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ABSTRACT: Evolution has produced proteins with exquisite ligand binding specificity,
and manipulating this effect has been the basis for much of modern rational drug design.
However, there are general classes of proteins with broader ligand selectivity linked to
function, the origin of which is poorly understood. The odorant binding proteins (OBPs)
sequester volatile molecules for transportation to the olfactory receptors. Rat OBP3,
which we characterize by X-ray crystallography and NMR, binds a homologous series of
aliphatic y-lactones within its aromatic-rich hydrophobic pocket with remarkably little
variation in affinity but extensive enthalpy/entropy compensation effects. We show that
the binding energetics are modulated by two desolvation processes with quite different
thermodynamic signatures. Ligand desolvation follows the classical hydrophobic effect;
however, cavity desolvation is consistent with the liberation of “high energy” water
molecules back into bulk solvent with a strong, but compensated, enthalpic contribution,

which together underpin the origins of broad ligand binding selectivity.

he biological function of many protein structures has been
honed through evolution to bind with exquisite specificity
to one particular ligand. Understanding and manipulating this
effect has underpinned much of modern drug design. However,
there are general classes of proteins those functional role is
based upon much broader ligand binding selectivity,"” the
molecular origins of which are far less well understood. An
underlying factor is the phenomenon of enthalpy/entropy (H/
S) compensation which is widely reported in both biomolecular
and supramolecular host—guest recognition studies.’”® A
general description of the origins of this phenomenon similarly
remains elusive and controversial,”™'* not least because of the
experimental difficulties of disaggregating the relative contri-
butions to binding and in particular the role that the solvent
plays in this process.">™"°
It is well-recognized that reorganization of the solvent
structure associated with a ligand and protein cavity, both free
and in the bound state, is an important mechanistic factor in
driving ligand binding and in understanding classic hydro-
phobic interactions.”>*' However, models for protein cavity
solvent structure and energetics are inherently poorly defined
and reliant on simulation studies. In addition, protein structures
have proved particularly challenging to enthalpy/entropy
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compensation analysis because of the uncertainties over the
relative entropic contributions from changes in ligand and
protein dynamics which are balanced against tighter local
contacts or global (enthalpic) changes in structure and
bonding.*>**

Odorant binding proteins (OBPs), which are small (17—20
kDa) proteins found in the nasal mucous that coats the
olfactory epithelium,** possess the property of binding to a
broad range of hydrophobic volatile odorant molecules with
low micromolar affinity*>~>® and facilitate transportation to the
olfactory receptors.*® This role is typical of the lipocalin protein
family which encompasses a range of small antiparallel S-barrel
proteins that transport or store a range of low-solubility or
chemically sensitive biomolecules."”” The underlying structural
and thermodynamic principles by which OBPs achieve broad
ligand selectivity is of particular interest.

We have focused our studies on rat OBP3, one of three
subtypes with <30% sequence homology, which binds simple
aliphatic heterocycles.’* >* We have employed X-ray crystallog-
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raphy to define the structure of rat OBP3 and NMR
spectroscopy to probe ligand-induced changes in structure
and dynamics as molecules are accommodated in the highly
nonpolar aromatic-rich cavity. Isothermal titration calorimetry
(ITC) analysis reveals striking insights into the thermody-
namics of binding of a homologous series of aliphatic y-lactones
to both wt-OBP3 and a number of Phe — Ala OBP3 cavity
mutants. Despite the observation of relatively little variation in
binding free energy either within the family of y-lactones or
between wt-OBP3 and the mutants, we observe large
compensating variations in the enthalpy and entropy of
interaction. The analysis suggests that the binding energetics
are modulated by two distinct desolvation processes corre-
sponding to (i) the classical hydrophobic interaction model
involving release to bulk solvent of highly ordered water
molecules from the nonpolar ligand surface (AS positive, AH
positive), and (ii) desolvation of the protein binding cavity by
liberating “high energy” water back into solution (AS negative,
AH negative).

