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Abstract

Historically it has been virtually impossible to experimentally determine the contribution of
residual protein entropy to fundamental protein activities such as the binding of ligands. Recent
progress has illuminated the possibility of employing NMR relaxation methods to quantitatively
determine the role of changes in conformational entropy in molecular recognition by proteins. The
method rests on using fast internal protein dynamics as a proxy. Initial results reveal a large and
variable role for conformational entropy in the binding of ligands by proteins. Such a role for
conformational entropy in molecular recognition has significant implications for enzymology,
signal transduction, allosteric regulation and the development of protein-directed pharmaceuticals.

Introduction

The nature of the folded state of proteins defines their potential for engaging in chemical
phenomena in a biologically productive way. Indeed, the many forces that govern the
stability of the native state are complex and continue to be difficult to unravel and dissect
through experiment, simulation or theory. This is particularly true for two principal
components defining the physical character of the native state ensemble: the residual
conformational (configurational) entropy and the entropy of solvent, which often couched in
discussions of the hydrophobic effect. Over the past decade, the plasticity of proteins has
moved to center stage as ever more powerful experimental and analytical technologies
emerge. Indeed, it is now clear that the residual conformational entropy of protein is larger
than perhaps captured by common representations of the energy landscapes of proteins. The
presence of such large reservoirs of entropy in the native states of proteins raises the
important question of whether it is coupled to the energetics of protein functions that exist
beyond those involved in the folding and stability of protein molecules. Here we will focus
on the role of conformational entropy in perhaps the simplest of functions exhibited by the
native state of proteins: the binding of ligands and the use of the attendant free energy to
guide biological action. The formation of protein complexes involves a complicated
manifold of interactions that are diverse and complex. This complexity is reflected in the
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difficulty of computing the energetics of interactions involving proteins using molecular
structure alone [1].

Molecular recognition by proteins is fundamental to almost every biological process,
particularly those protein-ligand complexes underlying enzymatic catalysis. A variety of
mechanistic frameworks have been constructed to describe the physical basis for specific
high affinity interactions between protein molecules and their ligands. They have ranged
from the simple “lock and key” interaction model [2] to the “induced fit” [3] and the
“conformational selection” models [4*]. Each of these derives from an increasing
recognition of the plasticity and energetics of the ensemble of structures that proteins occupy
and the potential role for travelling across this complex energy landscape in protein
function. Here we highlight recent advances in the experimental characterization of protein
conformational entropy using a “dynamical proxy” derived from NMR relaxation
phenomena.

Motion as a Proxy for Conformation Entropy

Expression of the total binding free energy emphasizes that the entropy of binding is
comprised of contributions from the protein, the ligand and the solvent:

AGbind :AHbind =T (AS protein +AS ligand +AS solvem) 1)

The free energy of binding (AGping) and the enthalpy of binding (AHping) can in favorable
cases be directly measured using isothermal titration calorimetry and the associated total
binding entropy (ASping) Obtained by arithmetic. Unfortunately, as equation (1) indicates,
the molecular origins of these thermodynamic parameters remain obscure. Views of
associations involving proteins have largely been seen through the lens of structure, which
helps reveal the details of the interactions governing the enthalpy. In distinct contrast, the
origin of the binding entropy remain difficult to grasp as it inherently involves a manifold of
states that the protein, ligand and solvent can occupy, each having its own probability for
existence. Historically, the contributions by solvent entropy to binding thermodynamics
have often dominated discussions and are usually framed in terms of the hydrophobic effect
[5]. Hydrophobic solvation by water remains the subject of extensive analysis [6].

In principle, the entropic contributions of a structured protein to the binding of a ligand
(ASprotein) includes both changes in its internal conformational (configurational) entropy
(AS¢ong), as well as changes in rotational and translational entropy (ASgt) [1]. Equation 1
emphasizes that the measurement of the entropy of binding does not resolve contributions
from protein conformational entropy. Arguments from fundamental considerations [7] and
early observations from simulation (e.g. [8] [9]) and experiment (e.g. [10,11]) indicated that
proteins fluctuate about a structure closely similar to that observed by crystallography and
that these fluctuations could reflect significant residual conformational entropy. Yet it is
only recently that experimental methods and strategies have been created to quantitatively
assess this and related ideas.

