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Abstract

By converting a disordered polymer into a globular structure, protein folding reduces many
conformational degrees of freedom, resulting in a significant conformational entropy penalty.
Nonetheless, residual entropy persists in the protein's native state as it fluctuates between
thermally accessible conformations. Here, we review biophysical evidence, primarily from NMR
studies, for how conformational entropy modulates the free energy of ligand binding and
catalysis. The major theme that emerges is that selection based on free energy has converged
on mechanisms to mitigate the effects of entropy loss during crucial functions like binding or
catalysis. The modulation of conformational entropy occurs primarily via two main mechanisms:
pre-paying entropic costs through ordering in the ground state and spatial compensation
through increases in conformational entropy in distal regions after binding. In examining these
mechanisms, it also becomes clear that conformational entropy is highly intertwined with classic
definitions of conformational changes. We argue that given the ample evidence of the biological
significance of conformational entropy, structurally defining the ensembles encoding
conformational entropy will open new paths for control of binding, catalysis, and allostery.

THE PROBLEM OF ENTROPY AND BINDING

During protein folding, proteins go from a disordered linear polymer, which can access almost
infinite states’, to a globular, folded form, where access to most states, especially in backbone
atoms, is restricted by steric clashes?. Consequently, the protein experiences a substantial
reduction in entropy due to a loss of access to a significant number of microstates. The
relationship is characterized by the Boltzmann entropy equation ([S=ksIn(W)]; S=entropy;
ks=Boltzmann’s constant; W=number of microstates)3. Thus, the transition from an unfolded to
folded protein involves a reduction of nearly iso-energetic states, which can also be represented
by narrowing the free energy landscape. Even though the free energy landscape narrows upon
folding, the basins still have width. The width of the basin defines the accessible states,
representing the conformational ensemble of a folded protein (also known as the “native state”).
The conformational states accessible through thermal fluctuations play a key role in activity. Not
only can they accommodate new functions, but the extent of this native state conformational
ensemble also correlates with the protein's evolvability*. While different backbone conformations
can be populated in the native state of some proteins, side chains populate multiple
conformations in all proteins - even in the cores of crystallized proteins®. This residual
conformational heterogeneity of side chains likely accounts for a significant amount of remaining
conformational entropy within the native state®.
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To further illustrate the concept of side chain conformational entropy, consider a single serine
side chain in a polypeptide. In the unfolded state, the serine side chain can access all three
rotamers’ equally, and the backbone is only restricted by the neighboring residues on the
chain(Figure 1A). Upon folding, the serine backbone is restricted by steric clashes to a single
conformation?, with residual harmonic motion about its mean position, incurring a significant
entropic penalty. However, the side chain may still have access to multiple conformations (at
some minimum occupancy, say ~1%), as this small, slightly polar amino acid can readily interact
with different alternative environments. Steric clashes with surrounding amino acids may
eliminate access to one rotamer. However, the other two rotamers will still be accessible,
leading to a reduction, but not the elimination, of side chain conformational entropy in the folded
state (Figure 1B).

We can visualize this in a free energy landscape as well. The loss of rotameric states is
observed as the loss of that energy basin. The higher energy makes it much less likely for that
conformation to be populated. However, the side chain retains conformational entropy by being
able to anharmonically move between conformations, represented as the movement over the
small barrier separating the energy wells in the free energy landscape. The side chains can also
move harmonically about each conformation, represented by the width of each distinct well. The
entropy is determined by the relative population of the two conformations and the contributions
of the harmonic motion within rotameric conformations.
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Figure 1. Examples of a estimated conformational entropy for a serine side chain in different contexts. (Left) The
structural state of the entire protein with the serine in red. (Middle) The conformation(s) of the serine. (Right) The
relative location of each conformation on the energy landscape of the serine side chain.

(A) In an unfolded state, the entire protein and the serine side chain access many different conformations, with
each conformation sitting at the top of a wide energy landscape.

(B) Upon folding, the majority of the protein is structured. This results in a large loss of entropy in the serine side
chain. The serine can only access two states, separated by an energy barrier. One conformation has significantly
more harmonic entropy, as shown by wider energy well (teal), relative to the other conformation (purple). This
harmonic motion is modeled by B-factors in X-ray crystallography.

(C) When one ligand binds, the serine loses an additional conformation, reducing its conformational entropy to one
state (teal). This is also observed by narrowing the energy landscape well.

(D) However, when a different ligand binds, with different interactions and no direct contact to the serine residue,
the serine gains conformational entropy by accessing all three rotamer states, but again with different widths due to
differences in harmonic motion between each conformer. This leads to an INCREASE in conformational entropy for
this residue upon ligand binding relative to the unbound state (B).
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Perturbations to proteins, including ligand binding and mutations, alter the free energy
landscape®. Returning to the serine example, the ligand may directly interact with the side chain
and strongly favor one of the remaining conformations (Figure 1C). This type of stabilization is
often described as a conformational change, but it is more accurately described as a
conformational redistribution. The reduction in conformations from two accessible rotamers to
dominantly populating a single rotamer further reduces conformational entropy.

Ligand binding can also, counterintuitively, increase the conformational heterogeneity of protein
side chains®1%. For example, ligand binding at one site may stabilize alternative conformations
of residues surrounding our serine residue. Conformational entropy can increase when this
conformational redistribution results in a void that permits populating the third serine rotameric
state (Figure 1D). Due to the small population difference of this change, the most probable
structure may look similar. However, the accumulation of many such population differences can
cause a meaningful energetic difference. Such redistributions can increase conformational
entropy and provide an allosteric free energy source for protein functions, including binding and
catalysis.

This example illustrates the complex interplay between conformational entropy, structure, and
function. Structural descriptions of allostery are frequently based on single conformer structures
and described in a “domino effect” of conformational changes''. However, even in systems
dominated by large structural changes, changes in conformational heterogeneity should be
considered. Indeed, over 40 years ago, Cooper & Dryden postulated that protein thermal
fluctuations, without change in mean atomic positions, were sufficient to provide “dynamic
allostery” between sites'2. The free energy landscape provides a path to reconcile the “domino
effect” with theoretical “dynamic allostery” concepts®. Our dominant models to explain the
energetics of ligand binding and catalysis rely on narrowing the free energy landscape that
maximizes complementarity via the precise orientation of receptor/enzyme side chains and
backbone atoms. This complementarity incurs an entropic penalty over a less restricted
unbound ensemble. However, the entropic penalty that occurs locally for binding site residues
may be partially compensated by increased conformational heterogeneity in other parts of the
receptor/enzyme, as shown by the toy example in Figure 1D. An alternative mechanism would
be for the protein to evolve a pre-organized unbound state that more heavily favors the ligand-
bound conformation.

