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Role of Constraint in Catalysis and High-Affinity Binding by Proteins

Donald G. Vanselow
Glen Waverley, Victoria 3150, Australia

ABSTRACT Using a model for catalysis of a dynamic equilibrium, the role of constraint in catalysis is quantified. The intrinsic
rigidity of proteins is shown to be insufficient to constrain the activated complexes of enzymes, irrespective of the mechanism.
However, when minimization of the surface excess free energy of water surrounding a protein is considered, model proteins
can be designed with regions of sufficient rigidity. Structures can be designed to focus surface tension or hydrophobic
attraction as compressive stress. A monomeric structure has a limited ability to concentrate compressive stress and constrain
activated complexes. Oligomeric or multidomain proteins, with domains surrounding a rigid core, have unlimited ability to
concentrate stress, provided there are at least four domains. Under some circumstances, four is the optimum number, which
could explain the frequency of tetrameric enzymes in nature. The minimum compressive stress in oligomers increases with
the square of the radius. For tetramers of similar size to natural enzymes, this stress agrees reasonably well with that needed
to constrain the activated complex. A similar principle applies to high affinity binding proteins. The models explain the trigonal

pyramidal shape of fibroblast growth factor and provide a basis for interpretation of protein crystal structures.

INTRODUCTION

The aim of this work was to elucidate the role of constraint
in catalysis and high affinity binding by a soft polymer such
as protein and to design model proteins with sufficient
constraint to support catalytic or binding functions. The
characteristics of the model proteins were then compared
with real functional proteins.

Background

An early proposed mechanism for enzymic catalysis was
that the enzyme was able to mechanically strain a particular
bond of a target molecule and thus provide the activation
energy needed for rapid reaction. However Levitt (1974)
used molecular modeling techniques to simulate the action
of lysozyme and showed that it was mechanically impossi-
ble for a model protein structure to apply any significant
strain to a model covalent bond because the bonds thought
to govern protein structure were much softer than the target
covalent bond. In other words, according to the ssimulation
of Levitt (1974), protein was not sufficiently rigid to con-
strain a highly strained covalent bond.

Hackney (1990), in a thorough review of theories of
enzyme function, drew attention to the inability of an en-
zyme to support a strain mechanism, as follows: “. . . little
force is required to deform the enzyme dlightly...a
strained (enzyme-substrate complex) could readily relax to
an unstrained conformation by small, low-energy move-
ments.” Hackney (1990) went on to describe entropic mech-
anisms of catalysis including proximity and orientational
(orbital steering) effects, noting that these effects depend on
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restraint or constraint of the atoms involved. However,
Hackney (1990) did not discuss the restraining or constrain-
ing forces in the same way that he did for the strain mech-
anism. Perhaps it was mistakenly thought that the restraint
or constraint of a low entropy state did not involve forces.

Glennon and Warshel (1998) used computational meth-
ods to simulate the action of ribonuclease. By assuming that
a number of atoms of the active site and substrate held
constrained positions relative to each other, they showed
that the simulated interactions between the substrate and
those atoms could account fairly well for the experimentally
observed catalytic effect. These authors found an approxi-
mate value for the necessary constraints but did not show
the source of the constraints. They speculated that if they
were able to model the protein more completely, the need to
apply artificial constraints would disappear. Finally, Glen-
non and Warshel (1998) seemed to acknowledge the prob-
lem of constraint in a catalytic protein when they wrote,
“Although the electrostatic model requires much less pre-
cise orientation than the orbital steering model, one may
wonder how what looks as a rather small structural rear-
rangement can result in large free energy changes (the
energy of flexible systems is not strongly dependent on
small structural changes).” They suggested that this diffi-
culty should be the subject of further studies. However, to
date there has been no generalized theoretical study of the
magnitude of the forces acting on the atoms of the active
site, nor of structural features needed to maintain the atoms
in constrained positions during catalysis.

Therefore the problem first encountered by Levitt (1974)
may still remain. Are protein structures, as they are cur-
rently understood, rigid enough to hold the atoms of the
active site so that they can impart a large amount of acti-
vation energy through a short motion of the reacting spe-
cies? As shown in the Appendix, the question should be
asked of any proposed mechanism of enzyme action and not
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just those that are largely enthalpic, such as bond strain and
electrostatic mechanisms.

The model described in the Appendix shows that, irre-
spective of the mechanism of catalysis, the active part of a
catalytic material must have an effective modulus of elas-
ticity not less than the stress or pressure exerted by the
activated complex, or intermediate states, on which it does
reversible work. If this is not so, the work is distributed
throughout the material, and very little is applied to the
activation of the reactants.

In the case of an enzyme-catalyzed reaction, the force
exerted by the activated complex or intermediate states can
be estimated by assuming that the energy of activation is
reduced linearly over the distance of interaction of the
reactants, i.e., that there is a constant force applied during
activation. This assumption may underestimate the maxi-
mum force but is adequate for the present purpose. The
stress is then calculated by dividing by the assumed cross-
sectional area of the activated state.

