to calculate the lifetime of the intermediate,
and have detected — for the first time at the
single-molecule level — a primary hydrogen-
deuterium isotope effect during C-H(D)
bond cleavage. Following a rather elegant and
powerful experimental strategy, the single-
molecule experiments are directly compared
with bulk measurements. Although ensemble
experiments can capture such a kinetic effect
only when the step is rate-limiting, the single-
molecule experiments using the ‘nanoreactor’
approach allow direct measurement of

the isotopic effect whether or not the step
involved is rate-limiting.

The success of the single-molecule
experiments reported here lies in the ability
to correlate each distinct chemical adduct to
a well-defined change in the gating current.
However, there are still unresolved crucial
points that require a deeper understanding
of the molecular mechanisms of the process,
such as the relationship between chemical

structure and current intensity. Further
research in this field is likely to broaden the
scope and applicability of these approaches.
During the 1970s, the advent of patch-
clamp techniques revolutionized our
understanding of individual ion channels
within cells. Similarly, during the past
decade, single-molecule fluorescence and
picomechanical assays have fundamentally
changed our perspective on non-covalent
chemical reactions occurring within the
structure of a single biomolecule. The
challenge is now to find novel experimental
ways to thoroughly examine the bond-
breaking and bond-forming mechanisms
that take place within the time-course of a
covalent chemical reaction. Such details can
only be determined at the single-molecule
level, thus allowing direct interpretation
of the mechanisms that underlie chemical
reactions within the framework of quantum
mechanics. Therefore, it is likely that a

change in paradigm is emerging, shifting

the traditional view of test-tube ensemble
chemistry to the single-molecule realm. The
Bayley group is already en route. a
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Under water's influence

Hydration is known to affect molecular-recognition processes, such as those between proteins and ligands. Now,
theoretical simulations provide thermodynamic insight into cavity-ligand binding, revealing how it is predominantly
driven by the behaviour of the few surrounding water molecules.

Gerhard Hummer

ater is a crucial participant in
virtually all ligand-binding
reactions in biology, yet its
behaviour in these reactions is challenging
to understand. The association of a ligand
with its binding partner requires — at least
— the partial desolvation of the ligand,
the removal of water molecules from the
binding site, and the rearrangement of water
in the vicinity (Fig. 1a,b). These changes in
the hydration of the two binding partners
occur on a molecular scale, with only a small
number of water molecules directly affected.
Nevertheless, the contributions of water to
the binding energetics can be large.
Seemingly subtle changes in the
water hydrogen-bonding network are
often associated with large changes in
the interaction energy, with gains of
about 10 k; T per hydrogen bond formed
(where T is the absolute temperature
and k; is Boltzmann’s constant, with
kyT = 0.6 kcal mol™). As a result, the
contributions of water in ligand binding
tend to be large and not easily quantifiable,
unlike the contributions of simpler apolar
solvents. Consequently, water continues to

206

challenge the development of quantitative
descriptions of ligand-binding energetics.

Baron, Setny and McCammon have
now studied"” a simple model system using
molecular dynamics simulations to quantify
the role of water in ligand binding, and to
dissect the free energy of this association
process into contributions from enthalpy and
entropy. The thermodynamic signatures of
ligand binding emerging from their studies,
described in the Journal of the American
Chemical Society and the Journal of Chemical
Theory and Computation, are remarkable. For
a model receptor-ligand system, they show
that the free energy of the binding process
is dominated not by the direct interaction
between the ligand and its binding pocket,
but by the contributions of water. Moreover,
contrary to the common belief that it is the
entropy that dominates molecular-scale
hydrophobic interactions, in their model
system the association between an apolar
ligand and an apolar binding pocket is driven
by enthalpy, and opposed by entropy.

In the simulations, a spherical methane-
size ligand binds from bulk water into a
hemispherical pocket within an apolar

surface” For such a simple model system
the competing contributions from solvent
entropy and enthalpy can be disentangled,
and the polarity of the ligand and binding site
can be varied in a controlled way. Specifically,
both the charge of the ligand and the charge
at the centre of the binding pocket were
changed from -e, to 0, to +e. The binding
process was then characterized in each case
by calculating the Gibbs free energy surface
G(2) of the ligand as a function of its distance
() from the pocket (Fig. 1c). This ‘potential
of mean force’ was then further decomposed
into enthalpic and entropic contributions,
G(z) = H(z) - TS(2), where S is the entropy
and H the enthalpy.