Here, we review how conformational entropy modulates the free energy of various
macromolecular functions. Proteins have likely evolved to modulate their conformational entropy
to reduce the impact of conformational entropy loss during functional events such as binding or
catalysis. We believe this occurs through two models, through increases in conformational
entropy in spatially distant areas from the functional site or by pre-paying entropic costs through
ordering in the ground state. Further, they have evolved to have conformational entropy facilitate
larger conformational changes, such as reorganizing a domain for binding or in large
macromolecular machines by making transition states more energetically favorable. Therefore,
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conformational change and conformational entropy should be through the lens of conformational
ensembles and energy landscapes. Emerging examples suggest that the time is right to begin
manipulating conformational ensembles prospectively with this view in mind, reaping the
benefits of every last Joule of free energy in rational protein and ligand design.

QUANTIFYING CONFORMATIONAL ENTROPY: NMR ORDER PARAMETERS CORRELATE
WITH EXPERIMENTAL MEASURES OF BINDING ENTROPY

Nuclear magnetic resonance (NMR) has established the strong connection between protein
function and conformational entropy. Through NMR relaxation techniques, we can measure the
disorder in specific bond vectors, quanitatively representing this disorder as an order parameter
that directly correlates with conformational entropy'®-'6. The resulting order parameters provide
a site-specific measurement of the amount of disorder of NH or methyl groups on the
picosecond-nanosecond timescale'”'8. Starting with Calmodulin and extending to other
complexes, Wand and colleagues have used methyl side chain order parameters to estimate
conformational entropy'. Conformational entropy can be approximated from isothermal titration
calorimetry after accounting for solvent and rotational-translational degrees of freedom. The
remarkable correlation between entropy estimates from methyl order parameters and
calorimetry is referred to as the "entropy meter”9-20,

However, there are many equivalent side chain conformational ensembles that can produce a
given order parameter value. For example, increases in disorder can result from jumps between
rotamer states or increased harmonic motion within rotameric wells. The single value of the
order parameter is, therefore, degenerate with regard to the direction and extent of the different
conformations a side chain populates’®. This degeneracy becomes more complex as order
parameters do not detect exchanges occurring on slower timescales. Side chain conformations
can be described as a hierarchy of motions, with slowly interconverting macrostates (mostly on
the rotamer scale) composed of quickly interconverting microstates (within rotamer wells).
Consequently, the relationship between side chain conformational ensembles and changes in
conformational entropy is particularly ill-defined, even when considering the relative change in
conformational entropy for an individual residue.

It is perhaps unsurprising then that order parameters, or changes in order parameters, are not
well correlated with solvent exposure or interatomic interactions?!. Some of the limitations in
these studies are due to the sparsity of the measurements: only very few proteins have had
methyl order parameters measured, and only side chain methyls are measured! More coherent
trends may emerge if disorder across all residue types can be measured. Nonetheless, the lack
of connection between this quantitative measurement and any conformational ensemble model
significantly diminishes our understanding of the mechanisms by which conformational entropy
modulates free energy.

Ideally, molecular dynamics (MD) simulations would allow us to observe the fluctuations probed
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by NMR directly??. Indeed, Sharp and Wand suggest that even short and unconverged
simulations can retain a reasonable correlation to observed order parameters and conclude that
methyls may be sufficiently well dispersed to be a proxy for total side chain entropy’s. However,
it is clear that significant protein dynamics, with ramifications for conformational entropy, occur
on the ms-s timescale?3?4. Most specialized hardware and acceleration schemes are only
beginning to reach those timescales. Thus, while MD can provide insight into the interplay of
individual atomic motion over time, our ability to use it to derive insights about conformational
entropy is still limited by both the accuracy of force fields and computational costs for accessing
long time scales?®.

ENSEMBLE MODELING OF X-RAY AND CRYOEM CAN QUANTIFY CONFORMATIONAL
ENTROPY

Alternatively, a readily available source of insights on conformational entropy emerges from
ensemble modeling of X-ray crystallography and CryoEM data. These experiments collect
ensemble-averaged data from tens of thousands to billions of individual molecules, capturing all
conformations regardless of the timescale of exchange. To model the underlying conformational
ensemble, careful attention must be paid to the noise arising from radiation damage and poor
alignment, which manifests in loss of diffraction in crystallography?® or inability to generate a
high-resolution reconstruction in single particle EM?’. Of course, genuine conformational
heterogeneity also leads to a loss of alignment. However, excitingly, the heterogeneity of protein
side chains and loops is often not disruptive to diffraction or alignment. For high (better than
2.0A) resolution datasets, statistically significant signals in the density map remain unaccounted
for by a single PDB coordinate set?®. Side chain and backbone atoms can be modeled into
discrete alternative conformers, leaving B-factors to approximate the harmonic motion around
each conformer?®. These ensemble or multiconformer models better represent the underlying
conformational landscape.

Such high-resolution density maps can therefore provide similar information to NMR order
parameters because they reveal rotameric jumps as alternative conformers and harmonic
motions as B-factors. By determining the distance between each alternative conformation and
the weighted B-factor of each conformer, a "crystallographic order parameter" can be obtained
that agrees reasonably with NMR relaxation experiments3°. Importantly, due to the time-
averaged nature of diffraction or single particle imaging, this metric goes beyond the pico-
nanosecond timescale of NMR order parameters nor is it limited to methyl-containing side
chains or torsion position.