Stress = AE/(A X AX) (1)

in which AE, is the reduction in energy of activation, Ax is
the distance over which activation occurs, and A is the
cross-sectional area perpendicular to Ax. A maximum value
for AE, was estimated by Ji (1974) to be 40 kJ/mol, which
is equivalent to 6.6 X 10°?° Jmolecule. Glennon and
Warshel (1998) estimated AE, for ribonuclease, a particu-
larly effective enzyme, to be of the order of 80 kJ/mol. The
value estimated by Ji (1974) isused in the present model. Ax
is estimated to be of atomic dimensions with a value of
10" m, and A is similarly estimated to be 4 X 10~2° m?,
Using these values, the force of activation is 6.6 X 10 1°
newton and the stress is calculated to be 1.7 X 10'° Paor 17
GPa

The same argument can be applied to any other atoms or
orbitals in the active site whose position is critical to main-
tenance of the activated complex. In the models of Glennon
and Warshel (1998), the activated state was reached in two
steps, and up to five atoms were simultaneously involved.
Consequently, the forces were spread over a larger cross-
sectiona area, reducing the stress. Even so, the modeled
catalytic effect depended on certain atoms being constrained
by harmonics of the order of 12 kJ mol~* A=2 If it is
assumed that each of the constraining harmonics was pro-
vided by an interaction of atomic dimensions, i.e., by an
interaction with an unstrained length of 10~*° m and cross-
section of 4 X 107%° m?, this value for the harmonic is
equivalent to an elastic modulus of 5 GPa. Measurements on
macroscopic proteinaceous materials show that the elastic
modulus of wet structural materials (von Recum, 1986)
ranges from 0.05 GPa (heart valve) to 1.0 GPa (tendon).
Measurements on flat arrays of wet hexagonally packed
intermediate (HPI) protein molecules using the atomic force
microscope (MUller et a., 1999) suggest that a force of the
order of 10 pN applied over an area of ~2 nm radius
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deforms the protein by ~0.1 nm. According to Baumeister
et a. (1986), the hexagonally packed intermediate layer is
6.5 nm thick. From these measurements, the modulus of
eladticity of these protein molecules can be estimated to be
of the order of 0.05 GPa and certainly not more than 0.5
GPa. Recently Kharakoz (2000) quoted avalue of 5 GPafor
the Young's modulus of protein crystals. However, as this
value is much higher than the value for bone (1.7 GPa
according to von Recum (1986)), there must be some doubt
about it. If it were possible for protein to have such a high
modulus of elasticity there would be no reason for bone to
exist in nature. Therefore, the balance of evidence indicates
that the intrinsic rigidity of typical protein material is char-
acterized by a modulus of elasticity of the order of 0.1 GPa
or less, whether it is measured in macroscopic specimens or
on amolecular scale. Thisis not surprising because, in both
cases, the internal noncovalent interactions allow strain to
occur with relatively little energy requirement. These cal-
culations and measurements lead to the conclusion that
protein structure appears to be not stiff enough to support
strong catalysis.

Reference to a table of elastic moduli (Kaye and Laby,
1995) indicates that only rigid inorganic materials have
elastic moduli of sufficient magnitude.

Source of reversible work

The model described in the Appendix shows that it is a
requirement of catalysts, that they do reversible work on the
reaction they catalyze. In the case of inorganic catalysts, the
reduction in the energy of activation is relatively small and
the source of reversible work is most probably the energy of
binding of the reactants/products to the catalyst. For enzy-
mic catalysis, this source of reversible work is unlikely
because the amount of work required is much greater, while
the participants in the reaction, including the enzyme, are
usually chemically unreactive.

Hypothesis

It is proposed that the only circumstance under which a
coiled protein macromolecule could acquire the rigidity to
constrain the activated complex or intermediate states of a
typical biochemical reaction would be under extreme pres-
sure imposed by structure beyond the active site. The source
of this pressure is proposed to be the surface excess free
energy arising from the polar component of the cohesive
energy of water (Van Oss, 1994). Its value is half the polar
component of the cohesive energy of water and is estimated
to be 51 mIm~2 (Van Oss, 1994). Sharp et al. (1991) used
avalue of 72 cal mol~* A~2 which isequal to 50 mJm~2.
Surface excess free energy around a liquid sphere produces
an internal hydrostatic pressure. To the extent that the
material in a small protein sphere has solid properties, the
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internal forces are better described as stresses. It is postu-
lated that if the geometry of the solid region is well de-
signed, much of the pressure, or interna stress, can be
focused on the active site during activation and deactiva-
tion. By this means, sufficient rigidity may be generated to
constrain the activated complex of a higher order reaction
mechanism. (The model described in the Appendix shows
why higher order reaction mechanisms require less con-
straint than lower order reaction mechanisms.)

Furthermore, it is suggested that, by means of a tetrahe-
dral arrangement of four separate protein molecules or
structural domains, the stresses arising from the surface
excess free energy of water can be further concentrated into
the center of the cluster, generating sufficient rigidity to
constrain the activated complexes of even the lower order
biochemical reactions.

Asin the model catalytic device described in the Appen-
dix, it is proposed that these states of high compression are
imposed reversibly, transiently, and randomly.

Because the constraining force is constantly applied
throughout the movement of the reacting atoms, it can be
seen to be the ultimate source of the work of activation.

The constraint generated by the surface excess free en-
ergy of water isthus an important part of the function of an
enzyme. Whereas the mechanism determines the nature of
reactants and products as well as the energy of activation to
be overcome, it is the constraint that allows the mechanism
to function and ultimately supplies the energy of activation.
The relationship between mechanism and constraint is in
some ways like the rel ationship between the gears of a clock
and the frame that holds them in place. Both are necessary
for function.

DESIGN OF THE STRUCTURE OF A MONOMERIC
PROTEIN ABLE TO CONSTRAIN AN
ACTIVATED COMPLEX

Protein material is not uniformly soft. Its softnessrelative to
some other materials arises from the lack of a three-dimen-
sional network of strong bonds and the freedom of rotation
about those strong bonds that are present. The largest struc-
tures not subject to distortion by bond rotation would be
tetrahedral groups of directly covalently bound atoms such
as the a-carbon of each amino acid, together with the atoms
to which it is directly bound. This group would constitute a
rigid body of ~0.21 nm radius. Within a solid globular
protein, concentration of the compressive stress from the
surface is possible because of the finite size of such rigid
groups of atoms in the solid lattice. Fig. 1 illustrates this
concept. Within an otherwise closely packed compressed
|attice the presence of an oversized subunit has the effect of
redirecting the forces between nearby lattice members onto
itself. If the lattice is designed so that the bound reactants
form an oversized subunit, they will be subjected to a large
part of the compressive stress in the vicinity. Mechanical
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FIGURE 1 Two-dimensiona illustration of the concentration of com-
pressive forces onto an oversized sphere in alattice. Most circumferential
contacts are broken, resulting in most of the compressive forces being
transmitted through the oversized sphere.