Although both of the processes described represent a
“hydrophobic interaction”, arising from desolvation of a
nonpolar environment, it is striking that these two phenomena
are associated with contrastingly different thermodynamic
signatures. Only one of these has the favorable entropic
characteristics of the classical hydrophobic effect.”***' However,
reports that reorganization of weakly bound disordered water
from apposing surfaces provides a significant portion of the
binding enthalpy are consistent with this model.>*™>’ The
physical insights into the nature and energetics of the networks
of solute-associated water molecules, which either remain
bound,"* or are expelled into bulk solvent by the ligand binding
event,> strengthen the arguments that, alongside the evolution
of the architecture of the protein binding cavity, water
molecules play a critical role in driving the thermodynamics
of ligand binding and in understanding both H/S compensation
phenomenon and the origins of broad ligand binding
selectivity.

B MATERIALS AND METHODS

Protein Expression, Purification, and Crystallization.
Recombinant rat OBP3 was expressed as a His-tagged protein
to allow its purification by affinity chromatography on nickel-
chelating Sepharose,®" after which it was further purified by
size-exclusion chromatography on a Superdex 75 column (1.0
X 75 cm). Any ligands present in the OBP3 binding pocket
were then removed by ethanol precipitation of the protein®®
before lyophilization to remove any remaining ethanol. Mass
spectrometry (ESI-TOF) of the purified material yielded a
molecular mass of 19897 Da, which matches the value
calculated from the sequence of the recombinant rat OBP3.

Structure Determination and Refinement. OBP3 was
crystallized in 0.02 M p-glucose, 0.02 M p-galactose, 0.02 M L-
fucose, 0.02 M p-xylose, 0.02 M N-acetyl-D-glucosamine, 0.1 M
morpheus buffer 1 pH 6.5, 10% w/v polyethylene glycol 20000,
20% polyethylene glycol 550. Thin platelike crystals took
approximately 1 month to grow to 75 ym in size. They were
then flash-cooled in liquid N, prior to data collection. X-ray
diffraction data were collected on beamline 124 (Diamond
Light Source, UK) and reduced using MOSFLM*  and
SCALA.* Initial phase estimates were obtained by molecular
replacement using MRBump,*"** and the resulting electron
density maps were inspected in COOT.* Iterative rounds of
manual rebuilding and refinement using REFMAC** were used
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to complete the model which contained four protein molecules
in the asymmetric unit. B-factors (main chain and side chains in
A?) were determined for each of the four chains (A—D) (Chain
A, 42.0 and 46.5; Chain B, 39.9 and 44.2; Chain C, 44.5 and
48.7; Chain D, 41.9 and 46.9). Structure validation was
performed using the Molprobity web server*® throughout the
modelling and refinement process.

Determination of Thermodynamic Parameters by ITC.
Commercial preparations (from Sigma-Aldrich) of the y-
lactones (liquids) were diluted with phosphate-buffered saline
(1.75 mM KH,PO,, 10 mM Na,HPO,, 137 mM NaCl, 2.7 mM
KCl), pH 7.4, to obtain 300 uM solutions of each. For ITC
experiments, conducted at 25 °C in a Microcal VP-Auto ITC
apparatus (GE Healthcare), 30 yM OBP3 in the same
phosphate-buffered saline was titrated with successive 14 uL
aliquots of the above ligand stock solutions to A{generate binding
curves that were subjected to standard analysis*® to obtain AH’,
the dissociation constant (Kj), TAS’, and AG°. Experiments
were performed in triplicate, and errors reflect the standard
deviation from the mean value.

NMR Studies. Doubly labeled (“N/*C) OBP3 was
prepared in standard minimal media supplemented with
“NH,CI and uniformly labeled '*C-glucose. A Bruker-600
MHz spectrometer has been used to obtain all NMR spectra,
which were acquired by standard procedures at 298 K. Briefly,
solutions (1 mM) of “N/"C labeled OBP3 were prepared in
potassium phosphate buffered bufter pH 7.0. Backbone
assignments were carried out using triple resonance experi-
ments HNCO, HN(CA)CO, CBCANH, and CBCA(CO)-
NH.* 7% Assignments of specific residues were greatly aided by
use of “unlabelling” experiments,>"** where various amino acids
(Lys, Arg, Thr, and Gln) were systematically supplemented
during protein expression.

