Chem. Rev. 1998, 98, 1563-1591 1563

Site-Specific Thermodynamics: Understanding Cooperativity in Molecular
Recognition

Enrico Di Cera

Department of Biochemistry and Molecular Biophysics, Washington University School of Medicine, Box 8231, St. Louis, Missouri 63110

Contents
. Introduction 1563
Il. Site-Specific Thermodynamics 1564
A. Difference between Global and Site-Specific 1564
Cooperativity

B. The Wegscheider Principle and the Analysis 1566
of lonization Reactions

C. Using Mutants To Resolve Site-Specific 1568
Parameters: Ca?* Binding to Calbindin

D. Practical Limitations 1571

Il Structural Mapping of Energetics 1571

A. A Basic Analogy 1571

B. Ala Scans 1572

C. Double-Mutant Cycles 1575

IV. Site-Specific Dissection of Thrombin Specificity ~ 1577

A. Substrate Recognition by Serine Proteases 1577

B. Thrombin Structure and Function 1577

C. Library of Site-Specific Probes 1578

D. Cooperativity in Substrate Recognition 1580

E. (F)rigin of the Higher Specificity of the Fast 1582
orm

F. Molecular Origin of the Cooperativity among 1583
the P1-P3 Sites

G. How Thrombomodulin Really Works 1584
V. New Formalism for the Analysis of Mutational 1585
Effects
VI. Conclusions 1589
VII. Acknowledgments 1589
VIIIl. References 1589
. Introduction

A prominent feature of biological macromolecules
is the ability to accomplish diverse functions using
cooperative interactions among structural domains.
The best known example of this behavior is offered
by hemoglobin, in which binding of oxygen to one
heme affects the binding properties of other hemes
in the molecule and oxygen release to the tissues is
allosterically controlled by the uptake of protons and
organic phosphates at other sites.! Cooperativity is
not limited to ligand binding processes and allosteric
proteins. It is an inherent component of protein
stability, providing the necessary communication
among residues of the protein to maintain the folded
structure.? It is also a key player in determining
secondary structure, as illustrated by the helix—coil
transitions of biopolymers.2 More recently, the de-
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velopments of recombinant DNA technology have
enabled a dissection of ligand recognition at the level
of individual residues.* Systematic mutagenesis
studies of binding epitopes have fostered the notion
that cooperativity may be a fundamental ingredient
of any recognition event.’

The existence of cooperative interactions in mac-
romolecular systems raises the question of how to
decipher the mechanism underlying the communica-
tion among structural domains. One can imagine
that a cooperative property, F, subject to experimen-
tal investigation is the result of the contribution of a
number of individual structural domains of the
macromolecule, so that

F=f +f,+ ..+ @)

where the f ’s encapsulate the individual contribu-
tions. Relevant examples of such properties are the
following: protein stability, where the f's represent
the contributions of particular folding units to the
macroscopic free energy of folding; helix—coil transi-
tions, where the f’s represent the helix propensities
of individual residues and their contribution to the
helix state of the peptide as a whole; binding and
linkage phenomena, where the f’s denote the prob-
abilities of binding to individual sites and F is the

© 1998 American Chemical Society

Published on Web 05/09/1998



1564 Chemical Reviews, 1998, Vol. 98, No. 4

average number of ligated sites; molecular recogni-
tion, where the f’s denote contributions arising at
each residue of the binding epitope to the binding free
energy F.

An important consequence of cooperativity is that
the properties of individual components embodied by
the functions f 's cannot be inferred from the behavior
of each structural component separate from the
system. Cooperativity changes the behavior of each
domain when assembled into the whole macromol-
ecule. Most often, the only guantity amenable to
experimental investigation is the global quantity F
in eq 1. This quantity has obvious limitations
because it cannot define uniquely the individual
components f’s. The close connection between struc-
ture and function is embodied by the site-specific
properties f 's that, once specified, uniquely define F.
The global quantity F may not reflect the true
cooperativity pattern operating at the site-specific
level. When individual components are summed, the
exact nature of each particular contribution may be
obscured by other terms that define the quantity F.
Cooperativity can only be understood fully when the
contribution of the site-specific components is sorted
out.

The need for a description of cooperativity in terms
of site-specific properties has been recognized for a
long time and first emerged in the pioneering studies
of Wegscheider® on the ionization reactions of poly-
basic acids. For many years, however, our under-
standing of cooperativity has been confined to the
global description due to the limitations imposed by
experimental techniques. Likewise, previous theo-
retical treatments of cooperativity have focused on
the analysis of global effects.”® Recent advances in
various areas, and especially in structural biology
and recombinant DNA technology, have made it
possible to access information at the site-specific
level. Global phenomena can now be dissected in
terms of the contribution of individual binding sites,
folding units, amino acid residues, or even atoms,
thereby revealing the true and extraordinary com-
plexity of cooperative effects in biology. These new
advances have fostered the development of a ther-
modynamic description of site-specific effects.® Site-
specific thermodynamics expands previous analyses
of global effects and provides the conceptual and
methodological tools to study cooperativity in a
variety of systems. Much of the theory was developed
to dissect ligand binding cooperativity.® Subsequent
developments have encompassed the analysis of
mutational effects in proteins® and have proved the
general applicability of concepts and analytical meth-
ods originally introduced for the study of ligand
binding processes. Relevant applications of the
theory are summarized in this review.

