also, the errors introduced by (ii) and (iii)
tend to cancel each another to some extent. 

The interpretation of NMR relaxation
experiments is also associated with poten-
tial pitfalls that appear at an earlier stage of
the analysis. Commonly, the calculation of
order parameters is based on only three
different relaxation parameters: the longi-
tudinal relaxation rate (R1), the transverse
relaxation rate (R2) and the heteronuclear
NOE. Notably, the transverse relaxation
rate is sensitive to motions on both the
picosecond–nanosecond and the microsec-
ond–millisecond time scales, but only
the former is related to the order para-
meter. Fluctuations on the former time
scale decrease the relaxation rate, where-

G = kTlnQ

S = k Σ P(Ω)ln P(Ω)
Ω

P(Ω) = 
exp[-E(Ω)/(kT)]

Σ exp[-E(Ω)/(kT)]
Ω

 

= exp[-E(Ω)/(kT)]/Q
 

S2 = 4π
5 Σ

2

m = -2
Σ P(Ω)Y2,m (Ω)

2

Ω
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as fluctuations on the latter time scale
(known as ‘chemical exchange’) increase
the relaxation rate, so that these two
effects tend to offset each other. Accurate
extraction of order parameters is there-
fore critically dependent on the separa-
tion of these two opposing effects22,
which can be achieved using recent
experiments that measure so called
cross-correlation relaxation rates23,24, the
magnetic field dependence of R2 (ref.
25), or rotating frame relaxation disper-
sion26,27. Clearly, the interpretation of
NMR relaxation data requires careful
assessment of these different contribu-
tions. All in all, while the approach for
estimating conformational entropy from
NMR order parameters offers only a par-
tial picture, and is sensitive to experi-
mental artifacts, it does provide a unique
means for probing the conformational
entropy on the molecular level.

Several independent studies using this
approach suggest that changes in configu-
rational entropy may make important
contributions to binding processes (for
reviews see refs 11–14). In the previous
issue of Nature Structural Biology, Stone
and coworkers published a report28,29, sug-
gesting that the conformational entropy of
the protein backbone may increase global-
ly upon binding of a small, hydrophobic
ligand. Calculated estimates of the relative
contributions to the binding free energy
indicate that the increase in backbone
conformational entropy is significant and
required for binding28. Another represen-
tative and strikingly illustrative example is
the recent work by Palmer and coworkers30

on the dynamics of the basic leucine zip-
per domain of the dimeric yeast transcrip-
tion factor GCN4 (GCN4-58) as it relates
to DNA binding (Fig. 1a). GCN4-58 com-
prises two regions: the basic DNA-binding
region and the leucine zipper region
involved in dimerization. The basic region
(residues 3–26) exhibits order parameters
indicative of extensive conformational dis-
order. In stark contrast, the order parame-
ters of the leucine zipper region (residues
27–58) indicate a highly organized struc-
ture (Fig. 1b,c), with values typical of heli-
cal residues in globular proteins 
(S2 = 0.85). They calculated that the con-
tribution from conformational entropy of
the protein backbone to the thermody-
namics of DNA binding was ∆S = 
0.6 kJ K-1 mol-1. Remarkably, theoretical
predictions based on experimentally
determined calorimetric measurements
for the same system predicted ∆S = 
0.5 kJ K-1 mol-1. The good agreement
between such different approaches in cal-
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culating the conformational entropy sup-
ports the validity of each method.

With all this in mind, the paper of Wand
and coworkers2 is particularly notable
since it clearly illustrates several important
points. Most importantly, a definite sepa-
ration is seen between backbone and side
chain response upon substrate binding to
calcium-loaded calmodulin. While there is
little change in the motional characteris-
tics of the backbone, both increases and
decreases in fluctuations are observed
among the side chains. In particular, two
functionally important methionine re-
sidues Met 72 and Met 124 show large
increases in order parameter of ∆S2 > 0.5.
The implication is that the significantly
reduced flexibility of these residues en-
hances their interactions with the target
peptide which in turn compensates for the
reduction in the local entropy upon pep-
tide binding. This result suggests that
localized regions within calmodulin show
enthalpy-entropy compensation. At the
same time, calmodulin exhibits extensive
redistribution of side chain entropy upon
binding of the target peptide, such that
certain side chains remote from the bind-
ing site experience increased entropy upon
binding, thereby partly offsetting the
entropic penalty paid by the residues that
interact tightly with the substrate. The
authors discuss these results with respect
to different modes of protein recognition
in light of previous studies on an SH2
domain6, where smaller and more local-
ized order parameter changes upon pep-
tide binding were observed than in the case
of calmodulin. Wand and coworkers2 also
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interpret the order parameters to obtain an
approximate measure of the contribution
from side chain entropy in calmodulin to
the binding free energy. Their estimate is
in qualitative agreement with results
obtained from calorimetric measure-
ments31. This finding complements the
work by the Palmer30 and Stone28 groups.

The above NMR results all relate to the
conformational entropy of the protein, but
say nothing about the entropy of hydration.
However, recent experiments have shown
that NMR can provide information rele-
vant to this problem as well. Magnetic field
dependent NMR relaxation studies of pro-
tein hydration have been used to character-
ize the order parameters of water molecules
that are bound to specific sites in proteins20.
As a particularly elegant application of the
method outlined by the equations above,
the order parameters can be directly related
to the rotational entropy of the water mole-
cules. These results suggest that the change
in entropy may in some cases favor binding
of water molecules to proteins — in direct
contrast to commonly accepted views.

Taken together, the results obtained to
date are encouraging and indicate that
further development in this area should
be worthwhile.
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