B RESULTS

Structure of Rat OBP3. In the absence of a structure for rat
OBP3, we crystallized a recombinant form of the protein which
yielded diffraction data to 2.8 A resolution (Table 1). There are
four molecules (chains A—D) in the asymmetric unit, reflecting
crystal packing interactions, since size exclusion chromatog-
raphy shows OBP3 to be monomeric in solution. The overall
structure is typical of a lipocalin fold in that it comprises the
characteristic seven-stranded f-sheet with a single a-helix
capping the central binding cavity (Figure 1A). Overall, with
the exception of the N-terminus, the structure is relatively rigid
as evidenced by the low B-factors (30—40 A®) observed for the
P-sheet residues forming the pocket. The single a-helix exhibits
a slightly higher set of B-factors than the rest of the protein
(45—60 A?), indicating that it is potentially more flexible and
consistent with a flexible hinge that allows ligand access to the
cavity.

OBP3 has a larger pocket size (466 A®) than previously seen
in OBP1 (326—328 A®)>* which confers on OBP3 the
potential to sequester larger ligands. The pocket is largely
hydrophobic and lined with aromatic residues, whose side
chains are well defined by the electron density (Figure 1B). The
cavity is capped by a single tyrosine (Y103) which occludes the
pocket from the bulk solvent (Figure 1C) in the manner
observed for OBP1 and the mouse major urinary proteins
(MUPs).>**° Although OBP3 was crystallized from ligand-free
preparations, we observed density in the pocket, a feature also
observed in our structure of OBP1,>® which is most likely
associated with small sugars or cosolute molecules captured
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Table 1. X-ray Data Collection and Refinement Statistics for
Rat OBP3“

space group P2,
a=6298, b =100.53, c = 7241, f = 110.61

67.9-2.80 (2.95—2.80)

cell dimensions (A)
resolution (A)

completeness 95.7 (95.1)
multiplicity 1.8 (1.8)
<IJo> 4.8 (1.9)
Roperge” 13.1 (47.5)
Riin” 11.9 (42.7)
Refinement

R/ Recee” 21.8/249
Model

protein atoms 5024
RMSD from ideal

bond lengths (A) 0.011
bond angles (°) 1.372
Ramachandran favored (%)  97.6

Ramachandran outliers (%) 0

“Values in parentheses refer to data in the highest resolution shell.
meerge = ZZdL(hkl) — <I(hkl)>|/Z, ZI,(hkl), where I,(hkl) is the
intensity of reflection hkl, <I,(hkl)> is the mean intensity of multiple
corresponding symmetry related reflections, and X, is the sum over all i
measurements of reflection hkl. ‘R, = Zyy[1/(N — 1)]Y2 ZAL(hkl) —
<I(hkD)>|/Z,,Z1,(hkl), where I,(hkl), <I,(hkl)>, Z; are as defined for
Rerge and N is the multiplicity of a given reflection.. deork = 2 ullF gl
— |F 1/ 2y lF oyl where F and F, are the observed and calculated
structure factors respectively. R, is calculated in the same manner but
using a random subset (5%) of reflections that are excluded from
refinement.

from the crystallization liquor. We were unable to assign
unambiguously a single ligand type to this density, consistent
with some heterogeneity of bound molecules in the cavity.

The binding pockets of the OBPs contain few polar residues;
however, E137 is found in a prominent position within the
cavity of OBP3 and, by homology with MUP IV (which has the
same conserved residue, E118), is likely to play a central role in
anchoring ligands within the cavity. A number of MUP IV
ligand-bound structures have been determined that show a
single-point hydrogen bond from the protonated E118 to
alcohol, ketone, pyrazine, and thiazole ligands. In all complexes
of MUP 1V, two or three water molecules are closely associated
with the E118 side chain presumably to partially offset the
energetic cost of burying the polar side chain within an
otherwise hydrophobic cavity. Homology models with OBP3
(Figure 1D) suggest that bound ligands can be accommodated
in a similar manner via contact with E137. In contrast, OBP1
shows some subtle differences to OBP3: E137 is substituted for
L137, but OBP1 compensates by introducing a hydrogen bond
donor/acceptor in the form of L124N substitution at an
adjacent position.