Il. Site-Specific Thermodynamics

A. Difference between Global and Site-Specific
Cooperativity

The simplest and most convincing argument to
demonstrate the need for a site-specific description
of cooperativity comes from consideration of a mac-
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romolecule M composed of two binding sites for a
ligand L. We shall assume that temperature and
pressure are constant and that the macromolecule
and the ligand do not change their aggregation state
when free or bound. There are two ways to describe
the binding equilibria in the system. The global
description focuses on the overall behavior of the two
sites,”® whereas the site-specific description takes into
account how binding occurs at each site.® In the
global description there are two reactions to be
considered. These reactions define uniquely the
binding isotherm accessible to experimental mea-
surements, from which the average number of ligated
sites is obtained as a function of ligand concentration.
In the first reaction, M + L = ML, the free macro-
molecule interacts with one molecule of ligand to form
the singly ligated intermediate ML. The equilibrium
binding constant for this reaction is 2k;, where k; is
the binding affinity for the ligation of a site and the
factor accounts for the possible ways of generating
the singly ligated intermediate from the unligated
form of the macromolecule. In the second reaction,
ML + L = ML, the singly ligated intermediate binds
a second molecule of ligand to form the doubly ligated
species ML,. The equilibrium constant for this
reaction is ky/2, where k; is the binding affinity for
the ligation of the second site and the factor at the
denominator accounts for the number of ways one can
generate the singly ligated species from the doubly
ligated intermediate. In general, for the reaction
ML;-1 + L = ML, the binding constant is [(N — j +
1)/jlk;, where k; is the binding affinity for ligation of
the jth site, the factor at the numerator accounts for
the number of ways of generating ML; from ML,
and that at the denominator accounts for the number
of ways of generating ML;_; from ML;. The equilib-
rium constants measuring the affinity of each ligation
step are called stepwise binding constants. They do
not distinguish between the sites, 1 and 2, although
they depend on the properties of both sites. Coop-
erativity is observed when k; = k;, in which case
binding of the second ligand molecule takes place
with an affinity different than that of the first ligand
molecule. Positive cooperativity implies k; < ko,
whereas negative cooperativity demands k; > k,. The
case ki = k; reflects the absence of cooperativity.

We shall not discuss the graphical manifestations
of cooperativity that are dealt with in detail else-
where.””® These signatures are useful in the analysis
of experimental data but bear little on the conceptual
framework that we are interested in discussing here.
If the system shows cooperative binding of ligand L
(k1 = kz), what is the underlying mechanism that
produces this effect? On the other hand, if the
system shows no presence of cooperativity (k; = k»),
does it imply that the two sites are independent?
These simple and important questions may be dif-
ficult to answer in the global description due to the
lack of information on the behavior of sites 1 and 2.
The stepwise binding constants reflect the average
properties of sites 1 and 2, whereas one needs to
know the detailed behavior of each site as a function
of the ligand concentration. Unraveling this infor-
mation pertains to the site-specific description. The
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binding reactions of ligand L with the macromolecule
M in the site-specific description directly identify the
two sites in their ligation state. This makes it
necessary to introduce two site-specific binding con-
stants, K; and K;, referring respectively to the
reaction of ligand L with site 1 when site 2 is
unligated and binding to site 2 when site 1 is
unligated. The interaction between the sites is
expressed by a third independent parameter, c;», that
reflects the presence of positive (c;2 > 1), negative
(c12 < 1) or no (ciz = 1) cooperativity. By virtue of
this interaction, binding to site 1 when site 2 is
ligated occurs with a binding constant c¢,,K;, and for
site 2, when site 1 is ligated, the binding constant is
Cc12Ko.

The nature of these parameters and the reactions
in the site-specific description are best understood
from the thermodynamic cycle

Ki
Mgg <= My

K2“ []CuKz (2

Moy <— Mn;
C12K1

where My is the free macromolecule, Myo the singly
ligated form with site 1 bound and site 2 free, Mo
the analogous intermediate with site 2 bound and site
1 free, and Mj; the doubly ligated form. Energy
conservation in the cycle gives rise to only three
independent parameters to describe the four possible
reactions. The reciprocity of site—site interactions
is a consequence of energy conservation in the cycle.
So, if site 1 affects site 2, site 2 must affect site 1
and to the same extent.