analysis of a sector of a close-packed three-dimensional
model of hard spheres shows that as the size of the array of
spheres increases, the potential for stress amplification in-
creases as the square of the radius of the array, but the
amount of stress bypassing the center also increases with the
size of the array. Furthermore, it is well known that the
pressure generated inside a spherical object by surface ex-
cess free energy is inversely proportional to its radius. The
overall result of these mechanical and surface effectsis that
the central compressive stress in such an array does not
change much as subsequent layers of hard spheres are added
beyond the first layer. To be more accurate, the model of
Sharp et al. (1991) for the magnitude of the surface excess
free energy around very small spheres was used, taking care
not to confuse surface excess free energy with surface
tension. Under the model of Sharp et a. (1991), surface
excess free energy and surface tension are no longer nu-
merically equal. The surface generated stress, or pressure,
was calculated as dG/dV of the system, in which G is the
total free energy and V is the volume of the spherical array.
Defining AGg,, as the surface excess free energy per unit
surface area with infinite radius of curvature, the model of
Sharp et al. (1991) was written as:

in which AGgy, is the surface excess free energy per unit
surface area of a sphere of radius R and a is the radius of a
water molecule. By differentiating, it can be shown that:

dG/dV = AG.(2R + 3a)/(R + a)? 3)

The result was that asingle layer of 12 hard spheres around
the central, dightly oversized sphere would experience a
surface pressure approaching 0.14 GPa and concentrate the
compressive stress by a factor approaching nine to a value
of up to 1.3 GPa on the central sphere. Addition of further
layers would produce a slight decrease in the central com-
pressive stress. Note that as the central sphere approaches
the same size as the surrounding spheres, a number of new
contacts begin to form between the surrounding spheres.
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This would alow Van der Waals attraction to aso contrib-
ute asmall amount to the compressive stress. For simplicity,
this possibility has not been included in the calculations.

In areal solid lattice there is some atomic vibration, so
that the time-averaged behavior of the clusters of atoms
would be softer than the hard sphere model. A hard sphere
model probably overestimates the ability of real structures
to concentrate stress. However, this model suggests that
there is the potential for a polypeptide molecule in water to
catalyze a high order reaction mechanism weakly. Remem-
bering that the hard spheres of the model corresponded to
the a-carbon and nearest neighbor atoms of amino acids,
and ignoring the possibility that some side-chain structures
could play a role, this model suggests that a catalytic
polypeptide must contain at least 12 amino acids. Such a
cluster would have a radius of at least 0.63 nm.

Higher level structures may assist
stress concentration

The above model of a monomeric polypeptide catalyst
produced a maximum internal compressive stress well short
of the stress required to constrain the activated complexes
discussed earlier. Possibly this shortcoming of the model
could be partialy overcome by considering larger groups of
atoms as sufficiently hard bodiesin the outer layers of larger
arrays. Thiswould be justified by the lower stress present in
the outer layers of large arrays. However, a detailed con-
sideration of the surface excess free energy of water shows
that the above shortcoming in compressive stress can be
totally overcome by forming oligomeric clusters of protein
molecules or structural domains.

Distribution of the surface excess free energy
of water

It is assumed in computational chemistry that the surface
excess free energy of the water/organic interface (Sharp et
a., 1991) resides in the water molecules at the interface.
According to such a view, the surface excess free energy of
two organic surfaces coming together would be released
only when the water molecules at the interfaces are dis-
placed by the meeting of the surfaces. However, experimen-
tally, it is found that the hydrophobic attraction between
surfaces is still measurable at quite large separations (Is-
raelachvili and Pashley, 1982). Therefore, the surface ex-
cess free energy of water must be distributed to a consid-
erable distance from an interface. Applying the Derjaguin
approximation (Israelachvili, 1991) to the attractive force
data, the free energy of separation of infinite flat surfaces
can be shown to be of the form (Van Oss, 1994):

AGIA = Ee P/Po 4

in which A is the unit area of each flat surface, E; is the
polar component of the cohesive energy of water with a
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value of 102 mJm™ 2, D isthe separation between the plates,
and Dy, is a constant decay length of ~1 nm.

This energy-separation relationship can be converted into
a distribution of surface excess chemical potential as fol-
lows. The water near an interface can be considered to have
a surface excess chemical potentia related to the amount of
surface nearby as well as the distance from the surface. A
model having these properties, aswell as exponential decay,
can be expressed mathematically as:

4
Mo xilxo
p=o f e dg (5)

0

inwhich w isthe excess chemical potentia of an element of
water located at distances X; from incremental elements of
interface subtending solid angles of d6 steradians. u, is a
constant equal to the chemical potential at the surface of a
flat interface in the absence of other interfaces, and X, isthe
decay length of the exponential function.

By summing the chemical potentials of finite elements of
water between two infinite flat plates at various separations,
one can find a relationship between separation and free
energy that very closely approximates to the energy-sepa-
ration relationship observed experimentally.