Thermodynamics of y-Lactone Binding. The work of
Lobel et al.*"** has shown that a wide variety of simple aliphatic
esters, ketones, substituted aromatics, and small heterocycles
bind with similar affinities to OBP3. Our own ITC measure-
ments on a subset of odorants show equilibrium binding
affinities in the range 10°—10" M~ (Figure 2). We have
specifically focused on the thermodynamics of the homologous
series of aliphatic y-lactones. Like many other small ligand—
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Figure 1. (A) Crystal structure of rat OBP3 showing the seven-
stranded f-barrel fold and a-helix that are characteristic features of the
lipocalin protein family. The largely hydrophobic and aromatic binding
pocket is capped by Y103 (yellow) but contains a polar residue E137.
Aromatic residues that have been mutated to Ala are highlighted. (B)
Electron density map for several of the aromatic side chains involved
in ligand binding (density shown is 2F,—F, map contoured at 1.25).
(C) Tlustration of the >400 A® ligand-accessible pocket (shaded
region) with key hydrophobic residues highlighted, together with the
polar residue E137 at the base of the cavity. (D) Homology model
using X-ray coordinates of OBP3 overlaid with MUP IV complexes
showing the likely position of bound pyrazine (light blue; PDB code
3kfi) and thiazole ligands (green; PDB code 3kff) (ligands 2 and 3 in
Figure 2) which form a single-point H-bond contact to E118 in MUP
IV. Bound water molecules in the MUP IV complexes, which solvate
the E118 side chain and bridge with main chain hydrogen bond
donors and acceptors, are shown as spheres. This residue is conserved
as E137 in OBP3 (as shown).

protein interactions,'#***° the y-heptalactone (n = 2) binds in

an enthalpy-driven process with a large negative entropy change
(Figure 3A). The latter is consistent with the loss of
translational and rotational freedom associated with the
bimolecular association process and masks the anticipated
entropic contributions from classical hydrophobic desolvation
effects. Increasing the aliphatic chain length from y-
heptalactone (n = 2) to the undecalactone (n = 6) realizes a
further ca. 130 A% of ligand nonpolar surface area but,
surprisingly, does not give rise to an increase in binding affinity
through further burial of the longer apolar side chain (Figure
3A). Indeed, the measured standard free energy change (AG°)
for the interaction in phosphate-buffered saline (pH 7.4) is very
similar for all five ligands, with AG® = —31.4 (+3.3) kJ mol ™",
where the uncertainty is expressed as twice the standard
deviation of the mean. An additional entropic contribution that
correlates with increasing chain length is clearly evident.
However, a strong H/S compensation (Figure 3B) completely
negates the entropic advantage (at 25 °C), with a variation in
AH® across the series of —70 to —30 kJ mol™". More formally,
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Figure 2. Structures of a diverse collection of odorant molecules
characterized by ITC with OBP3. Binding free energies determined at
298 K are shown.

rearranging the Gibbs—Helmholtz equation to AH’ = AG® +
TAS® and plotting AH? against TAS® (Figure 3B) gives an

intercept with a value from unconstrained linear regression

analysis for AG® of —31.1 (+3.0) kJ mol™" and a slope of 1.02
(£0.12).

Thus, across the series we see the expected classical entropic
contribution to binding with the increase in apolar surface area
of the ligand®**! and a compensatory reduction in the enthalpy
of binding consistent with the disruption of ordered solvent
structure. However, although the hydrophobic interaction is
regarded as providing an effective driving force for molecular
recognition in aqueous solution,56 here we observe compensa-
tory effects that fully negate this entropic advantage and
thereby suggest a more complex underlying mechanism.