Analysis of binding in terms of the site-specific
description raises a seemingly paradoxical issue. In
the global description, only two independent param-
eters (k; and k) are sufficient to define the properties
of the system. In the site-specific description, on the
other hand, there are three independent parameters
(K1, K2, and cq2) to be taken into account. What is
the origin of this apparent discrepancy? Simple
considerations on the equilibria involving the two
sites lead to the following relationships between
global and site-specific parameters:

LML) Myl + Mg]
S [MIX [Mglx
ﬁ MLy [My] _ CpKiK
2 [MLIx (Mol + [Mg1])x Kt K,

2k,

Kit K, (3

(4)

where x is the ligand concentration. The apparent
discrepancy arises because it is not possible to
uniquely derive the site-specific parameters Ki, Ka,
and cy, from knowledge of the global parameters k;
and k;. On the other hand, if the site-specific
parameters are known, then the global parameters
can be determined uniquely. Hence, the global
description is incapable of deciphering what goes on
at the level of individual sites. This fact has been
recognized for a long time, and the need for a local
description of binding processes finds its origin in the
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early work on the dissociation of polyvalent sub-
stances.6:10-13

The limitations of the global description become
even more apparent when we examine the nature of
cooperativity. The condition for cooperativity in the
global description is k; = ky; and can be formally
represented using egs 3 and 4 as the difference:

_ 4c, KK, — (Ky + K2)2
2(K;y + Ky)

k, — k, (5)

The sign of the expression

A = 4c, KK, — (K, + Ky)? =
K, ( Kl)2 K, ( K2)2
K,2l4c,0— — [1+ | | = KPl4c, — |1+ -
2 [ 12K2 K2 1 12K1 Kl
6

defines the nature of cooperativity. A = 0 denotes
absence of cooperativity and provides the cutoff
between positive (A > 0) and negative (A < 0)
cooperativity. The condition for the absence of co-
operativity in the global description does not neces-
sarily coincide with the condition c;; = 1 that reflects
the true absence of interactions between sites 1 and
2. Only when K; = K; are the two conditions
identical. If the binding sites have different affini-
ties, there is always a value of ¢;, > 1 such that A =
0. This means that positive interactions between two
sites that bind with different affinities may not
manifest themselves in the global description as
positive cooperativity.

A direct illustration of this fact is given in Figure
1, where the logarithm of ¢y, is plotted versus the
logarithm of the ratio Ki/K;,. Plotting versus the
logarithm of the ratio K,/K; is completely equivalent
because of the symmetry of eq 6. The continuous line
represents the relation between ¢y, and the ratio K,/
Kz such that A = 0 in eq 6. On this line, any
combination of site-specific binding constants K; and
K, and interaction constant c;, yields k; = k; in the
global description. The region above this line is
characterized by positive cooperativity in the global
description (k; < k), whereas the region below the
line characterizes negative cooperativity (k; > ky).
The discontinuous line gives the condition for the
absence of true interactions between the sites (c1, =
1). Above this line the sites are positively linked and
below it they are negatively linked. The two lines
in the plot define three regions. In region I, defined
by c¢;2 < 1, there is no ambiguity between global and
site-specific cooperativity. When binding to one site
opposes binding to the other site at the site-specific
level, the result is negative cooperativity in the global
description. At the boundary ci, = 1, the system is
always negatively cooperative in the global descrip-
tion, unless K; = K; and the two sites bind with the
same affinity. Independent sites binding with dif-
ferent affinities therefore mimic negative cooperat-
ivity in the global description. In region Il negative
cooperativity in the global description is observed
even though the two sites interact in a positive
manner. This is a consequence of the heterogeneity
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Figure 1. Difference between global and site-specific
cooperativity for a two-site system. The logarithm of the
interaction constant c,; is plotted versus the logarithm of
the ratio between the site-specific binding parameters K;
and K,. The continuous line depicts the relation between
c12 and the ratio Ky/K; such that A = 0 in eq 6. This line
defines the boundary between negative (below the line) and
positive (above the line) cooperativity in the global descrip-
tion. The discontinuous line, on the other hand, defines the
boundary between negative (below the line) and positive
(above the line) cooperativity in the site-specific description.
The two lines define three regions. In region I, there is no
ambiguity between global and site-specific cooperativity.
A value of ¢, < 1 always results in negative cooperativity.
Likewise, in region Ill positive interactions between the
sites always result in positive global cooperativity. Region
11, defined symmetrically between the lines, is ambiguous
because positive interactions between the sites (c;, > 1)
result in negative global cooperativity because of the
heterogeneity of the sites (K; = K3). The filled circle depicts
the values of site-specific parameters for Ca2* binding to
calbindin (see section 11.C).

of the binding affinities that opposes the favorable
coupling between the sites. Region Ill again leaves
no ambiguity between global and site-specific coop-
erativity, in this case both positive.