By building multiconformer models, which provide changes in conformational distributions, and
calculating crystallographic order parameters, which provide changes in the magnitude of
conformational heterogeneity, we have the potential to structurally rationalize changes in
conformational entropy to changes in protein function. Recently, we built multiconformer models
for ~1200 cryogenic X-ray crystallography datasets to interrogate the role of conformational
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entropy in a widespread and fundamental protein function: small molecule ligand binding®. A
simple model for the relationship between ligand binding and conformational entropy is that
proteins pay an entropic penalty by ordering the binding site to facilitate stable (enthalpic)
interactions with the ligand. In addition to the free energy gained by these new enthalpic
interactions, the displacement of water molecules from the binding site provides an additional
(entropic) free energy source. However, it was unclear how the rest of the protein changed in
response to the ligand binding. It's conceivable that the entire protein could become more rigid,
leading to a further reduction in entropy. Alternatively, the remaining parts of the protein might
maintain their existing flexibility, or even experience an increase in flexibility, increasing entropy.

After building multiconformer models, we compared the crystallographic order parameters
between ~600 paired ligand-bound and unbound structures. In line with expectations, side
chains in binding sites tended to become more ordered when bound to a ligand. While this
conforms to our intuition about binding sites, there are a range of behaviors observed in binding
sites, including examples where the binding site becomes more flexible. We also observed that
ligands with fewer hydrogen bonds or higher logP, indicative of more greasy or hydrophobic
ligands, tended to have a reduced entropic penalties upon binding. This result aligns with the
idea that interactions with a more specific distance and orientation dependence, like hydrogen
bonds, can lead to a greater loss of conformational entropy.

While our results indicated that ligand binding incurs a conformational entropy penalty locally at
the binding site, we also discovered a potential entropic mechanism that favors binding:
residues that are distant from the binding site tend to become more flexible upon ligand binding.
Moreover, the magnitude of this increase inversely correlated with how much flexibility was lost
around the binding site. This inverse correlation suggested that in addition to new interactions
and the release of water molecules, proteins often compensate for the entropic penalty at the
binding site by increases in conformational entropy elsewhere in the protein. Considering the
molecular origin of these changes returns us to the example of the Serine side chain above.
Local ordering at the binding site tends to reduce conformational entropy (compare Figure 1B
and C), whereas many non-contacting residues can increase conformational entropy (compare
Fig 1B and D).

We now think of this trend as entropic “spatial compensation” - a penalty locally for ordering is
compensated by increased disorder at distant sites. Correlation is, obviously, not causation -
and there are many outlier cases to the overall trend. However, the spread of changes at distant
sites suggests that conformational entropy is likely modulated by evolution and (perhaps
unwittingly) medicinal chemistry. While our study represented the largest exploration of how
conformational entropy impacts ligand binding, the major findings agree with the themes
emerging from NMR studies, which have also suggested cases of entropic “spatial
compensation” upon ligand binding. Further, entropic spatial compensation can extend beyond
ligand binding to many other macromolecular functions. We argue that an atomistic explanation
of the mechanisms of conformational entropy, which could be obtained from X-ray
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crystallography, CryoEM, or long-timescale simulations, will accelerate our ability to rationally
control this aspect of the free energy driving biological function.

CONFORMATIONAL ENTROPY GETS REDISTRIBUTED DURING BINDING, MODULATING
AFFINITY

The correlation between binding entropy estimated by NMR and measured by calorimetry was
first observed in calmodulin, which binds a wide variety of peptides and is allosterically regulated
by calcium binding'®3'. Upon binding a peptide derived from smooth muscle myosin light chain
kinase peptide (smMLCKp), NMR methyl order parameters across calmodulin increased
(indicating a loss of conformational entropy). This trend was especially prominent around the
smMLCKQp binding site. However, the expansion of these studies to six peptides with roughly the
same affinity to calmodulin, revealed various changes in entropy with no clear discernable
spatial pattern. Due to the similar size and composition of the peptides, the entropic changes
from water displacement and the ligand degrees of freedom are nearly identical, leading to the
idea that the changes resulted from protein conformational entropy. After accounting for the
solvent and ligand effects, the residual conformational entropy measurements from calorimetry
could be favorable, disfavorable, or neutral contributions to the overall binding free energy.
Remarkably, the NMR order parameter change upon peptide binding was correlated with
direction and magnitude of this calorimetric residual conformational entropy, allowing the
calibration of the “entropy meter”9:3",

Kalodimos and colleagues extended the entropy meter concept with a series of studies on the
catabolite activator protein (CAP), a dimeric protein that binds DNA in a cAMP-dependent
manner3233, First, they measured NMR order parameters showing that cAMP binding causes a
local rigidification for the first binding event and a much larger and more global rigidification
when the second cAMP binds. This pattern is paralleled in the ITC measurements which show
that entropy disfavors the first binding event and that the entropic penalty is even stronger for
the second cAMP binding event. In subsequent papers, they used a series of mutants that are
distant from the DNA-binding interface that have markedly different affinities for DNA34 driven by
difference in entropy spanning a range of ~+/-20kcals. The calorimetry entropy measurements
were highly correlated with the NMR entropy measurement. Because the DNA ligand is constant
through the experiments, we can be even more confident that solvent and ligand contributions to
entropy are minimally perturbed than when considering the related peptides in the Calmodulin
analyses.

Building on these results, a later analysis by Wand and colleagues examined the relationship
between protein binding entropy and conformational entropy in 28 protein-ligand complexes
involving eight different proteins (including Calmodulin and CAP, and also galectin, lysozyme,
PDZ, DHFR, SAP, HBP(D24R))?°. Even more remarkably, the correlation of the “entropy meter”
and the residual entropy from ITC holds across this diverse group of proteins. However, how
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conformational entropy varies across these complexes has resisted a causal mechanism?3%¢.

An instructive example of how conformational entropy impacts binding affinity comes from Lee
and colleagues in their study of the third PDZ domain from PSD-95/SAP90 (PDZ3). The
truncation of the alpha helix 3 (a3) of PDZ3 reduces peptide binding affinity by 21-fold, even
though it is over 6 A away from the binding site and makes no direct contacts with the ligand®’.
Moreover, the lack of chemical shift perturbations in the rest of the protein upon a3 truncation
indicates that it does not greatly change the average structure at the binding site. Rather than a
detectable change of structure, they observed differences in side chain flexibility throughout the
protein measured by NMR order parameters. While the dynamics are nearly identical in the
bound state, the unbound states differ drastically. In the unbound state, the side chains are
much more rigid in the WT PDZ3 than in the truncated version. This results in a greater
difference in side chain flexibility in the truncated variant, compared to WT. Therefore, the
truncated variant pays a much larger entropic penalty upon binding peptide because its apo
state has more entropy. This trend is also observed in the ITC data (Figure 2).