What other contributions should be considered? First,
entropic effects from any reductions in dynamics of the
aliphatic ligands would be expected to partially offset any
entropic advantage from solvent release,">**** and second,
ligand—protein dispersive interactions arising from the
increasing van der Waals surface area across the series of
ligands would be predicted to make the interaction more
exothermic, contrary to observations. Any such contributions
have to be considered integral to the experimental measure-
ments and cannot readily be disaggregated. An interpretation of
the ITC results solely in terms of H/S compensatory solvation
effects, of course, would be conditional upon the absence of
marked changes in overall protein structure and dynamics as
the result of ligand binding.****

NMR Studies of OBP3-Ligand Complexes. We
examined the effects of ligand binding on OBP3 structure
and dynamics by NMR, for which the almost complete
backbone assignment for apo-OBP3 was obtained using two-
and three-dimensional (2D and 3D) methods combined with
global isotopic labeling, and selective unlabeling, strategies.54
Ligand-induced chemical shift perturbations (CSP) for OBP3
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Figure 3. Experimental demonstration of the enthalpy—entropy (H/S) compensation phenomenon by an ITC investigation of the interaction
between a series of y-lactones and OBP3 in phosphate buffered saline (pH 7.4) thermostatically maintained at 25 °C. (A) Free energy, enthalpy, and
entropy for binding to wt-OBP3; (B) H/S compensation plot for wt-OBP3; (C) corresponding results for F73A—F7SA (blue) and F109A—F122A
(red) mutant pairs; (D) difference plot (mutant — wild-type) for ligand binding to estimate contribution from solvation effects in the expanded

cavity of the mutants.
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Figure 4. NMR analysis of rat OBP3 binding to y-heptalactone (n = 2) and y-undecalactone (n = 6). Chemical shift perturbations (CSPs) of the
individual residues of rat OBP3 upon binding to (A) y-heptalactone, (B) y-undecalactone, and (C) difference plot. Residues with large ligand-
dependent CSPs (>0.2 ppm) are labeled. (D) Highlighted CSP trends across the series of lactones for two clusters of residues that show changes in
the binding locus of the ligand with chain length. Ribbon diagrams of OBP3 identifying the residues that exhibit significant chemical shift
perturbations (CSP > 0.2 ppm) in TROSY NMR spectra of the apoprotein and its complexes with y-heptalactone (E) and with y-undecalactone (F),
nitrogen atoms shown in blue and labeled. Perturbed residues whose side chains point into the binding cavity are shown with van der Waals spheres

in dark gray. The side chain of E137 is shown in stick format.

were determined as a function of primary sequence for all of the
y-lactones. The data for y-heptalactone and y-undecalactone are
shown in Figure 4A,B, together with the difference plot (C).
With an average CSP over 145 assigned residues of <0.05 ppm,
we conclude that ligand binding mediates no global structural
rearrangements. However, many residue-specific effects be-
tween 0.1 to 0.4 ppm are indicative of significant ligand-induced
perturbations. Our analysis of y-heptalactone binding to OBP3
(Figure 4A) identified 18 residues with CSP effects > 0.1 ppm,
with a subset of 7 residues showing effects > 0.2 ppm, which we
analyzed further. Four of these (V61, F109, F133, and L135)
are key hydrophobic p-sheet residues that point into the
binding cavity (Figure 4E). F133 and L135 on strand H are
adjacent to E137, which, although not assigned, is implicated as
a ligand anchor point within the cavity, as shown by analogy
with MUP 1V in Figure 1C. A further three perturbed residues
(RS8, T108, and V125) are part of the same hydrogen bonded
backbone network but have side chains on the outer (solvent
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exposed) face of the f-sheet or (in the case of RS8) are in a
loop connecting two strands of sheet. Those key residues with
large CSPs that are found within the cavity and likely to be
involved in direct ligand contacts are mapped onto the
structure of OBP3 in Figure 4E.