For example, with E equal to 102 m¥m? and D, assumed
to be 1.00 nmin Eq. 4, substitution of wq = 6.53 X 10" Jm?®
and X, = 1.55 nm into Eq. 5 produces an almost identical
relationship between energy and separation over the range
0.5 to 40 nm. In fact, the decay length (D) of hydrophobic
attraction cannot be measured with such accuracy and may
well depend on other factors (Van Oss, 1994), but for the
present purpose it is assumed to be known accurately. It
must also be pointed out that the chemical potential model
only matches experimental results if changes in the amount
of water between the two flat plates are taken from, or added
to, apool of water with very small surface excess chemical
potential, i.e., bulk water. The model predicts that, in very
concentrated solutions, in which all water has a substantial
surface excess chemical potential, the hydrophobic attrac-
tion would be reduced. In extremely concentrated solutions,
the model predicts reversal of hydrophobic attraction. Per-
haps this dependence of hydrophobic attraction on solute
concentration is reflected in the phenomenon of aggregation
on dilution, recently reported by Samal and Geckeler
(2001).

The advantage of this model is that it describes well the
interfacial forces and energies of the simple geometry for
which experimental data exist and can be used to estimate
the interfacial effects of more complex geometries, such as
edges.

The curvature effect of Sharp et a. (1991) was not
included in this model because it is a relatively small
correction for the larger structures considered below.

Inspection of the model reveals that the contribution of a
unit of surface area to the total free energy of surrounding
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FIGURE 2 Trigona quartersphere.

water isthe same for convex and flat surfaces but is reduced
for concave surfaces or surfaces facing one another.

Attraction between very small flat surfaces at
very small separations

The above model was used to estimate the edge effect of
two flat surfaces 4 nm across and separated by 0.3 to 0.8
nm. The edge effect was found to be only a few percent of
the total attraction and was therefore neglected in the fol-
lowing calculations.

Design of the structure of a tetrameric protein
able to constrain an activated complex

A segmented sphere has been used in the field of high
pressure chemistry to constrain a reaction by concentrating
pressure or compressive stress. Such a device was designed
in the early 1940s by Baltzar von Platen to concentrate
hydrostatic pressure for the synthesis of diamonds (Davies,
1984). The device consisted of six square pyramida seg-
ments of a steel sphere enclosed in awatertight copper skin.
The whole assembly was immersed in a pressurized tank of
water. The device produced the first synthetic diamonds in
1953. An equivaent tetrahedral arrangement of compres-
sive pistons was conceptualized by P. W. Bridgman and
constructed by H. T. Hal in 1957 for the synthesis of
diamonds (Davies, 1984).

It is proposed that a similar arrangement of protein do-
mains could concentrate the compressive stress arising from
surface tension. Unlike von Platen’s device (Davies, 1984),
such an arrangement would not have to be watertight, as it
would not concentrate external hydrostatic pressure.

The basic architecture proposed can be described as a
sphere composed of four identical trigonal quarterspheres as
shown in Fig. 2. The active site of each quartersphere is
located near the center of the sphere (i.e., near the trigonal
apex of each quartersphere), and each site is occupied either
by the reactants in some stage of activation or by other
components of the solvent environment. Each quartersphere
is compressed between its apex and the curved surface but
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also subject to hydrophobic attraction to adjacent quarter-
spheres, to produce a resultant compressive stress directed
toward the center of the sphere. Apart from the hydrophobic
attraction, each quartersphere has no substantial mechanical
interaction with the other quarterspheres except near the
trigonal apex at the center of the tetrameric sphere. The
thickness of the crevice between adjacent faces of quarter-
spheres is sufficient to admit a layer of water, for example,
0.6 nm thick. As the cross-sectional area of the quarter-
sphere becomes smaller toward the apex, the compressive
stress is concentrated and the properties of the protein
material become increasingly those of asolid. Near the apex
of the quartersphere, mechanical contact occurs with the
other quarterspheres and a region of very high rigidity is
formed. Because the compressive stresses converge from
the four tetrahedral directions, thereis no direction in which
there is a zero resultant compressive stress. There is, how-
ever, a variation in the compressive stress with direction.
Geometric cal culations show that the compression reaches a
maximum along the three twofold symmetry axes and a
minimum in directions perpendicular to the six planes of
symmetry, the maximum exceeding the minimum by a
factor of the square root of two. Table 1 lists the relative
minimum compressive stresses obtainable using various
numbers of subunits or domains in the constraining cluster.
It can be seen that a tetrameric cluster is more effective than
other clusters of small numbers of subunits, for a given
radius. However, octamers and higher polymers would be
still more effective by this geometric criterion. In real cat-
alytic proteins there may well be other criteria determining
the most effective number of subunits. For example, some
flattening of the curved surfaces may be alowable. These
other criteria will be discussed later.

If the cluster is designed such that the central region of
high rigidity corresponds to the array of rigid spheres
described for a monomeric catalyst, then the scope for
focusing compressive stress onto a central catalytic siteis
unlimited.

The final part of the design is the construction of a
catalytic site with suitable geometric and chemical proper-
ties, i.e, the provision of a mechanism. Mechanism is
beyond the scope of this paper.

Electrostatic effects to stabilize subunit
separation in oligomeric clusters

The hydrophobic attraction between surfacesin water grows
stronger as the separation decreases (Israelachvili and Pash-
ley, 1982). If this were the only force between faces of
adjacent subunits, the arrangement of minimum energy
would be asymmetric. Most of the crevices between adja-
cent subunits would close, whereas one would open up as
required by the geometry. The minimum compressive stress
would be greatly reduced. To overcome thisinstability there
would have to be a very short-range electrostatic repulsion

Biophysical Journal 82(5) 2293-2303
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TABLE 1 Minimum compressive stresses generated by optimally segmented spheres
Number Symmetry Minimum
of segments of force vectors compressive stress Explanation
2 Linear 0 Because the two vectors are colinear there is a plane through the center of
the sphere and normal to the vectors, in which the net force is zero
3 Triangular 0 The three vectors are necessarily coplanar. There is an axis through the
center of the sphere and normal to the plane, along which the net force
is zero
4 Tetrahedral 0.608P(r,2 — r,2)Ir,? Minima are along axes normal to planes containing any two vectors
5 Trigona bipyramidal 0.578P(r, — r,2)Ir,? Minima are along axes normal to planes containing any three vectors,
either all equatorial or two polar and one equatorial. These minima are
simultaneously maximized when the angle at the apex of each polar
segment face is 100.3 degrees
6 Octahedral 0.554P(r,2 — r,2)/r,? Minima are along force vectors
8 Cubic 0.707P(r,? — r,2)Ir,? Minima are along axes normal to planes containing any four vectors
Infinite P(r,2 — r2)r?