Although this may be counter-intuitive,
the results revealed that ion pairs that formed
in the binding pocket (between solutes of
charge +e and pockets of opposite charge)
were bound in a less stable manner than
apolar ligands in a hydrophobic pocket
(where both participants were uncharged)'.
Moreover, distinct asymmetries were
observed between positive-negative and
negative—positive combinations of pocket-
ligand charges. The most unexpected finding,
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Figure 1| Schematic representation of a
ligand-binding reaction in water. a->b, As the
distance z of the ligand from the binding site
shrinks, water is displaced and reorganized.

¢, Thermodynamics of the binding process. For
an apolar ligand binding to an apolar pocket,

it is the hydration contribution that dominates
the binding. In particular, a surprising finding

is that the free energy G(2) that drives such
hydrophobic bindings can be dominated by
gains in the enthalpy H(z) that outweigh

losses in the entropy S(2)'2. These effects

are associated with, respectively, an overall
increase in water-water hydrogen bonds and the
suppression of solvent fluctuations in the ligand-
binding interface.

however, is the fact that the hydrophobic
binding between uncharged ligands and
pockets is strongly driven by enthalpy, and
opposed by entropy? (Fig. 1¢). This gain in
enthalpy on binding was explained by the
release of water from the pocket, and the
loss in entropy was interpreted in terms of
elimination of solvent fluctuations®> inside
the pocket.

The studies by Baron, Setny and
McCammon'? reflect both the growing
awareness of the importance of water in
ligand binding, and the increasing efforts
to develop quantitative descriptions of
hydration effects®”. The traditional approach
of calculating binding free energies by
combining continuum electrostatics for
polar interactions with surface-area models
for hydrophobic interactions is often more
successful than one might expect — but
it is almost bound to fail in cases where
rearrangements of individual water
molecules matter.

Friesner and collaborators® have
recently developed an approach to deal
with the contributions of the solvent to
the free energy of the ligand-binding
process, and to capture the effects of the
displacement of water from the binding
site. In this approach, the energy and
entropy of water removal from the binding
site were efficiently calculated by feeding
data obtained from molecular dynamics
simulations into an approximate statistical-
mechanical formalism. In particular,
the important entropic contributions
are estimated from low-order structural
correlations of the water molecules. This
method relies on the fact that the binding
of ligands with apolar groups tends to be
particularly strong if water is either absent
from the binding site at equilibrium, or if it
can be easily removed*”. In good agreement

with this, Baron and co-workers have
observed the strongest binding between
an apolar ligand and an apolar pocket, in
which partial dewetting takes place’ even
at equilibrium, indicating that water can be
easily displaced by the approaching ligand.
Understanding and quantifying the role
of water in ligand binding is not only of
academic interest but also of great practical
importance. Computer-assisted drug design
relies on accurate scoring functions to
provide reliable estimates of the binding
free energies of potential drug molecules
to their target sites. There is a growing
realization that gaining insight into the
behaviour of water at a molecular level is a
key requirement for more reliable scoring,
in particular if the binding site has extended
hydrophobic regions. The recent studies
based on molecular simulations'* point the
way towards more accurate modelling of
hydration contributions to ligand binding. O
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ENZYME DYNAMICS

Control of active-site compression

Compression of the active sites of enzymes has been linked to the bulk of amino acid side chains, but now
experiments highlight that the harder we look, the more curious the relationship between protein structure and

function becomes.

Judith P. Klinman

atalysis remains at the core of
chemical research, with its far-
reaching impact on both applied

and basic research. Our ability to design
and prepare new materials for converting

conventional industrial processes into
more environmentally friendly ones
and for developing sustainable energy
sources, are all intimately linked to the
availability of suitable catalysts. Biology
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offers us the ‘champion catalysts’ in the
form of enzymes, the best of which can
accelerate reactions up to 10%°-fold at room
temperature'. Yet, despite the vast research
on enzyme structure and function, our
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