Taking y-heptalactone as a reference point, we also looked
for differences as a function of aliphatic chain length to identify
new interactions that accommodate the longer side chains.
Surprisingly, we see not only residues whose CSPs increase in a
ligand-dependent manner (Figure 4D) but others that decrease
showing significant CSP effects for the shorter ligands but
diminishing effects with the longer lactones, and vice versa.
Two particular clusters of residues are highlighted. The first is
the hydrophobic patch within the cavity formed by V61, F109,
F133, and L13S5, as highlighted above, which experience the
largest CSP effects of >0.2 ppm with y-heptalactone (Figure
4A). As is evident for y-undecalactone in Figure 4B, and in the
difference plot Figure 4C, the CSP effects for these same
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residues (with the exception of F109) diminish across the
ligand series (Figure 4D), suggesting that the longer aliphatic
ligands no longer employ the same binding patch. In contrast, a
new cluster of residues emerges as key contacts, including V59,
F73, and V89. Mapping these residues onto the structure
(Figure 4F) identifies a new hydrophobic patch that lies deeper
into the cavity. A number of residues, notably F109 and V125,
which are adjacent to N107, show similar and significant
perturbations in all of the complexes studied. These unexpected
ligand-dependent and residue-specific differences suggest some
structural adaptability of the highly aromatic pocket in
accommodating hydrophobic ligands of different sizes in
potentially different orientations.

A further consideration is that the entropic contributions to
ligand binding affinity in part reflects changes in protein
dynamics which we can assess through backbone 'H-"N
heteronuclear NOE measurements. An average NOE value of
0.76 for the apoprotein indicates a fairly rigid overall structure
with some smaller values, typically in the loop regions,
suggesting local backbone flexibility. The NOE data for five
OBP3 ligand complexes (0.77 = 0.2) yielded similar average
values across >140 residues suggesting little ligand-induced
change in overall backbone dynamics.

Changing the Solvation of the Binding Pocket
through Protein Engineering. How the architecture of the
binding pocket influences solvent structure and the energetics
of ligand binding was investigated by expanding the cavity by
mutating a number of bulky aromatic residues (F73, F75, F109,
F122; Figure 1A) to Ala and measuring the thermodynamics of
y-lactone binding by ITC. The F73A and F75A mutations
showed little effect on ligand binding affinity, despite both
residues displaying significant CSPs in complexes of wt-OBP3.
In contrast, FIO9A and F122A mutants showed a small
decrease in affinity, despite the fact that only F109 showed any
significant CSP effects in the wt-OBP3. Despite the modest
effects of the mutations on the binding affinities of the y-
lactones (AAG® = 0—6 kJ mol™"), we observe binding to be
considerably more exothermic (range —40 to —115 kJ mol™")
compared to wt-OBP3, with strong H/S compensation effects
(Figure 3C).

To separate the contributions to binding energies from
ligand and cavity desolvation effects, we calculated differences
in enthalpy and entropy changes (AAH® and TAAS®) for a
given ligand binding to wt-OBP3 versus different mutant
OBP3s (Figure 3D). The ligand desolvation term is eliminated
if assumed to be similar for each binding event, allowing us to
isolate the protein desolvation effect. We see large differences
and strong H/S compensation effects, which suggest that the
thermodynamic signature for ligand binding is strongly
influenced by the desolvation of the binding cavity. This
suggested combination of hydrophobic protein—ligand inter-
action and protein cavity desolvation finds precedent in
observations of partial solvent occupancy and dynamic disorder
in X-ray structures, which led to speculation that weakly bound
disordered water is likely to contribute favorably to the
enthalpy of binding when displaced back into bulk solvent.'***
The expected thermodynamic signature for this model of
stronger hydrogen bonding (favorable enthalpy) and more
ordered structure (unfavorable entropy) in the bulk solvent
appears to explain well the strong H/S compensation effects
manifested in the difference plots derived from the mutant data
in Figure 3D.
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Residue Y103 was also mutated to Ala to examine the effect
upon ligand binding of removing the cap from the hydrophobic
pocket. ITC analysis of the Y103A mutant signified that ligand
association was effectively abolished. In contrast, a more
conservative Y103F substitution had only a minor effect on
affinity, indicating no critical role for the Y103 hydroxyl group
in binding y-lactones, but suggesting a key role for the
hydrophobic cap in modulating cavity solvation and ligand
access. Molecular dynamics simulations with the related
lipocalin MUP-1 drew similar conclusions® and further
suggested that cavity solvation may be dependent on a few
critical residues rather than simply the volume of available
space.