The conclusion to be drawn from Figure 1 is that
cooperativity in the global description is at most a
crude approximation of the true pattern of interaction
between the sites. In the case of positive cooperat-
ivity, the true extent of interactions is always un-
derestimated if K; = K;. In fact, for any given value
of ci12 > 1, there is always a value of K;/K; such that
A =0, or even A < 0. No matter how strongly two
sites are positively coupled at the site-specific level,
positive cooperativity in the global description is only
seen in region I11. Positive cooperativity can be made
arbitrarily small and even turned into negative
cooperativity in the global description if the binding
affinities of the two sites differ significantly. For
example, in a system where the affinities of the two
sites differ by a factor of 100 (Ki/K; = 0.01), but
binding to one site increases the affinity of the other
site by a factor of 10 (c;2 = 10), one has A < 0 and
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negative cooperativity appears in the global descrip-
tion even though the sites are strongly coupled in a
positive manner. For this system to show positive
cooperativity in the global description, the value of
c12 must exceed 25. In a system where K;/K; = 0.001
the value of c¢;; must exceed 250, and so on. The
limitations of the global description are not confined
to the case of positive cooperativity. When negative
cooperativity is observed in the global description, the
system can actually be positively or negatively coop-
erative at the site-specific level. Particularly inter-
esting is the case ci; = 1, which always leads to
negative cooperativity in the global description if K;
# K,. The heterogeneity of the binding affinities of
the sites generates per se a misleading pattern of
negative interactions.

In summary, cooperativity as assessed by the
global parameters k's does not reflect the true pattern
of interaction between the sites, unless the sites have
the same affinity. If the sites bind with different
affinities, then positive cooperativity in the global
description always underestimates the coupling be-
tween the sites. Negative cooperativity can be totally
misleading, since it may be associated at the site-
specific level with positive coupling between the sites
or absence of interactions. In the case of negative
coupling between the sites, on the other hand, the
interaction may be overestimated in the global de-
scription. Absence of cooperativity in the global
description can be misleading as well. Positive
coupling between the sites can be exactly countered
by heterogeneity of their binding affinity. The true
cooperative nature of the interactions between the
sites can only be resolved from knowledge of the
value of c¢jp, but this requires information on how
binding occurs at each site of the system.

B. The Wegscheider Principle and the Analysis
of lonization Reactions

The importance of dissecting cooperativity at the
site-specific level was obvious even to early investiga-
tors of ionization equilibria of polybasic acids. In
1895, the Austrian chemist Wegscheider introduced
an ingenious strategy to structurally perturb a
system to mimic the properties of reduced systems
containing a fewer number of sites.® The comparison
of the original system and its reduced versions would
then be used to extract information on the behavior
of individual ionizable groups. It is quite instructive
to comment on Wegscheider's strategy because it
helps understand more elaborate, but conceptually
similar, strategies currently employed in the study
of proteins and nucleic acids.

The question that Wegscheider posed was as fol-
lows. If only global properties of a system can be
accessed experimentally, is it possible to derive
relevant information on site-specific parameters?
Wegscheider thought that replacement of the ioniz-
able carboxylate in a polybasic acid with methyl or
ethyl esters could mimic the protonated state of the
group and reduce the number of sites to be studied
by direct titration. By selectively replacing groups
at each of the carboxylates of interest he could in turn
study how protonation of these groups in the original
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Table 1. pKy's of Glutamic Acid and Its Ethyl Esters?

'pKa 2pKa *pKa
glutamic acid 2.155 4.324 9.960
a-ethyl glutamate 3.846 7.838
y-ethyl glutamate 2.148 9.19
ethyl glutamate 7.035

@ The site-specific parameters for proton binding to glutamic
acid, derived from analysis of these pK,'s, are (logio values are
given in parentheses) K; = 5.69 x 10* M1 (4.755), K, = 9.19
x 10° M~1 (9.960), K3 = 1.26 x 10° M~* (5.101), c;» = 0.00755
(—2.122), c13 = 0.353 (—0.452), co3 = 0.17 (—0.770), and c123 =
0.00042 (—3.377).

molecule would affect protonation of other ionizable
groups and therefore extract important site-specific
information from the system.