Note: r,, outer radius of sphere; r,, radius of inner core; P, attractive force per unit area of interfacial surface.

attenuating the hydrophobic attraction at low separations,
less than, e.g., 0.5 nm. With the net attractive force not
increasing below this separation, perhaps even slightly de-
creasing, the subunits would maintain equal separation av-
eraged over time from al neighboring subunits. Such an
electrostatic repulsion could be achieved by having suffi-
cient dipoles or charges at the protein-water interfaces. The
increasing exclusion of the high dielectric medium, water,
from the interfaces as they approached each other would
produce €electrostatic repulsion (Israelachvili, 1991).

Model energy-displacement curves

Fig. 3 depicts the proposed Gibbs free energy-displacement
relationships in each tetrameric catalytic protein during re-
action at equilibrium. The use of straight lines is schematic,
but the energy levels depicted are realistic. At the molecular

T

Free Energy X 10%° (joule)

1 05 0 05 1
Reaction coordinate X 16'® (m)

FIGURE 3 Free energy/displacement relationshipsin amodel tetrameric
catalytic protein. ABC isthe free energy of the interfacial water as subunits
approach and recede from each other. ADC is the free energy of activation
of the reactants and catalytic site. AC is the total free energy of the
assembly. AC lies entirely within a hatched band, which is 2 kKT high. All
free energies are relative to unbound catalyst and reactants.
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scale the straight lines represent series of minute quantum
steps in energy and configuration. Lines ABC represent the
free energy of the interfacial water between the faces of
adjacent quarterspheres. It is assumed that the curved sur-
face of each quartersphere does not change during catalysis,
and hence there is no change in the free energy attributable
to the outer surfaces. Lines ADC represent the free energy
of activation of the reactants and catalytic site. The total free
energy of each reacting system (curve AC) isthe sum of the
two free energy-displacement relationships and lies within
the hatched zone, which is 2 kT wide. (As outlined in the
Appendix, restricting total free energy changes to one or
two times KT allows frequent random transitions from one
state to another.) All free energies are relative to unbound
catalyst and reactants. Curve ABC is symmetrical with
slope AB equal to slope BC. The slope is ultimately defined
by the radius of the protein cluster. The sloping parts of
curve ADC are defined by the energy-displacement proper-
ties of the reactants and products interacting with the cata-
lytic site. That is, they are determined by the mechanism. In
general, curve ADC would not be symmetrical because the
slope for the reactants would differ from the slope for the
products. However, appropriate design of the mechanism
could minimize the asymmetry and hence the residual en-
ergy of activation represented by the difference between the
highest and lowest points of curve AC.

It is unlikely that the constraint and/or stressing of mol-
ecules other than those to which the site is suited would
result in a reaction. Selectivity would be based on the
mechanism of interaction between precisely located atoms
and orhitals, constrained by the steep energy-displacement
curves of the compressed solid protein.

Equilibration of the active site with the
bulk solution

The simple model above describes only the structure nec-
essary to constrain the activated complex. It would need
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considerable elaboration at atomic detail to also describe a
series of states allowing rapid exchange of reactants and
products with the bulk solution. Presumably such transient
states would include relaxation of the compressive stress.
Features that could allow such states to exist might include
electrostatic repulsion between subunits at separations just
beyond the separation needed for constraint of the activated
complex and provision of alternative sites for stress con-
centration. It is particularly important that the catalytic site
is not compressed when there is insufficient matter (reac-
tant, product, or solvent) within it to reverse the compres-
sion in a reasonable time. The action of Van der Waals
forces in maintaining essentially close packing of atoms in
the liquid or solid phases could possibly ensure that the
catalytic site is very seldom empty of all atoms and could
make “irreversible’” compression a rare event. However,
most real enzymes appear to gradually “fall” into an inac-
tive state, especialy in the absence of the reactant or prod-
uct (Schmid, 1979).

As the atomic structures of real enzymes become better
understood, the nature of the states allowing exchange with
the bulk solution should become clearer.

Comparison with real enzymes

The above model catalytic proteins resemble real enzymes
in many qualitative aspects. They depend on the presence of
at least afilm of water around them for catalytic function, as
appears to be the case for real enzymes (Marty et a., 1994).
By virtue of their (transient) rigidity, they are expected to be
extremely selective with respect to reactant and product, as
is observed for enzymes.

Quantitatively, a comparison is possible between the
compressive stress that could be generated by model pro-
teins of the same size as real enzymes and the compressive
stress required to constrain the activated complex of an
enzyme. For monomeric enzymes this comparison is not
very instructive because the model predicts that compres-
sive stress does not greatly depend on size beyond a very
small minimum. Furthermore, in the case of monomeric
enzymes with macromolecular substrates, such as the ribo-
nuclease modeled by Glennon and Warshel (1998), it is
possible that the substrate has an important structural role
and serves as an extra member of a constraining cluster.

However, comparison of oligomeric enzymes with their
model counterparts does reveal some similarity. The mini-
mum compressive stress focused by a cluster of quarter-
spheresis listed in Table 1 as 0.608P(r5 — r3)/r3) in which
r, is the outer radius of the sphere, r, is the radius of the
central zone onto which the stress is focused, and P is the
attractive force per unit area between adjacent faces of
quarterspheres. The force (F) per unit area (A) generated by
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TABLE 2 Numbers of subunits in the hydrolase class of
enzymes (Schomburg and Salzmann, 1991)

Number Total
of subunits 1 2 3 4 5 6 7 8 Other reports

Number of reports 91 106 6 70 2 13 1 15 27 331
Percentage of 275 320 18 211 06 39 03 45 82 100.0
reports

surfaces, for instance, 0.6 nm apart is calculated from the
force law equivalent to Eq. 4 (Van Oss, 1994).