B DISCUSSION

We have used structural and thermodynamic studies to probe
the underlying basis for broad selectivity in the binding of
odorant molecules to rat OBP3. In particular, we have focused
on a homologous series of y-lactones with increasing hydro-
phobicity. NMR chemical shift mapping and measurement of
"H-'""N heteronuclear NOEs suggest that ligand-induced
perturbations are largely confined to the binding cavity rather
than reflecting global changes in OBP3 structure and dynamics.
However, we see from NMR CSP measurements across the
series of lactones that different groups of hydrophobic residues
are used to interact with different aliphatic chain lengths,
consistent with gradual changes in the manner in which the
cavity flexibly accommodates different ligands as the bulk of the
side chain increases (Figure 4D). Thus, broad ligand binding
selectivity for OBP3, in this context at least, appears in part to
be mediated by the architecture of the aromatic-rich pocket and
the nonspecific nature of the hydrophobic contacts made with
different ligands.

Ligand Desolvation Produces the Signature of a
Classic Hydrophobic Interaction. The observation of a
strong underlying enthalpy-driven interaction of the y-
heptalactone, which is typical of many small molecule—protein
interactions,"***3%57%% at first appears to be consistent with
ligand—protein dispersion interactions between the lactone
ester and the aromatic-rich cavity, and electrostatic interactions
with the polar side chain E137. Despite the largely hydrophobic
nature of the ligand, any favorable enthalpy of binding is
overwhelmingly dominated by the adverse entropy of the
bimolecular association of y-heptalactone. However, the classic
signature of the hydrophobic interaction (TAS® positive, but
AH® positive) becomes apparent as the energetics of the
interaction are analyzed against increasing chain length, such
that the y-undecalactone has an entropy of association close to
zero and the smallest enthalpy of interaction of the series (—29
k] mol™") (Figure 3A). The linear correlation between
enthalpy/entropy and increase in ligand nonpolar surface area
points to this as a manifestation of ligand desolvation. However,
binding does not become increasingly “entropy-driven” because
we see complete H/S compensation, which negates any
enhancement in binding free energy, an effect that is also
implicit in the Kauzman® treatment of the hydrophobic
interaction but is frequently overlooked in published studies
that have questioned the credibility of enthalpy—entropy
compensation effects.”™"!

Cavity Desolvation Contributes to the Enthalpy of
Ligand Binding. We probed OBP3 cavity solvation effects
further by using the protein engineering approach (Phe — Ala)
to increase the cavity volume. Surprisingly, we see a further
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significant enthalpic contribution to complex formation. The y-
octalactone, as a particular example, binds with an enthalpy of
interaction with wt-OBP3 of —64.5 k] mol™" but to the various
Phe mutants with AH® in the range —93.5 to —113.8 kJ mol™".
The same trend is clearly evident across the lactone family
(Figure 3C).

We considered several possible scenarios. Increases in
enthalpy on the basis of changes in van der Waals/dispersive
interactions between protein and ligand are anticipated to be
ligand surface area dependent and, for a given ligand, either
similar or even diminished by the increase in cavity volume
through the reduction in protein—ligand contacts. Alternatively,
the expanded binding cavity of the mutants has the potential to
the accommodate a larger number of solvent molecules. A
higher occupancy of “high energy” waters captured within the
cavity then provides a stronger enthalpy of ligand binding when
the solvent is displaced into bulk solution. This hypothesis is
consistent with previous models of enthalpic contributions
from the displacement of weakly ordered solvent structure
associated with partial site occupancy.”>”*® Moreover,
molecular dynamics simulations of related lipocalins® suggest
that there is low solvent density in the cavity (only a 20%
solvent occupancy of available space) which reflects cavity
architecture, amino acid composition, and poor solvent—solute
interactions. It is striking, however, that any enthalpic benefit
from the displacement of “high energy” water via this
mechanism does not provide any enhancement in binding
free energy because again adverse entropic effects (which we
assume to be associated with the formation of the more ordered
hydrogen bonded network found in bulk solvent) fully
compensate.