- 3

'
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Figure 2. When wildtype PDZ3 (top left) has the a3 helix truncated (top right), there is a large increase in
conformational entropy (represented by the number of leucine side chains conformations). Both the wildtype and a3
truncated PDZ3 muxst pay an entropic penalty in order to bind it’s ligand (green triangle). Because of their
differences in entropic starting points (a3 truncated having higher entropy in the unliganded state), the a3 truncated
pays a much larger penalty, helping to drive the 21-fold lower binding affinity in the a3 truncated compared to
wildtype.
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This example illustrates the significance of conformational entropy in modulating ligand binding
affinity. However, the mechanistic explanation for changes in "side chain flexibility" remain
unsatisfying. Clearly, chemical shift perturbations and analyses of static crystal structure are not
sufficient to derive insights into the types of packing changes that change order parameters. We
infer that local packing changes upon deletion of a3 lead to distant changes in packing;
however, it is unclear to what extent those changes increase harmonic motion of residues in

https://doi.org/10.26434/chemrxiv-2023-9b5k7 ORCID: https://orcid.org/0000-0002-4225-7459 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://paperpile.com/c/zuq0eH/8ifU
https://paperpile.com/c/zuq0eH/UCwn
https://paperpile.com/c/zuq0eH/BBgU
https://doi.org/10.26434/chemrxiv-2023-9b5k7
https://orcid.org/0000-0002-4225-7459
https://creativecommons.org/licenses/by/4.0/

their current rotamers or enable access to new conformations. Without satisfying answers to
those questions from multiconformer X-ray data, distinct NMR experiments, or long timescale
MD, the pattern of disrupted hydrogen bonds, salt bridges, and hydrophobic contacts cannot be
discerned or manipulated. It also reveals the false dichotomy between “structure” and
“‘dynamics”. Even subtle changes in structure, below the limit of detection from NMR chemical
shift perturbations or comparison of moderate resolution crystal structure, can alter side chain
dynamics of neighboring residues. These alterations can have highly non-linear patterns as the
ensemble is redistributed away from the perturbation site. The result is a significant
thermodynamic effect driven by entropy. Although the a3 truncation is an artificial perturbation,
PDZ domains are normally components of multidomain proteins that can be regulated by
phosphorylation regions that can reversibly bind to the PDZ domain like a3, suggesting that the
mechanism described above is more than a thermodynamic curiosity®.

CONFORMATIONAL ENTROPY IS INTERTWINED WITH ALLOSTERY TO DRIVE BINDING
COOPERTIVITY

Ligand binding cooperativity is at the heart of allostery. The simplest cases are those of identical
binding sites in multimeric proteins. Consider a dimeric enzyme. Positive cooperativity occurs
when the affinity at a second site is enhanced when the first site is occupied. Entropy can play
a key role in modulating the differences in the apparent affinities between the two sites. For
example, binding at the first site can order the side chains locally at the binding site, incurring an
entropic penalty. Any change in the structure or dynamics of the second site promoted by the
first binding event provides a mechanism to alter the apparent affinity of the second binding
event. A simple case of positive cooperativity can be envisioned where the ordering at the first
site also stabilizes the ordered (binding competent) conformations at the second site. Therefore,
the ordering at the second site is considered part of the entropic penalty of the first binding
event, reducing the entropic penalty of binding at the second (otherwise equivalent) site. This
leads to an INCREASE in affinity as the entropy penalty is lower, but the enthalpic contribution
are the same as in the first site. Negative cooperativity can occur through the opposite
mechanism: ordering at the first site leads to destabilization of conformations consistent with
binding at the second site, increasing the entropic penalty of binding. These models extend the
‘reorganization energy” in classic models of allostery, which invoke static conformational
changes, into the realm of conformational ensembles®®.

In addition to the CAP outlined above, entropically-driven cooperativity has also been implicated
in CzrA (chromosomal zinc-regulated repressor), a DNA-binding protein. CzrA demonstrates an
altered DNA binding affinity due to the presence of a zinc ion, which is located more than 15
angstroms away from the DNA binding site. Without Zn binding, CzrA increases side chain
flexibility upon binding DNA, specifically in areas distant from DNA. However, upon Zn binding,
side chain flexibility decreases throughout the protein, resulting in a lower DNA binding affinity4°.
This example demonstrates how multiple states that are compatible with binding can
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entropically influence the free energy of binding.

A beautiful example of small molecule example of positive cooperativity through changes in side
chain dynamics has been uncovered in human thymidylate synthase (hTS) by the Lee
group*'42. This dimeric enzyme catalyzes the conversion of deoxyuridine monophosphate
(dUMP) to deoxythymidine monophosphate (dTMP). Careful calorimetric measurements at
multiple protein concentrations demonstrated that dUMP binding has positive cooperativity
between sites. Interestingly, the entropic component reduces affinity by ~2.5 kcal/mol for the
first binding event. The free energy of binding is favorable (~-6kcal/mol) because of a strong
enthalpic component (~-8.5 kcal/mol). In contrast, entropy favors the second binding event by -
2.5 kcal/mol, and there is a relatively weaker enthalpic component (~-5 kcal/mol). The
cooperativity results from a change in free energy (~-1.5kcal/mol) across the two binding sites.
What is the origin of this ~5kcal/mol swing in entropy? Their initial investigation suggested side
chain conformational entropy, but they were not able to rule out additional contributions to
changes to ordered solvent or backbone flexibility*?.