How to experimentally measure AS¢qnf is not obvious. During the past two decades there
has been a significant effort to develop solution NMR methods that serve to provide
measures of motion between different microscopic structural states [12,13]. Solution NMR
spectroscopy has emerged as the most powerful experimental technique for accessing
protein motion in a site-resolved comprehensive manner. Motion expressed on the sub-
nanosecond timescale corresponds to significant entropy [14] and NMR relaxation methods
are particularly well suited for its characterization [12]. Slower motions, such as those
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detected by dispersion-type NMR relaxation experiments [15], are generally interpreted to
involve large components of the protein interconverting between a very small number of
states and would, to a first approximation, not contribute significantly to the conformational
entropy. A popular and very robust way of capturing the essential character of the fast
motions that gives rise to NMR relaxation phenomena is the so-called “model free
approach” of Lipari and Szabo [16]. Roughly speaking, the spatial disorder of the NMR
probe is captured in the squared generalized order parameter (0?). The order parameter by
definition ranges from zero to one, corresponding to complete isotropic disorder and
complete rigidity of the NMR interaction vector within the molecular frame, respectively. It
is this motional parameter that offers the potential to provide access to statements about
thermodynamics in general [17] and conformational entropy in particular [18,19]. This leads
directly to the idea of using measures of motion as a proxy for conformational entropy. This
is illustrated quantitatively in Figure 1 where two simple models of the potential energy
function governing the motion of an NMR relaxation “spy” are parametrically related to the
corresponding entropy. From these types of calculations one learns that obtaining absolute
entropies is model-dependent and likely not accessible. However, differences in measures of
motion (i.e. A 0?) seem more useful as the slopes of parametric relationships such as those
shown in Figure 1 are very similar for intermediate order parameters [12].

The role of protein conformational entropy in ligand binding

Some time ago it was appreciated that NMR relaxation studies indicated that methyl-bearing
amino acids exhibit three types of motion in globular protein [12]. These types or classes of
motion often (but not always) segregate into three distinct distributions of order parameters

describing motion of the methyl symmetry axis (Ofms). The so-called “J-class” corresponds
to side chain having significant sub-nanosecond rotameric interconversion that leads to
averaging of the J-coupling constant across the associated torsion angle. The “w-class”
corresponds to side chain methyl groups showing highly restricted motion reminiscent of the
backbone. The “a-class” arises from large amplitude motion within a single rotameric well
and does not involve significant (i.e. experimentally detectable) rotameric interconversion.
The detailed structural and energetic contexts giving rise to these classes remain unknown
[12]. Nevertheless, the variation of these distributions upon ligand binding provides a
powerful and model-independent insight into the potential importance of conformational
entropy in molecular recognition by proteins. The initial example was the high affinity
binding of calcium-activated calmodulin to peptides corresponding to the calmodulin-
binding domains of enzymes regulated by this interaction. The three-class distribution is
remarkably distinct in these calmodulin complexes (Figure 2a). What is most interesting is
that the relative populations of the three classes are modulated by the binding of the target
domains and is surprisingly linearly correlated with the overall entropy of binding (Figure
2b). There is no physical law requiring such a relationship but its existence indicates that
nature knows about the conformational entropy that the motion represents and it has been
employed in the adjustment of the overall free energy of binding. To a first approximation, a
linear relationship between the binding entropy and its components would naturally arise
during evolution driven by selection based on the free energy of association. Interestingly,
the population of the J-class, and the entropy that it represents, is anti-correlated the
populations of the a and w classes. Using a model-dependent proxy of the conformational
entropy, one can also estimate the apparent contribution of conformational entropy to the
binding of the target domains. A linear relationship between the apparent change in
conformational entropy and the total binding entropy is recapitulated [20]. Unfortunately,
this model-dependent approach has many issues. These include questions about the validity
of the potential energy model used, the fact that only methyl-bearing side chains are
considered, the effects of correlated motion are completely ignored and so on [12,20]. Thus
tremendous uncertainty is present. Recently this has been overcome by subsuming the
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microscopic details and taking an empirical approach to directly calibrate the “entropy
meter” represented by changes in dynamics [21**].