Neuberger'# exploited Wegscheider's idea to com-
pletely resolve the three ionization reactions of
glutamic acid into their site-specific components.1®
For such a system there are three binding sites for
the proton: the a-carboxyl (site 1), amino (site 2), and
y-carboxyl (site 3) groups. Titration of glutamic acid
yields three pK,'s (Table 1) that reflect the composite
behavior of the three sites. The stepwise binding
constants and the site-specific parameters are di-
rectly defined by these pK,'s as follows:®5

109960 — [MlOO] + [M01o] + [Mom] l _
[Moool h
3k, = K; + K, +K; (7)

_ [Myge] + [Mypy] + [Mgial 1

10%324 — 1_
[Migo] 4 [Mgyol + [Mgos] D
_ C1oK Ky + Ci3K Ky + C5KoKy (8)
2 K; + K, + Ky
102155 — [Myy,] 1_
[My10] + [Myg] + [Mgyi] D
Kg C123K KoK

3T KKy + CaGKs T CpaoKs (9)

The M's refers to the various protonated intermedi-
ates of glutamic acid, and h is the proton concentra-
tion. Knowledge of the three stepwise binding con-
stants derived from direct titration of glutamic acid
does not suffice to define uniquely the set of seven
independent site-specific parameters necessary to
completely solve the ionization reactions at the level
of individual sites. In the site-specific description
there are three site-specific binding constants, Ky, K5,
and Kj, three second-order coupling constants, c;,
Ci3, and cz3, and one third-order coupling constant,
C123. Resolution of seven parameters demand at least
seven independent constraints from experimental
data. To this end, Neuberger synthesized esters of
either the a- or y-carboxyl groups and titrated the
other groups (Table 1). The assumption embodied
by the Wegscheider principle is that the ethyl ester
mimics the protonated state of the carboxyl group.
Under this assumption, the following two relations
for o-ethyl glutamate apply:
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107.838 — [Mllo] + [M101] 1 _
[M0] h

2k, = ¢,;,K, + ¢5K; (10)
[Mlll]

103846 —
[My50] + [My4]

1_
h

They provide two additional constraints for the
solution of the problem. Analogous expressions for
y-ethyl glutamate

109.190 — [MIOl] + [M011] 1 _

(Mool h
2k," = c5K; + c3K, (12)
ppee - Ml 1
[Myp1] + [Mggq] b
2k," KK,

2 cK, K, (13)

complete the set of seven constraints needed to
resolve the seven independent site-specific param-
eters. The results are shown in Table 1. The
uniqueness of the results can be tested by calculating
the pK, of the amino group in ethyl glutamate as

_ My Ci23
pK, = logy, m = logy, C_13K2 (14)

The predicted value of 7.035 is identical to that found
experimentally.

It is from knowledge of the site-specific parameters
for the ionization reactions of glutamic acid that a
more close connection with the structure of the amino
acid can be drawn. When all groups are deproto-
nated, binding of the proton occurs with high affinity
to the amino group and with low affinity to the
carboxyl groups. The a-carboxyl group binds the
proton with slightly lower affinity compared to the
y-carboxyl group, due to the proximity of the amino
group and the unfavorable electrostatic coupling
experienced when this group is protonated. The
interaction constants are all less than 1, indicating
the presence of site-specific negative cooperativity in
the protonation reactions. This effect acts in concert
with the extreme heterogeneity of the sites to produce
a very pronounced negatively cooperative proton
binding curve for glutamic acid, as shown in Figure
2. Negative coupling among the sites is expected
from electrostatic considerations and decreases with
the distance between neighbor groups. The two
carboxyl groups are located far enough away that c;3
~ 1. On the other hand, protonation of the amino
group has an effect almost 3 orders of magnitude
larger on the a- than the y-carboxyl group, due to
the proximity of the former group.

An alternative solution to eqs 7—9 can be found
by assuming ci» = €13 = C23 = C123 = 1 and solving for
the three independent site-specific binding constants.
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Figure 2. Proton binding curves of the three ionizable
groups of glutamic acid: o-carboxyl group (discontinuous
curve at right), amino group (discontinuous curve at left),
and y-carboxyl group (discontinuous curve in the middle).
The sum of these three curves, divided by the number of
sites, gives the global proton binding curve measured
experimentally (continuous line). Curves were drawn using
the parameter values listed in Table 1.

The result is K; = 10?158, K, = 10990, and K3 = 10432,
which suggests that the pK,'s measured from titra-
tion of glutamic acid correspond quite closely to the
three site-specific pKy's. This erroneous conclusion
would make the affinity of the a-carboxyl group 2
orders of magnitude lower than that of the y-carboxyl
group and nearly 3 orders of magnitude lower than
the value correctly derived from the analysis of
Neuberger's results. The large discrepancy found
between the simplifying assumption and the correct
result in a simple molecule like glutamic acid repre-
sents a serious warning for more complex cases
involving ionization reactions in proteins. It has
become common practice to assume that ionization
of protein residues occurs almost independently of
other proton binding events in the protein in an
attempt to simplify the calculations. This assump-
tion is likely to be wrong, and the pKj's estimated
from independent ionization reactions may have little
bearing on the actual binding affinities of the ioniz-
able groups.