Subsequent NMR studies revealed a panoply of dynamic changes across timescales.
Relaxation dispersion and Chemical Exchange Saturation Transfer (CEST) experiments
revealed multiple states with small populations (~1%) that exchange on slower time scales,
which are suppressed by ligand binding. Residual Dipolar Coupling (RDC) data confirmed that
the dominant state populated in the apo form resembles the active, ligand-bound conformation,
not a previously crystallized inactive conformation. Therefore, at least at the level of precision of
RDCs, gross structural changes cannot explain the huge entropy swing. Side chain dynamics
experiments interpreted through the “entropy meter” revealed a ~10kcal entropic penalty as the
enzyme moves from both sites apo to both sites dUMP-bound. The loss of slow dynamics and
the dramatic change in side chain dynamics can be reconciled through the view of population
shuffling#?43, which explains how such changes can be linked across timescales. Interestingly,
much of this rigidification occurs around the binding site of the cosubstrate mTHF, presumably
preparing the cost of the co-substrate binding.

The emerging model is that the first binding event significantly reduces side chain
conformational heterogeneity across the entire protein, thus pre-paying the entropic penalty of
the second binding event (Figure 3A). This model suggests that almost all protein
conformational entropy is reduced during the first binding event, leading to virtually no change in
protein conformational entropy in the second. While the model does differ from the calorimetry
results (calorimetry: ~5kcal/mol, entropy meter: ~10kcal/mol), it's still a viable hypothesis. This is
because NMR measurements can't be conducted with a single dUMP bound to dimeric hTS,
making it impossible to ascertain the intermediate entropy meter reading. Further, solvent
entropy may play a large role here, as observed in the homodimeric enzyme fluoroacetate
dehalogenase during catalysis*4.

Remarkably, the role of entropy in driving positive cooperativity is highly specific to hTS bound
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to the substrate dUMP. hTS’s substrate (dUMP) and product (dTMP) differ by only a single
methyl group, provided by the co-substrate, N5, N10-methylene tetrahydrofolate. However, no
positive cooperativity is observed by calorimetry for dTMP binding. Chemical shift perturbations
between hTS bound to dUMP and dTMP indicate similar patterns, suggesting no substantial
structural changes. However, in agreement with the calorimetry data, the changes in side chain
order parameters between hTS-TMP and apo hTS are negligible. These results point to the
limitations of static structures and chemical shift changes to infer changes in the conformational
ensemble. The large difference in conformational heterogeneity between dUMP and dTMP, with
the corresponding large energetic effect, is difficult to reconcile with a chemical change as small
as a methyl group.

A key to understanding how this “magic methyl” could have such a large effect may result from
the difference in how the N-terminal disordered segment of hTS interacts with the globular part
of the enzyme. Bonin et al hypothesized that transient contacts made by the disordered
segment are sensitive to the chemical identity of the ligand and the subtle conformational
changes each stabilizes. Rather than suggesting a disordered-ordered transition for this
segment (and the entropic costs associated with such a transition), they suggest that the pattern
of transient contacts between the disordered segment and the globular region can alter side
chain dynamics. Side chain dynamics are quenched, due to contacts with the disordered
segment, incurring an entropic penalty for dUMP binding, but are relatively unchanged for dTMP
binding. Intriguingly, this segment is not present in the E coli homolog of TS, which is also
dimeric but shows no cooperative behavior*®, suggesting the modulation of thermodynamics by
side chain entropy can be a powerful mechanism exploited through evolution.

Whether it is through interaction with the N-terminus or other residues in the binding site, the
addition of the methyl group restricts the accessibility of surrounding residues to additional
conformational states, leading to a decrease in conformational entropy. This problem is general:
similar ligands generally bind with similar binding poses and make similar interactions in the
binding site. The similarity in these factors suggest that specificity is unlikely to be solely
dictated by enthalpic interactions. Alterations in conformational entropy, created by generating
or eliminating minor voids around the binding pocket, can potentially have profound energetic
consequences for binding specificity. Examining the impact of conformational entropy in a ligand
series, might identify chemical attributes that impact protein conformational entropy. Revealing
the diverse ways in which various ligands affect conformational entropy carries profound
implications, potentially paving the way for a novel approach to rational drug design. While these
examples point out how pre-paying entropic costs is a route to positive cooperativity, it is also
possible that conformational entropy could increase upon all binding events. In that scenario,
conformational entropy would more directly drive positive cooperativity.
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Figure 3. (A) Human thymidylate synthase (hTS) displays positive cooperativity when binding its substrate dUMP
(yellow). This is driven by entropy, with the binding of the entropic contribution of the first dUMP hurting the binding
affinity (+2.5 kcal/mol), and the entropic contribution of the second dUMP helping the binding affinity (-2.5kcal/mol).
Using NMR, we know that binding both dUMP molecules leads to a widespread reduction in conformational
entropy. Based on the calorimetry measurements and NMR data, this leaves us with the hypothesis that the
majority of the reduction of conformational entropy is upon the first binding event.

(B) When hTS binds to its product dTMP (burnt orange), there is no positive cooperativity observed (both binding
events have similar binding affinities). Additionally, the entropy in both binding events hurts the binding affinity.

CONFORMATIONAL ENTROPY DRIVES ALLOSTERY AND COOPERTIVITY IN
MONOMERIC PROTEINS

While the CAP, CzrA, and hTS examples detail entropic contributions to allostery in multimeric
proteins, entropy-driven binding cooperativity has also been observed in monomeric proteins,
particularly in protein kinases “6-48. For example, in cyclic adenosine 3',5'-monophosphate
(cAMP)—dependent protein kinase A (PKA-C), entropically driven cooperativity is observed
between the nucleotide and substrate binding sites*®. Inhibitors that more resemble the natural
substrate, ATP, lead to ordering at the substrate binding site, highlighting how evolution (and
medicinal chemistry efforts, perhaps unwittingly) have manipulated conformational entropy. A
greater structural understanding of these events may have significant relevance to double-
drugging strategies*®-%°.

Entropy can also play a role in allostery of membrane proteins. Such allostery can control, as
observed in GPCRs, downstream signaling consequences®'. While GPCR extracellular
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orthosteric site binding agonists and antagonists can exhibit similar binding affinities®?,
antagonists stabilize an "inactive" state and agonists favor a broader "active" ensemble®3. This
active ensemble facilitates intracellular interactions with different G proteins or arrestins.
Interestingly, different agonists can lead to subtle differences in their “active” ensemble,
resulting in preferential interactions with different partners and activation of distinct signaling
pathways. Multiple studies have identified the importance of side chain conformational dynamics
in connecting the logic of which orthosteric binders bias binding at the allosteric site®*5°,
suggesting a role for conformational entropy in allostery.