FIA = (E/Dje ™™ = P (6)

in which F is the force of attraction, equal to dAG/dD, and
other symbols are defined as for Eq. 4.

Taking the outer radius of real oligomeric enzymes to be
in the range 3 to 7 nm and the radius of the most rigid solid
core to be 0.63 nm (as used in the model of a monomeric
catalyst), the focused compressive stress on the outside of
the solid core was calculated to be from 0.7 to 4 GPa. As
was calculated for the model of a monomeric constraining
protein, the solid core can concentrate compressive stress up
to a further ninefold at the active site. Therefore, the com-
pressive stress at the active site could range from 6 to 36
GPa. Thisis sufficient to oppose the stress generated by the
model activated complex and thus constrain and stabilize it.
The possibility that the large size of enzymes is connected
with the need for precise aignment of functional groups
was suggested by Knowles (1991). In the presence of ther-
mal motion, precision requires rigidity, and the precise
(pre)arrangement of atoms and their orbitals, opposed by
entropic and nonentropic forces, requires thermodynamic
work to be done.

Another comparison with real enzymes is possible by
surveying known enzymes for the occurrence of tetrameric
structures. Table 2 lists the occurrence of various numbers
of subunits in the hydrolase class of enzymes (Schomburg
and Salzmann, 1991). Table 3 lists similar data for whole
enzymes of any type, compiled from a CD-ROM database.
Tetrameric forms clearly predominate over trimeric and
higher forms. Monomeric and dimeric forms appear to
outnumber all others in literature reports. However, they
include many enzymes with more than one domain (Janin
and Wodak, 1983). Using the same database from which
Table 3 was compiled, it was found that where the domain
structure of homodimeric enzymes was reported most sub-
units contained two domains. These dimeric enzymes were
therefore mechanically equivalent to tetramers. Table 1
compares numbers of model subunits according to the min-
imum compressive stress they can generate. A tetrameric
structure produces a greater minimum stress than other
oligomeric structures up to octamers. Therefore, to produce
a given minimum compressive stress, the size of a tet-
rameric cluster can be smaller than other small oligomers.
By the criterion of efficient use of protein per spherical
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TABLE 3 Numbers of oligomers recorded in a database* of biochemical literature
Keyword (including Homo- or Homo- or Homo- or Homo- or Homo- or Homo- or
adjectival and plura forms) heterotrimer” heterotetramer heteropentamer heterohexamer heteroheptamer heterooctamer
Number of reports referring to 7 48 0 3 0 1

whole enzymes

*Cambridge Scientific Abstracts, Life Sciences, January 1990 to June 1993. Silver Platter International N.V.
"Most reports of trimers describe parts of functional units and have been excluded from the count.

cluster, tetrameric clusters appear to be better structures
than other oligomers up to and including hexamers but less
efficient than octamers and higher polymers. However, if it
is assumed that the protein is strong enough to withstand
some flattening of the curved surfaces, calculations show
that it is possible to reduce the volume of materia in the
clusters without reducing the minimum compressive stress.
Thisisparticularly true for the tetramer. If surface flattening
is alowed, calculations show that tetramers become more
efficient than octamers. To further complicate the compar-
ison between model and real enzymes, it is unclear which
part of the catalytic processiscritical in the natural selection
of enzymes. If it is the events at the active site, then the
higher polymers, with more sites per cluster, would be
favored. Alternatively, the rate of encounter of reactants
with the surface of the cluster could be rate limiting under
physiological conditions, rendering the number of active
sites per cluster less important.

A further comparison might be provided by x-ray crys-
tallography of enzymes. The model described above is
dynamic. To function, its parts must be rapidly moving
distances of 0.3 nm or more relative to each other. Any
enzyme resembling the model might therefore be expected
to lose its activity on crystalization. However, with the
inevitable imperfections in crystal structure, some enzyme
molecules might be incorporated at sites where sufficient
flexibility remained to allow catalytic activity. Unfortu-
nately, such catalytically active enzymes would probably
not produce a detectable x-ray diffraction pattern, either
because of their free therma motion or because they are a
minor or randomly oriented component of the crystal. For
enzymes with dynamic mechanisms, the best one could
hope to find, through x-ray crystallography, would be con-
strained structures that do not differ too greatly from the
active forms. In fact, structures of crystallized enzymes, on
initial inspection, show no evidence of spherical clusters
with centrally located active sites. Perhaps the high concen-
trations of protein or other solutes at crystallization weakens
hydrophobic attraction, as discussed above, resulting in a
tendency toward minor rearrangements of subunits to pro-
duce packings more compatible with crystal lattices.

It is frequently reported that a crystalline enzyme retains
some catalytic activity. As discussed above, this does not
necessarily mean that the reported crystal structure resem-
bles a catalytically active state. The reported crystal struc-
ture represents only the most ordered, orientated, and im-
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mobile components of the crystal. Perhaps the theory
developed here provides a basis for the reinterpretation of
protein crystal structures, e.g., it provides an explanation for
the structure of fibroblast growth factor, described by many
as “trigona pyramidal” (Zhu et al., 1991; Eriksson et al.,
1991; Nugent and 10zzo, 2000) or as a “trefoil” (Pellegrini
et al., 2000). It suggests that this protein hormone could act
by concentrating stress in association with the binding do-
mains of areceptor protein. However, x-ray crystallography
of fibroblast growth factor in association with its receptor
domains (Pellegrini et al., 2000) does not show, on first
inspection, evidence of a stress-concentrating cluster of
domains.