Can the strategy embodied by the Wegscheider
principle be extended to macromolecular systems?
Consider the problem of calculating the pKj, of ioniz-
able groups in a protein.’®7 In this case, experi-
mental measurements of the site-specific proton
binding curve of each ionizable group may be unfea-
sible. For a protein containing 20 such groups, there
are a total of 220 ~ 10° total configurations and as
many site-specific parameters to be resolved from
experimental data. No currently available technique
can provide such information. However, many resi-
dues such as Asp, Glu, Arg, Lys, and Tyr do not ionize
in the pH range of physiological interest and can be
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treated as fully protonated or deprotonated. The
remaining groups of the protein form a reduced
system in the Wegscheider sense whose description
requires a significantly reduced number of param-
eters. The idea of fixing the ionization state of
selected residues in a protein to calculate more
efficiently the ionization properties of other groups
has been implemented by Bashford and Karplus and
is known as the “reduced-site” model.*®* Reduced
systems can also be generated empirically by replac-
ing the residue of interest, say a His, with groups
that mimic the protonated or unprotonated state of
that residue. However, if these substitutions affect
other properties of the macromolecule, such as the
ionization of other groups, or the coupling of His with
other residues, the assumption central to the entire
approach is invalidated. In general, the assumption
that a given substitution actually mimics a particular
ligation state for the His may be questioned. More
importantly, even though this strategy may be suc-
cessful in the case of ionization reactions, it will
certainly fail in the case of other ligands such as
metal ions, peptides, or nucleic acids, whose recogni-
tion by proteins entails extended structural domains.
For example, in the specific case of Ca?* binding to
an EF-hand,? it is difficult to envision simple sub-
stitutions that can exactly mimic the Ca®"-bound or
the Ca?"-free form of the site. When binding of a
ligand involves several protein residues, any pertur-
bation is likely to be extensive and the expectation
that it mimics a specific ligation state becomes
unrealistic. Nonetheless, a refined version of the
Wegscheider principle is still applicable under certain
circumstances and provides a powerful approach to
the study of site-specific energetics.

C. Using Mutants To Resolve Site-Specific
Parameters: Ca?* Binding to Calbindin

Under suitable conditions, site-specific parameters
can be obtained from analysis of global properties.
Although these conditions may be difficult to repro-
duce in general for any system of interest, it is
instructive to consider the potential advantages of
the approach when feasible. Consider a system
containing N sites, each existing in two possible
states, free or bound. There are a total of 2N possible
configurations in this system, 2N — 1 of which are
independent if one is chosen as reference. The sum
of the concentrations of all possible configurations
relative to the concentration of the reference species,
the unligated state, defines the partition function of
the system W.° The partition function is a polynomial
expansion in the ligand concentration x of degree
N.”° From the partition function, all of the relevant
global properties of the system can be derived. For
example, the average number of ligated sites, X,
accessible to experimental measurements through
titration is X = d InW/d In x. The configurations
defining the partition function can be split in two
sets: one containing all configurations with a given
site, say site j, unligated and the other containing
all configurations with site j ligated. These sets
define partition functions of reduced or contracted
systems. Let °Wj and 'W; be the partition functions
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of the two sets constrained by the particular ligation,
free (0) or bound (1), of site j. The partition function
of the system can then be written as®

¥ =", + 'WKx (15)

The factor Kjx arises because all intermediates with
site j bound contain this term in the partition
function. The binding probability to site j is evidently

1 0

X, = Kpod =1 — ) 16

with the conservation relation analogous to eq 1
X=X+ X, + ... + Xy a7

The quantity X; cannot be accessed experimentally
if only global properties such as X are measured, as
already pointed out in the Introduction. However,
the function X; can be reconstructed indirectly using
ad hoc substitutions at site j. This assists in the
resolution of some of the site-specific parameters in
the system.

Consider a perturbation of site j, say a chemical
modification induced by a site-directed mutation. The
perturbation either can affect the properties of the
site where it applies or can carry over to other sites.
Assume that the perturbation remains localized at
site j, with a negligible secondary effect on other sites.
We speak in this case of a first-order perturbation
that changes the value of K; to Kj', while it leaves
the value of all other parameters unchanged. The
smaller the perturbation, the more likely it will cause
a first-order effect. Then, for the perturbed system,
we have

W =", 4+ WK (18)

The contracted partition functions are the same as
those for the wild-type, or unperturbed system, since
they do not depend on K;. Both W and W' are
accessible experimentally from integration of mea-
surements of the average number of ligated sites as
a function of ligand concentration. Hence, the func-
tion

p’ Ky

fi=1- v (1 - K_)Xj =nX| (29)
can be constructed from measurements on the wild-
type and mutant systems. Except for a constant
factor #j, which is easily obtained from fj in the limit
X — oo, this function is the same as the quantity of
interest X; in the unperturbed, wild-type system. In
the limiting case where the mutation abolishes
binding to site j, eq 19 yields eq 16. In general, eq
19 only requires #; to be finite and therefore general-
izes the Wegscheider approach that strictly demands
the perturbation to mimic specifically a ligated state
of the site.