How many water molecules would be required to account for
the observed enthalpic benefits? Experimental estimates for the
enthalpy of formation of a single hydrogen bond in the gas
phase range from —12 to —25 kJ mol™'.* These estimates
would suggest that we can rationalize the changes in ligand
binding enthalpy to OBP3 mutants on the basis of net
differences in the formation of only a few new hydrogen bonds
arising from transfer of perhaps only a single additional water
molecule from a highly nonpolar “high energy” environment to
bulk solvent. This rough analysis would also appear to be
consistent with the cavity space of ca. 100 A®> generated by the
mutation of a Phe side chain to Ala.

A contrasting water-centric analysis of significant H/S
compensation effects associated with indistinguishable changes
in binding affinity has been described for a series of fluorinated
benzothiazole sulphonamide ligands binding to human carbonic
anhydrase (HCA).'* The conclusions, based on high resolution
X-ray structures of the complexes and ITC analysis, support the
hypothesis that changes to the electronic structure of the
fluorinated ligands lead to differences in the structure and
thermodynamic properties of water molecules associated with
the bound ligand that are important contributors to the H/S
compensation effects.

We considered this alternative mechanism; however,
compared with the effects of ligand fluorination, small
differences in ligand polarity within our series of aliphatic y-
lactones are unlikely to make a significant contribution in
enthalpically stabilizing any bound water surrounding the
ligand. Indeed, liquid hydrocarbon/water solubility models
show that there is little enthalpic benefit from water associated
with nonpolar surfaces.*® Alternatively, water could become
trapped in this cavity creating a pocket of “high energy” water
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close to the bound ligand. By definition, this would be an
endothermic process if these are weakly bound, which is
counter to the experimental observation of enhanced ligand
binding exothermicity. We conclude that the results of our
mutation studies are not readily rationalized by mechanisms
that require accommodation of additional water molecules in
the active site around these largely nonpolar aliphatic ligands.

The explanation of enthal(?y—entropy compensation effects
proposed by Lumry et al.>*~°" also invokes the involvement of
water molecules in the overall energetics of the ligand
interaction. Earlier work on the contribution of solvent
reorganization to the enthalpy of ligand binding highlighted
not only many examples of strongly enthalpy-driven small-
molecule—protein interactions but also X-ray structural analyses
accompanied by complementary computational studies, where
partial water occupancy of protein surfaces is indicative of static
or dynamic disorder that may contribute a significant
thermodynamic driving force for binding as water molecules
are displaced into bulk solvent.>>** The notion that an
expanded OBP3 binding cavity can accommodate one or a
few more “high energy” water molecules that are subsequently
expelled back into solution upon ligand binding suggests an
explanation for the experimental observations. Indeed, our
analysis strongly reinforces the role of solvent structural
changes within the binding cavity as a key modulator of ligand
bindin% energetics through enthalpy—entropy compensation
effects.>”"

These rather general requirements for ligand interactions
with the binding pocket are in keeping with the role of OBPs as
promiscuous binders that transport a range of different odorant
molecules®? rather than a single, specific ligand. In this regard,
we have demonstrated from NMR analysis at the individual
residue level that there is sufficient flexibility of the binding
pocket to allow its expansion to accommodate larger ligands—a
feature that endows OBP3 with a potential to transport an even
wider range of odorants. We have shown structurally and
thermodynamically how broad binding selectivity can be
achieved through the architecture of the binding cavity and
the subsequent reorganization and displacement of the solvent
structure within it. The latter makes a major contribution to the
energetics of the interaction and contributes to the strong H/S
compensation effects that appear to lead to the broad ligand
binding specificity observed for OBP3.
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