In addition, the theme of “spatial compensation” may be operative in GPCRs as well: subtle
changes in conformational ensembles of side chains outside of the allosteric networks linking
the orthosteric and allosteric sites may also influence the relative stability of specific
conformations compatible with distinct binding partners. Leveraging conformational entropy to
alter protein-protein interaction preferences may be a common and particularly important
phenomenon in GPCRs because their apo states have high conformational entropy, to offset the
entropic penalty of sitting in the membrane®®.

COVALENT MODIFICATIONS CAN SHIFT THE CONFORMATIONAL ENSEMBLE VIA
CONFORMATIONAL ENTROPY

Thus far, we have outlined how conformational entropy controls reversible ligand binding.
Covalent changes, such as protein post-translational modifications (PTMs) and mutations can
also change the conformational ensemble. While the dominant mode of thinking about the effect
of PTMs is through stabilizing large conformational changes, changes in conformational entropy
can significantly modulate the energetics of the modified ensemble. Two relevant examples from
bacterial response regulators show how phosphorylation can bias flexibility and downstream
signaling. In CheY, autophosphorylation results in stabilization of conformations that are
compatible with motor proteins controlling chemotaxis. While a decrease in flexibility is observed
by NMR around the motor protein binding site, this entropic cost is partially recovered by
increased side chain flexibility, particularly along the pathway between the autophosphorylation
and the motor protein binding site?3.

Similar phenomena have also been observed in a related bacterial response regulator, Nitrogen
Regulatory Protein C (NtrC), with particularly interesting connections between increases in side
chain flexibility and an entropically lowered barrier of the transition state between
conformations®’. These results further support a connection between changes in fast dynamics
lending a hand for motions that occur on a slower timescale. This drives the connection between
conformational entropy and traditional conformational changes. Conformational entropy can
help decrease the energetic differences or barriers for motions that occur on a slower
timescale®8. Other PTMs likely modify conformational ensembles in similar ways through the
covalent connection to the protein.
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Unbound State Motor Binding Bound State
Competent State

Figure 4. CheY must undergo a large conformational change from it's apo state to it motor protein bound state.
Autophosphorylation increases the conformational entropy, increasing the probability of the motor binding protein
state.

Mutations can be thought of similarly to PTMs in that they alter the covalent composition of a
protein. It is now commonplace to rationalize the effects of active site mutations in the context of
disease or engineering based on structural models. While the list of disease-causing mutations
is consistently expanding, the functional implications of most mutations, especially those distal
from functional sites, remain poorly understood®®€°. Similar challenges emerge when analyzing
mutations emerging from directed evolution campaigns. Broadly, most mutations away from
functional sites are interpreted with regard to folding stability or at best a three state model
(folded-functional, folded-non-functional, unfolded). As outlined in the beginning of this review,
folding is associated with a large entropic penalty, but mutations that increase side chain
entropy can help repay some of this debt®’.

An example of how side chain entropy can influence folding stability emerged from an
experimental selection scheme for stabilized variants of Chymotrypsin Inhibitor 2 (CI2). This
work identified a set of substitutions with interesting underlying differences in stability. The
introduction of a single hydrophobic core mutation (L49Il) results in a less stable folded state,
whereas an alternate hydrophobic core mutation (157V) enhances folded state stability. The
combination (L491/157V) showed significant epistasis and was more stabilizing than 157V
alone®2. There are a few potential models for reconciling these results. The simplest model is
that the stabilizing mutant has more perfect hydrophobic packing, due to more ordered side
chains. Conversely the destabilizing mutant would create packing defects associated with side
chain disorder. It would follow that the double mutant is more stable because of more perfect
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complementarity packing in the hydrophobic core and thus further reduced disorder. However,
the results from NMR order parameter measurements are the exact opposite of this model! The
destabilizing L49I variant correlated with more ordered side chains and the stabilized mutants
had increased dynamics®? (Figure 5). Again, the entropy meter concept provided a rough
quantification that correlated, but overestimated, the degree of stabilization. The overestimate
may reflect some entropic costs that are not accounted for, such as internal void volumes.

The authors hypotheszied that the inconsistency between the entropy meter and degree of
stablization is due to the NMR focus on methyl side chains. To investigate this, the authors
employed MD simulations to complement NMR and crystallography®3. First, they ran multiple
independent simulations seeded from alternative conformations of the side chains resolved in
the crystal data. These alternative conformations are likely separated by a significant barrier and
therefore this helps sample conformations representative of longer timescales. Second, they
reweighted the MD data (with rigorous overfitting checks) to provide better overall agreement
with the NMR observables. While a complete explanation for the inconsistency between the
stability measurement and entropy meter did not emerge, the two MD methodological
improvements point the way forward to reconcile NMR with a structural rationale. It also
emphasizes the need for more structural rationale to identify the underlying cause of the
overestimate of stability.

Additional examples of mutations that increase flexibility beyond side chain dynamics being
correlated with the relative stability of different states are emerging. In Adenylate kinase,
mutations that affect local unfolding, as measured by differential scanning calorimetry and NMR,
lead to favorable catalytic properties through entropic stabilization®4. Neutron scattering, which
reveals average changes in flexibility, suggested that an engineered creatinase is stablized,
relative to wildtype, by increased entropy in the folded state®.

Mutations involving the SARS-CoV-2 spike protein have taken on a prominent place in the
public consciousness and illustrate how entropy can be tuned in either direction to optimize free
energy. The alpha variant mutation, N501Y, which leads to enhanced infection and
transmission®® through increasing the affinity of the RBD to angiotensin-converting enzyme 2
(ACEZ2). This mutant does not optimze packing at the interface, but increases flexibility of the
complex in a way that favors binding entropically®”®¢. In agreement with more traditional
concepts of affinity maturation, nanobodies selected to neutralize spike exhibit decreases in
flexibility and more optimal interfaces as affinity increases®®. These examples illustrate the wide
ranging effects mutations can have on the relative stability of folded, binding competent, and
unfolded states and highlight the need to examine the ensemble effects of mutations. By
examining the relationship between mutations and conformational entropy, we can shed light on
the implications of disease mutations, evolution's modulation of function, and improve the
design of functional proteins.
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Figure 5. Upon L49I mutation, Cl2 becomes less stable (losing 3.4kJ/mol), by losing conformational entropy (represented by the
number of ‘side chain’ conformations in each state) compared to wildtype. However, upon 157V mutation, CI2 becomes more
stable due to gaining conformational entropy compared to wildtype. With both mutations, there is even larger gain in
conformational entropy compared to wildtype, leading to the highest stability versions between the mutants and wildtype.