Calibration of an “entropy meter”

The idea rests on the fundamental assumptions that methyl-bearing side chains are numerous
enough to provide good coverage and are sufficiently coupled to neighboring side chains to
report on the local disorder (entropy). This leads to an apparently simple relationship
between what can be measured (protein motion) or confidently calculated (solvent entropy)
and what is desired (conformational entropy):

>CaM

ol target
(AS tot_AS sol):m [(aneZ;M <Aoiris +n:'2rsom<AOixis> )] +AS RT+AS other  (2)

where ASior, ASqol, ASconf, ASRT and ASqiher are the changes in total system entropy,
solvent entropy, conformational entropy, rotational-translational entropy and undocumented
entropy, which is mostly solvent entropy from ion pair dissociation and solvation. By
postulate, AScqns is linearly related to the residue-weighted change in the dynamics of the
target domain and the protein (e.g. calmodulin) upon binding. Linearity is strongly
supported by the simple simulations illustrated in Fig. 1 and elsewhere [22]. “m7” is the
desired empirical scaling factor relating changes in motion to changes in conformation
entropy. Implementation in the context of the calmodulin complexes is somewhat involved
because of uncertainty about the nature of the free ligand peptide (necessary to calculate the
change in solvent entropy) and the details of translation-rotational entropy changes, which
was assumed to be constant across the complexes. A mutant far from the interaction surface
but having different binding thermodynamics was used to buttress the initial data set derived
from the wild-type complexes. A remarkably linear calibration line is obtained (Figure 3a)
[21**]. Thus the calmodulin example strongly suggests that quantitative measures of
conformational entropy can be obtained using a dynamical proxy provided by NMR
relaxation.

A second, and perhaps more convincing, demonstration of this approach has recently
appeared. Using the catabolite activator protein (CAP), Tzeng & Kalodimos used an
impressive collection of mutant proteins to undertake an empirical analysis of the
thermodynamic origins of high affinity binding of DNA to the cAMP-activated protein
[23**]. The advantage of the CAP system is that the same binding ligand (DNA) is used, the
structure does not change upon binding and an array of structurally benign mutations remote
from the binding interface were available. This eliminated most uncertainty in the variation
of ASRT, ASsoly and ASgiher, Which may have hampered the analysis of the calmodulin
complexes described above. The resulting empirical calibration for CAP is most impressive
(Figure 3b). Interestingly, the “m” values for calmodulin and CAP are quite different, which
suggests that there may not be a universal scaling and that each protein studied in this way
must be calibrated separately. This remains to be resolved. It was also found that the CAP
variants have markedly different affinities for DNA, despite the CAP,-DNA-binding
interfaces being essentially identical in the various complexes. Importantly, it was seen that
the conformational entropy changes can inhibit (disfavor) the binding of CAP variants that
are structurally poised for optimal DNA binding or can stimulate (favor) the binding activity
of CAP variants that only transiently populate the DNA-binding-domain active state. Indeed,
a study of the association of the carbohydrate to galectin-3 by Akke and coworkers indicated
that affinity is driven by a favorable change in protein conformational entropy [24].
Collectively, these examples show how changes in fast internal dynamics (conformational
entropy) and slow internal dynamics (energetically excited conformational states) can
regulate binding activity in a way that cannot be predicted on the basis of the protein’s
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predominant ground-state structure. A highly complementary crystallographic approach is
also emerging. Taking advantage of the considerable redundancy in diffraction data, Alber
and coworkers have developed an analytical strategy for recovering minor rotameric states
[25], which has revealed the richness suggested by the dynamical studies emphasized here
[26*]. Clearly, conformational entropy can no longer be ignored when considering the
origins of the free energy governing molecular recognition by proteins.

The role of protein conformational entropy in more sophisticated functions

In addition to providing a template for catalytic chemistry, it is the ability of proteins to
move the free energy of binding of one ligand to modulate the free energy of subsequent
binding that arguably makes proteins so special in biology. The pioneering models of
Monod-Wyman—Changeux [27] and Koshland—Nemethy—Filmer [28], which rest on two-
state transitions of individual protein subunits within an oligomer, have recently been
supplemented by a more general representation that incorporates the protein ensemble [29*,
30]. This view reveals a number of previously unrecognized possible mechanisms for
allosteric regulation. This model emphasizes the potential for a significant role for
conformational entropy in allosteric regulation as speculated some time ago [31]. Indeed,
given the confirmation that measurable changes in side chain motion correspond to
significant changes in conformational entropy, a number of examples of consistent with
Cooper’s hypothesis have been revealed. These include the aforementioned CAP [32] and a
surprising allosteric response in a putatively non-allosteric PDZ domain [33], for example.
The use of motion (conformational entropy) to transmit allosteric free energy through a
protein implies a limited degree of side chain coupling. On the one hand, neighboring side
chains need to be coupled to some extent to move the “signal” through the protein.
However, on the other hand, the motion must have limited coupling in order to provide
directionality for the signal in the context of a pathways-type model for allosteric regulation.
Experimental delineation of coupling of internal protein motion is difficult. A recent
pressure-perturbation illuminated regions of variable coupling of fast internal motion in the
small protein ubiquitin [34*]. When combined with temperature- [35,36] and mutational-
perturbation [37*-39], these types of approaches should reveal the dynamical structure of
proteins and will potentially provide a direct test of emerging theoretical treatments of this
issue [40,41].