An approach analogous to that embodied by eqs
15—18 has been used by Qian? in the analysis of the
effects of single-residue substitutions on the stability
of a-helices in homopolypeptides?! and by Wrabl and
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site 1

Site 2

Figure 3. Ribbon representation of calbindin. The two
bound Ca?* are depicted by circles.

Table 2. Stepwise Binding Constants (M) for Ca?*
Binding to Calbindin and Its Mutants

kl kz k2/k1

wild-type 1.0 x 108 7.9 x 108 7.9
P20G 3.3 x 107 1.6 x 107 0.48
P20G, AN21 8.5 x 107 1.0 x 10° 0.012
AP20 4.0 x 107 1.0 x 10°¢ 0.25
Y13F 1.9 x 108 49 x 108 2.6
E17Q 1.3 x 107 2.5 x 108 19
D19N 2.0 x 107 2.0 x 108 10
E26Q 3.2 x 107 5.0 x 108 16
E60Q 50 x 107 6.4 x 108 13
E17Q, D19N 1.3 x 107 2.5 x 107 1.9
E17Q, E26N 3.2 x 108 1.3 x 108 41
D19N, E26Q 4.0 x 108 8.0 x 107 20
E17Q, D19N, E26Q 3.2 x 108 1.0 x 107 3.1

Shortle?? in the analysis of the effects of site-directed
mutations on the unfolded state of a protein. Par-
ticularly important for these approaches is to verify
the uniqueness of the solution obtained. In the case
of ligand binding, this can be done by examining a
number of possible perturbations at site j to guar-
antee a robust reconstruction of the site-specific
binding probability X;. Expressions equivalent to eq
19 can be derived when the perturbation at site j
carries over to other sites,® but the parameters
defining these expressions are difficult to resolve
experimentally. Therefore, a successful use of this
strategy should be expected only in the case of first-
order perturbations.

An application of the approach embodied by eq 19
has been reported for the analysis of cooperative Ca?*
binding to calbindin,® one of the smallest members
of the calmodulin superfamily.?® Calbindin is com-
posed of two helix-loop-helix motifs responsible for
Ca?" binding (Figure 3). The C-terminal site (site 2)
has the amino acid sequence and fold of an archetypal
EF-hand, while the N-terminal site (site 1) differs
from the usual EF-hand in that it contains two
additional residues.>* The protein binds Ca?* with
positive cooperativity and a difference between k; and
ko, of a factor of 825727 (Table 2). Due to their
structural differences, the extent of coupling between
the sites as revealed by k; and k, may be underes-
timated. Assessment of the exact extent of coupling
between the sites is important for the mechanism of
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site 2 o /

site 1

Figure 4. Molecular environment of Ca?* binding sites 1
and 2 of calbindin, showing the side chains of residues
whose mutation produces a first-order perturbation of site
1.

transduction of signals from one site to the other and
for correctly reproducing the energetics of Ca?"
binding to calbindin using computational approaches.
The arguments discussed in section Il.LA assume
particular relevance in the case of this protein.

Experimental evidence from NMR data suggests
that Cd?* binds with higher affinity to site 2 and that
the binding pathways involving site 1 or site 2 as
possible singly ligated intermediates elicit distinct
structural transitions in the molecule.?®-3° Spectro-
scopic and kinetic studies on the Ca?" binding
properties of calbindin suggest that site heterogeneity
may be a factor of 4—6.257273182 Npo direct evidence
has been provided for Ca?* binding with higher
affinity to site 1 or site 2 and direct determination of
Ca?* binding to either site in the wild-type protein
has been lacking. Electrostatic calculations suggest
that site 2 may have only a slightly higher affinity.33
On the other hand, valence maps indicate that site
1, rather than site 2, may bind Ca?" with higher
affinity.®* A number of mutants of residues in and
around site 1, and partially site 2, have been made
to assess the role of electrostatic contributions to the
binding of Ca?", and the global binding parameters
have been resolved for all of them?5-27.32 (Table 2).
Some of the residues mutated in the wild-type are
shown in Figure 4. Particularly interesting is the
observation that mutations around site 1 remain
localized at this site and do not propagate to site
2.2532 This set of mutants was used to resolve the
site-specific parameters for calbindin according to eq
19.