DEGENERATE SCAFFOLDS COUNTERBALANCE THE ENTROPIC COSTS OF AN
ORGANIZED ACTIVE SITE

Enzymes require the precise arrangement of active site residues for efficient catalysis of
reactions, leading to an extreme reduction of conformational entropy of these residues. Despite
this, the enzyme can access numerous conformational states, provided these states are
compatible with the position and subtle flexibility required by catalytic residues throughout the
catalytic cycle”"",

The ability for the non-catalytic residues to fluctuate between many states could mitigate some
of the entropic cost associated with the exact positioning of the catalytic residues. The concept
of pre-paying entropic costs is not new to the enzymatic field. The "Circe effect" hypothesis
postulates that the entropic penalty associated with a transition state having little entropy is ‘pre-
paid’ upon substrate binding. This effect allows the enzymatic reaction to pay a much lower
entropic penalty, similar to the binding cooperativity discussed above. However, a growing
understanding intimates that the enzyme's intrinsic capacity to traverse various states during
catalysis also significantly alleviates the entropic component of the activation barrier (Figure 6).
Enzymes can compensate for the extreme loss of conformational entropy in catalytic residues
by increasing it elsewhere in the other protomer. One can imagine that this phenomenon could
also occur in a monomeric enzyme by residues distal to the catalytic site increasing their
dynamics, as well as a release of water molecules. Understanding how the rest of the protein's
conformational entropy supports the entropic penalty of binding site residues is crucial for
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comprehending enzyme function.

Substrate 2:
DISFAVORABLE
ENTROPY

Substrate 1:
FAVORABLE
ENTROPY

Figure 6. Enzymes can have multiple states compatible with the required position of catalytic residues,
increasing the entropy of catalysis, thus lowering the energetics. In the apo form the enzyme has 3
accessible states. When substrate 1 binds (left), there is an increase in states, all while keeping hte catalytic
residues positioned correctly, INCREASING the entropic contribution. When substrate 2 binds (right), there is a
decrease in states, decreasing the entropic contribution.

A protein’s intrinsic capacity to access many states during a transition proces may also be
expanded for understanding the energetics of macromolecular machines. These complexes
must harness chemical energy of nucleotide hydrolysis to drive DNA replication, RNA
transcription, and protein synthesis. A beautiful example of macromolecular machine harnessing
conformational entropy comes from the ribosome. The ribosome undergoes many large,
enthalpically expensive structural rearrangements transitioning from initiation to elongation. But
many components of the ribosomal machinery, including tRNAs, induce thermal fluctuations in
the rest of the ribosome, suggesting a role for entropy in understanding the relevant
energetics’?. Using multiple temperature single-molecule fluorescence resonance energy
transfer (SmFRET), entropy was shown to compensate, almost exactly, for the enthalpic
transition penalties between functional states of the ribosome?*. Even more amazingly, tRNAMet
specific entropic changes favored transition towards the initiation state, whereas the tRNAP"®
specific entropic changes favored the elongation state. This indicates that the ribosome has
evolved to manipulate entropy to favor the state compatible with the tRNA (Figure 7). This, and
other studies demonstrating how the ribosome harnesses conformational entropy for peptide
bond formation’3, draws a picture where the ribosome has evolved to rely on conformational
entropy to absolve it of necessary energetic penalties. As we gain more clarity into the catalytic
cycle that the ribosome undergoes during translation’, it is important to consider how the
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fluctuations in protein, RNA, water, and metal ions, can assist in the transition between
conformations observable by structural biology methods.

State 1 (PHE) State 2 (PHE)

Figure 7. The ribosome has evolved to take advantage of entropy. The ribosome (large subunit-blue; small subunit-yellow,
mRNA-red) goes through large conformation changes between the initiation state (state 1) and elongation state (state 2). The
enthalpic penalty paid by each state is balanced out by the amount of conformational entropy, represented by the size of the
blue arrows the ribosome can access during the transition states. The more conformations the ribosome can access
(represented by the number of ribosome states), the higher the conformational entropy. Entropy also helps tipping the balance in
tRNAmet (purple) bound ribosome towards the initiation phase and tRNAphe (green) towards the elongation phase.

DISCUSSION

Here, we have reviewed evidence for the impact of conformational entropy on protein function.
We identify two primary mechanisms—entropic pre-payment and spatial compensation—as
entropic modulators of the change in free energies associated with function. It is clear that an
expanded view of the energetic consequences of conformational entropy can reconcile
traditional models of allostery with those that invoke “dynamics without conformational change”.
Most of this review is focused on the conformational entropy contained within ordered regions,
and particularly side chains, of proteins. However, additional important entropic contributions
come from intrinsically disordered regions (IDRs), ligands, and solvent’>"67",

IDRs can serve as an important way to modulate free energy, often acting as an ‘entropic
reservoir’ by increasing the relative disorder upon a binding event as uncovered for human

UDP-a-D-glucose-6-dehydrogenase (UGDH)°. The equilibrium of the globular domain of UGDH
can be shifted to a higher affinity substrate state, by the presence and length of its disordered C-
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terminal tail. The length dependence of this effect suggests that the physical origin of this shift
lies in the conformational sampling restrictions between the globular domain and the IDR
segment. Recent simulation work has articulated the principles of how such forces can be
generated by the geometric restrictions globular domains enforce on their attached intrinsically
disordered tails’®. In addition, IDRs can also interact with each other in a manner where both
partners retain high disorder and high affinity, as observed between histone H1 and its nuclear
chaperone prothymosin-a 7°. This complex has a “fuzzy” character, with many energetically
equivalent binding poses increasing the multiplicity of the assembled state. Similar complexes
are likely quite prevalent in eukaryotic cells, where a large portion of the proteome contains
disordered segments®81. This aspect of entropic free energy may therefore have profound
consequences for decoding cell signaling.