Finally, the observed volume of activation of atetrameric
enzyme (Somero et a., 1977) can be compared with the
model. The Gibbs free energy of activation (curve ADC of
Fig. 3) includes a pressure X volumeterm. In the model, the
region of convergent stressesis the only part of the structure
that changes volume during activation and deactivation of
the reactants. At elevated hydrostatic pressure, the pres-
sure X volume term would become significant and curve
ADC would be lowered. The difference between the highest
and lowest points of curve AC would therefore be reduced.
The volume change of full activation at the site of reaction
can be estimated from the figures used above for calculation
of the stress generated by activation. The volume change is
equal to —AAx and has avalue of —4 X 10~ m3. In the
model, this volume change would be magnified by the
region of convergent forces by afactor of up to 9, onelattice
unit away from the site of reaction, to a value of approxi-
mately —4 X 10~2° m*. However, only part of this volume
change occurs during the rate-limiting step of the catalyzed
process (the small step on curve AC). For the left to right
reaction in Fig. 3, the measurable volume of activation
could be a fraction of the full volume change. The magni-
tude of the measured volume of activation of the tetrameric
enzyme lactate dehydrogenase at low salt concentrations is
1.3 X 10% m*molecule (Somero et al., 1977), which is
consistent with the above. The sign of the volume of acti-
vation reported by Somero et a. (1977) was positive, sug-
gesting that the rate limiting process at high pressures
occurred during reexpansion of the compressed complex, as
shown for the left to right reaction of Fig. 3. For other
reactions it may well be negative, depending on the relative
slopes of AD and AB.
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Free Energy X 102° (joule)

105 0
Binding coordinate X 10 ™™ (m)

FIGURE 4 Free energy/displacement relationshipsin amodel tetrameric
binding protein. The upper thin line is the free energy of the bound
molecule occluded in the binding site as a function of the binding coordi-
nate (compression of the binding site), the lower thin line is the free energy
of interfacial water between subunits as they move closer together, and the
thick lineisthetotal free energy of the system. All free energies arerelative
to the unbound state of protein and molecule.

Design of a high affinity binding protein

A tetramer constructed like the model constraining protein,
but enclosing a molecule in such a way that there is little
resistance to compression, would act as a high affinity
binding protein. Without the need to impart activation en-
ergy (curve ADC of Fig. 3), more of the work done by the
interfacial water between adjacent faces of subunits (curve
ABC) could be used to offset the free energy of binding
from very low concentrations. That is, the total free energy
of each bound system would be very much lower than the
free energy of unbound molecule and protein. Thisisillus-
trated in Fig. 4, where the upper thin line is the free energy
of the bound molecule occluded in the binding site, as a
function of the binding coordinate (compression of the
binding site). The lower thin line is the free energy of
interfacial water between subunits as they move closer
together, and the thick line is the total free energy of the
system.

As discussed in the Appendix, this lowering of free
energy of the bound system in the compressed bound state
would shift the binding equilibrium strongly in favor of the
bound state. Binding specificity would depend on the ligand
in the binding site having a smaller volume than would be
possible when other constituents of the medium occupied
the binding site.

The occurrence of tetrameric or four-domain structuresin
binding proteins is common. A notable example is the
binding fragment of an antibody, which is made up of two
protein chains, each comprising two globular domains of
~100 amino acids, as described by Colman et a. (1987).
The present “binding by occlusion” model cannot describe
binding of intact macromolecular antigens—they can be
described instead by the simple interfacial effects of hydro-
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phobic attraction and electrostatic repulsion (work in
progress). Suitable antibodies do, however, bind low mo-
lecular weight molecules with high affinity and specificity
(Janin and Wodak, 1983). Such binding seems difficult to
explain except by the present model.

DISCUSSION

It is possible to account for the constraint of the activated
complexes of enzymes and high binding affinity of certain
proteins using known physical phenomena. The laws of
thermodynamics and classical mechanics, combined with
the principle of efficient use of protein material, lead to
certain structural and dimensional requirements in a cata-
lytic molecular assembly or a high affinity binding protein.

Some of the concepts developed in this work have ap-
peared in dightly different forms in earlier discussions of
the functions of enzymes. Some were foreshadowed in the
“Conference on the Mechanism of Energy Transduction in
Biological Systems’ held in 1973 and published as Volume
227 of “Annals of the New York Academy of Science” in
1974. Notably, Ji (1974) proposed a role for compressive
stress and developed a mechanical model of catalysis. Un-
fortunately the focus was on the kinetic process rather than
on equilibrium states along the reaction coordinate, and the
model Ji described appeared to be capable of concentrating
thermal energy without a source of free energy, which is
forbidden by thermodynamics. Lumry (1974a) noted the
experimental evidence that an enzyme displays properties of
a rigid solid. In another contribution, Lumry (1974b) dis-
cussed evidence for linkage between protein function and a
surrounding shell of water with altered physical properties.
Earlier, Lumry (1973) had speculated about the role of
surface free energy in generating the internal rigidity in
globular proteins.

The common requirement of al catalytic mechanisms is
for adequate mechanical constraint. It appears that it is this
requirement that determines the overall architecture of en-
zyme molecules and their assemblies and limits their activ-
ity to agueous environments.

A fuller understanding of protein structure and function
should result from using these model catalytic and binding
proteins, together with the improved description of the
surface excess free energy of water, as atheoretical basisfor
interpreting x-ray crystal structures.