Protein hydration and protein motion

The interaction of proteins with ligands necessarily involves the modification of the
interaction of water with the binding surface [42,43]. In many cases, water is simply
excluded while in others the interface remains wet. In one interesting case, it has been
shown using high-resolution crystallography that the interaction of water in the unliganded
state of galetcin-3 mimics that seen in the protein’s interaction with the hydroxyl groups of
the bound carbohydrate ligand [44]. This is a particularly good example of the likely
importance of specific protein-water interactions in molecular recognition and emphasizes
the need to understand the dynamical coupling between the protein and water. In this regard,
there has been a flurry of technical developments of methods for site-resolved probes of
protein hydration dynamics and motional coupling [45,46*,47*,48*,49*-51]. Generally, it is
found that the interaction of water with the surface of proteins is quite variable with respect
to residence time and local dynamics. Interestingly, a novel solution NMR approach, based
on the favorable properties of proteins encapsulated within the protective water core of a
reverse micelle, suggested a clustering of dynamics of hydration water on the surface
ubiquitin [51]. Furthermore, less mobile water is centered on regions of the protein surface
that are directly involved in protein-protein interactions. This argues that ubiquitin has
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evolved to maximize the hydrophobic effect for surfaces involved in molecular recognition.
The generality of this observation remains to be explored.

Future Challenges

The recent demonstrations that an empirically calibrated “entropy meter” based on a
dynamical proxy seems to provide self-consistent and robust estimates of the change in
conformational entropy of a protein upon a change in functional state is promising. These
initial efforts are arguably crude and one anticipates that further refinements will be forth
coming both in the type of experimental data that is obtained and the manner in which it is
interpreted. In this vein, it is important to note that the changes in fast internal protein
motion upon ligand binding are relatively small and remain a considerable challenge for
simulation. Notable improvements have recently been made in the ability of molecular
dynamics simulations to capture motion on the backbone [52,53] and side chains [54*].
However, these types of simulations are not yet capable of recapitulating the small
experimentally observed dynamical changes that generally accompany a change in the
functional state of a protein. There are, of course, statistical thermodynamic approaches,
such as the enhanced Monte Carlo sampling algorithms that have been used with some
success to understand the calmodulin system [55,56]. The availability of the types of
experimental studies described here will undoubtedly provide strong reference sets for
improvements to computational approaches to this most important topic.
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Figure 1.

Parametric relationships between two simple potentials, an infinite square well and a
quadratic simple harmonic oscillator, and the corresponding Lipari-Szabo squared
generalized order parameter.
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Figure2.

(a) Summed distribution of the amplitude of methyl-bearing side chain motion of
calmodulin in complex with six different target domains. The solid lines represent fitted 3-
Gaussian distributions centred on 02, values of 0.35 (J-class, red), 0.58 (a-class, green)
and 4,5 0.78 (w-class, blue). (b) Correlation of motional class with the total entropy of
binding. The change in population of the J, a and w classes upon formation of each
calmodulin complex with the corresponding binding entropy and have fitted linear
correlation coefficients (R?) of —0.83, +0.74 and +0.70, respectively. Error bars reflect the
variation of the population of each motional class that results from an increase or decrease in

the measured 0>

axis

values by two standard deviations. See [20] for more details.
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Figure 3.

Calibration of the dynamical proxy for protein conformational entropy. (a) The binding
ofcalmodulin -binding domains to calcium saturated calmodulin [21**]. Order parameters
derived from deuterium methyl relaxation in calmodulin and the target domains. Red
symbols represent wild-type calmodulin binding to four different target domains. The blue
symbol corresponds to a complex involving the E84K mutant of calmodulin. The data givea
linear regression statistic R of 0.95and a slope (m) 0f—0.037 % 0.007 kJ K1 mol res~1that
allows for empirical calibration of the conversion of changes in side-chain dynamics to a
quantitative estimate of changes in conformational entropy. (b) The binding of DNA to
activated CAP [23**]. The wild-type and mutant CAP proteins ligated with cCAMP or cGMP
were studied. Order parameters were derived from cross-correlated 13C-1H relaxation in
CAP. The data givea linear regression statistic R of 0.98 and aslope (m) of —0.15 + 0.01 kJ
K-Imol res-1.
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