The idea of “fuzzy” interactions can be expanded to protein-small molecule interactions. While
small molecules lose a significant amount of entropy upon binding, it is likely that many retain a
small amount of torsional flexibility, increasing the multiplicity of the complex and thus the
entropy.

Modeling multiple ligand conformations frequently alleviates strain and increases agreement
with underlying density data, suggesting that many protein-ligand complexes have multiple
binding states®28384 and that these likely entropically contribute to binding affinity. Recent
examples have demonstrated that optimizing molecules based on their multiple binding states
can significantly enhance binding affinity®86, highlighting the potential to apply this approach for
more targets.

Water can be thought of as a very high concentration and simple small molecule ligand. There is
a long literature of how ‘release’ of a water molecule into bulk solvent increases entropy. To
better resolve the mechanisms of solvent entropy, we must improve our treatment of solvent
molecules, especially those that are exchanging with solvent and therefore are ‘partially
occupied’, in X-ray and EM model refinement. Purely computational approaches like Watermap
and other molecular dynamics (MD) water mapping techniques have shown that many water
molecules around the protein and ligand are often partially occupied®’, suggesting that they can
have a significant impact on the system's entropy. Currently, the entropy meter evaluates
solvent entropy by measuring changes in heat capacity contributions within both non-polar and
polar regions of the solvent-accessible surface area (SASA)®. While the SASA method works
well, it provides little atomic level understanding of the origins of the energies of water
molecules. Creating a more atomistic model of the entropic contributions of water molecules
moving into solvent may reconcile differences observed with the entropy meter and move us
closer to predicting the entropic impact of a perturbation.

The convergence of diverse entropic elements complicates the task of isolating their individual
effects?!8. It is crucial to develop methods that can accurately gauge the individual and
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combined contributions of ligand, protein, and solvent entropy to the system's conformational
entropy, and relate them to structural alterations®*-92447¢ Computational methods for modeling
ensemble-averaged experimental data in X-ray crystallography and CryoEM have the potential
to report on how the overall entropy of the system changes. Our lab has developed qFit?®:93,
which automatically creates multiconformer models of proteins and ligands from X-ray and
cryoEM data. As discussed above, these models can be used to calculate crystallographic and
potentially cryoEM order parameters, connecting conformational entropy to structural models.
Other multiconformer approaches, such as Xtrapol8 and FLEXR%%% and X-ray-restrained MD
ensemble methods®”%®%°, can also be used to identify the structural basis of changes in
conformational heterogeneity. Additionally, new tools are coming online to compare and
combine diffraction intensities between experiments to more sensitively detect differences in
structure and conformational heterogeniety'®®1%!. In CryoEM, recent years have seen significant
advances in distinguishing unique large conformations within a single experiment 5102103 \When
comparing structures based on experimental data, we should think of conformational change as
differences in modeled coordinates greater than propagated error in coordinate precision. With
improved resolution and experimental and computational techniques, we can now explore much
smaller conformational changes. These advances will complement the work emerging from
NMR. Further, molecular dynamics simulations, especially those that can leverage experimental
priors?®, will play an increasing role in illuminating connections between structure and
conformational entropy.

Combining multiple experimental data sources will help elucidate the interplay between what are
traditionally called “conformational changes” and redistributions of conformational ensembles.
Along with these advancements, we need better data structures to capture ensemble based
models to capture more accurate models and provide critical data for protein structural
ensemble prediction or protein design. While we can now obtain highly accurate predictions of
single conformer structure'941%5 these are poor representations of the conformational ensemble
underlying proteins'%. While algorithms are being developed to coax structure prediction
software into modeling multiple states, it is unclear how best to implement or interpret these
findings'%7-1%9. There are some promising approaches to integrate data from experiments and
simulation which can help bridge this gap''%'"", especially MD reweighting procedures and
AlphaFold ensembles’'2113, By providing a baseline of training data better capturing the
underlying ensembles we can move towards structural ensemble predictions'®, which will likely
have functional implication. Using similar principles as protein structural prediction, protein
design has found success in making stable structures. The next frontier is dynamics, which will
enable design of even more innovative functions'115,

Now is the moment to start integrating the impact of conformational entropy into ligand and

protein design. Traditional structure-based drug design emphasizes optimizing the
complementarity of a small molecule into the ground state of a binding site. While this might
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improve enthalpy, it almost completely ignores entropy (except for consideration of solvent
entropy). But the spatial connection of conformational entropy of ligands is clear, even with tiny
changes in chemical attributes leading to widely different entropies and in some cases, affinities.
Using structural models that can combine structure and interactions of ligand with proteins along
with the impact of conformational entropy will help usher in the use of this untapped energetic
reservoir in drug design. Deciphering the foundations of conformational entropy's structural
implications will pave the way for manipulating protein function, tracing protein evolution, and
rationally engineering proteins and drugs.

CONCLUSION

In 1984, Cooper and Dryden proposed the hypothesis of allostery without conformational
change'?. Over four decades of extensive research necessitates a reevaluation of our
understanding of ‘conformational change’. Conformational changes vary in magnitude, ranging
from subangstrom to many nanometer motions, spanning diverse timescales, encompassing
conformational entropy differences. Emerging allosteric models demonstrate how the spectrum
of conformational shifts collaboratively alters the conformational ensemble of a protein to
regulate its function®.

Within globular domains, our review highlights two main mechanisms to consider conformational
entropy for design purposes: pre-ordering and spatial compensation. Pre-paying entropic costs
by establishing order in the ground state has a long history, especially in enzymes. This
mechanism is likely easier to engineer. One could imagine designing the pre-organized into the
ground state. The second principle, spatial entropic compensation, which is achieved by
increasing conformational entropy in distal regions following binding, is harder to conceptualize
for design purposes. However, we now have the tools and framework to start chipping away at
this problem. Finally, it is possible (and likely!) that there are additional dimensions by which
conformational entropy can be considered in understanding and designing function. The body of
research presented here is just starting to scratch the surface of the multiplicity of mechanisms
that selection has used to drive free energy changes.
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