APPENDIX: A MODEL FOR CATALYSIS

The essential features of a catalytic system can be quantified by consid-
eration of a simple model from a thermodynamic perspective. The system
modeled is in dynamic equilibrium, so that al states of the model are in
equilibrium with al other states. Thermodynamics provides descriptions of
states at equilibrium and does not, in itself, describe kinetic effects.
However, by describing a large number of intermediate states along the
reversible reaction coordinate, thermodynamics can provide a very full
description of the process. If the intermediate states are sufficiently close
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Piston in
cylinder

T

A,+B,22AB $

Source and
sink for work

FIGURE 5 Model catalytic device catalyzing equilibration between the
gas molecules A,, B,, and AB. Up and down motion of the piston is
random. Pressure in the cylinder is approximately balanced by the force
exerted by the source of work.

together in energy and spatial relationships, the transition from one state to
another can be described by simple thermal motion. In the following
discussion, and in the main body of the paper, some of the concepts of
classica thermodynamics, mechanics, and statistical thermodynamics are
applied to a system so small that it is subject to thermal fluctuationsin its
properties. It should be understood that where a property of the system is
discussed, it is the time-averaged or ensemble-averaged value of the
property (McQuarrie, 1973).

Description of the model

The model will be described by considering the balance of forces as well
as the energetics. The model system is a piston in an isothermal cylinder
that has an inlet/outlet port (Fig. 5). The piston is connected to a source of
reversible work. The environment of the cylinder isfilled with aperfect gas
mixture of the molecules A,, B,, and AB that can react according to the
equation,

A, + B, = 2AB (7

The rate of the forward reaction is proportional to the partial pressures of
A, and B,. If the force imparted on the piston by the gas in the cylinder is
sufficiently close to the force exerted by the source of reversible work at all
stages of compression of the gas, then the free energy of al the states of the
device will be approximately the same and thermal energy will move the
piston randomly through all stages of compression and decompression of
the gas mixture. More specifically, provided the free energy of the device,
including the source of work, does not vary by an amount much greater
than one or two times KT (the product of the Boltzmann constant and the
absolute temperature; with a value of 4.14 X 10~2' Jat 300 K) over the
whole range of states, and the mass of the device is sufficiently small, the
contained gas will be randomly subjected to compression over a very short
period of time.

The relative probability that the device will be in any given state, i.e.,
at any particular position, at any time is determined by a Boltzmann
expression, e “®<T in which AG isthe difference in free energy content of
that state relative to a state with average free energy content. For any
macroscopic device, AG of many states (positions) will be negative and
large relative to KT. Once the device is in such a position there is no
realistic possibility of it changing spontaneously to another position during
the lifetime of the device. In amacroscopic device this would be described
as static friction.

However, for very small devices in which AG is a small multiple of
—KT there is always a realistic probability of the device moving from one
state to another. The effect of AG isto determine the relative probabilities
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of the states. In a large ensemble of similar devices the effect is to
determine the relative populations in the states. Thus, any mismatch
between the force of the gas on the piston and the force exerted by the
source of reversible work becomes manifest as the entropic work of
changing the relative populations in an ensemble of similar devices. This
concept is important to the discussion of binding in the main body of this
paper.

The chemical reaction in the gas phase is now described using kinetic
theory. The rate equation of the forward reaction can be written using an
Arrhenius expression:

M= A eiEalRT X PAlpBl (8)

inwhich r, isthe rate of forward reaction at the environmental pressure, R
is the gas constant, T is the absolute temperature, P,, and Pg, are the
partial pressures of A, and B,, and A and E, are constants.

The rate of forward reaction in a compressed state, can be written as:

I, = A eiEalRT X PAZPBZ (9)

in which the subscripts 2 refer to values in the compressed state.

However, the observer having no knowledge of the internal conditions
of the device will attribute the increased reaction rate, r,, to alower value
of E,, the activation energy, rather than to increased partial pressures. This
apparent reduction in the activation energy can be shown to be equal to RT
IN(Ps, Pgo/Payr Pgy) Or 2RT In(P,/P,), in which P, and P, are tota
pressures in the cylinder. Thisis aso the classical thermodynamic expres-
sion for the work done in isothermal compression of 2 mol of perfect gas
molecules (Denbigh, 1966). Thus, the work done reversibly by the catalytic
device on each pair of reactant molecules moving from one state of
activation to another results in a corresponding reduction in the apparent
energy of activation. For higher order reaction mechanismsthe reduction in
the apparent energy of activation would be greater than for the second
order reaction shown above. For example, the apparent activation energy of
a third order reaction would be reduced by 3RT In(P,/P,) and so on.
Therefore, the dominant reaction mechanism in the catalytic device may be
a higher order mechanism than observed in the uncatalysed process.

If the above discussion has shown that it is possible to raise a group of
atomsto a higher state of activation by doing reversible work on them, then
the laws of thermodynamics require that any path to the higher state of
activation requires at least the same amount of work to be done. Otherwise
a cycle could be constructed to convert heat to work. It would seem to be
a universal requirement of catalysts that they do reversible work on the
reaction they catalyze.

The catalytic device can only function if the material of which it is
composed is sufficiently rigid. It must be able to constrain the reactants in
the activated complex and in the various intermediate states without
excessive stretching of its own dimensions. On reflection, the requirement
to constrain can be seen to apply to al catalytic systems and mechanisms
but most obviously to solid catalysts and enzymes. In the case of enzymes,
constraint requires either that the protein has an intrinsic modulus of
elasticity greater than the stress needed for constraint or that there is some
external source of compressive stress.

The catalytic device described above catalyzes by the proximity effect,
which is entirely entropic. It shows that the need for constraint during
catalysis applies not only to bond straining (enthalpic) effects but equally
to entropic effects. A further illustration of the forces generated by entropy
changes is provided by the behavior of rubber, where most of the elastic
properties can be attributed to changes in conformational entropy (Mc-
Quarrie, 1973).

| thank Robert Gani for pointing out the similarity between these model
proteins and the diamond synthesizing apparatus, and Mike Coning for
preparing a number of illustrations of quarterspheres.
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