Mutations around site 1 can be assumed to produce
a first-order perturbation. The assumption is sup-
ported by NMR data showing that the mutants
E17Q, E26Q, and E60Q have practically the same
structure as wild-type protein.?82° The mutant P20G
and the deletion mutants P20G, AN21, and AP20
show drastic perturbation of the global cooperativity
pattern (Table 2). Nonetheless, there is evidence that
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Figure 5. Site-specific binding curve of site 1 of calbindin
derived from the approach based on the first-order pertur-
bation hypothesis and eq 22 in the text, using the param-
eters listed in Table 2 and the partition functions ¥ =1 +
kix + kikox2 and W = 1 + ky'x + ki'ky'x2. The five mutants
E17Q (O), D19N (@), E26Q (*), E60Q (O), and E17Q/D19N
(m) predict a consensus binding curve (continuous line) that
yields site-specific parameter values: K; =1.7 x 108 M1,
K, =2.7 x 10" M1, and ¢, = 18. The mutant AP20 yields
the discontinuous dotted line significantly different from
the consensus curve. The mutant Y13F predicts a physi-
cally implausible curve (discontinuous line) for which X;
> 1.

the structural perturbation is confined to site 1.%° The
perturbation of the global binding constants in these
mutants may indeed reflect a perturbation of the site-
specific binding constant K; only. Construction of the
predicted binding curve for site 1 according to eq 19
is shown in Figure 5. The mutant Y13F predicts a
binding curve that is physically implausible (X; > 1).
The Y13F replacement violates the assumption of
first-order perturbation and eq 19 based on it. The
mutation induces changes that must propagate to site
2 and may also involve the communication between
the sites. Other mutations, like AP20, produce
physically plausible results, but five mutants in
particular produce a consensus binding curve for site
1. These mutations are all isosteric substitutions of
negatively charged residues around site 1 (Figure 4).
The predicted site-specific binding curves are practi-
cally identical for all of these mutants, although the
perturbation of the overall binding constants is quite
different in each case (Table 2). Site 1 binds Ca?*
with an affinity of about 1.7 x 108 M™%, which is
nearly 6-fold the affinity of site 2. As a result of
cooperative coupling between the sites, the affinity
of either site increases by a factor of 18 when the
other site is ligated. These parameters map on the
point in region Il in Figure 1, corresponding to
positive cooperativity in the global description. The
site heterogeneity is not large enough to overcome
the positive interaction between the sites.
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These results are consistent with the crystal struc-
ture of calbindin.?* The structure of site 1 (Figure
4) suggests that it is unlikely that mutation of E26
or E17 would be carried over to site 2. These residues
are about 10 A closer to the Ca?* in site 1 than that
in site 2. Residues D19 and E60 are close to both
sites and, in principle, mutations of these residues
should perturb sites 1 and 2. In practice, however,
mutation of these residues yields effects similar to
mutation of E26 and E17. A molecular dynamics
simulation of calbindin shows that E60 may be part
of the coordination sphere of Ca?* in site 1.33 This
residue, and possibly D19, may be closer to site 1 in
solution, contrary to the conclusions drawn from the
crystal structure.?* It is likely that these residues
are more strongly coupled to site 1 than site 2, so
that perturbation of site 2 can be neglected for all
practical purposes. Finally, comparison of the struc-
ture of apo-calbindin with the full Ca?* form shows
minor changes at the level of site 1 and more
significant rearrangements of the side chains around
site 2.8 Given the similar coordination geometry at
the two sites, it is expected that the enthalpy of
binding will be similar for Ca?* binding to site 1 or
site 2. However, the preformed structure of site 1
should reduce the entropy loss of binding to this site
compared to site 2, thereby making site 1 the high-
affinity site.

D. Practical Limitations

Given the importance of site-specific parameters
in deciphering cooperativity, it is desirable to have a
general strategy of approach that works for any
system of interest. Measuring site-specific binding
curves is one way to obtain information on these
parameters. In the case of cytochromes, each redox
center has distinct spectral properties and enables
direct site-specific measurements.?>3¢ In the case of
Al repressor binding to its operator, footprint titra-
tions yield binding isotherms for the three individual
sites of the operator.®” Although site-specific probes
can be exploited in many systems to obtain informa-
tion on the behavior of individual sites, it should be
noted that knowledge of site-specific binding curves
may be insufficient to resolve all independent pa-
rameters in the system. Hence, the possibility of
experimentally measuring binding events at indi-
vidual sites by no means guarantees that the site-
specific energetics of the system will be fully dis-
sected. For a system of N sites, the N independent
site-specific binding constants Kj's can be resolved
from the N site-specific binding curves.® However,
the partition function of the system also contains N(N
— 1)/2 second-order coupling constants, N(N — 1)/(N
— 2)/6 third-order coupling constants, and in general

(w) mth-order coupling constants that need to be

resolved from experimental data. As soon as () >
N for a particular value of m, measurements of the
N site-specific binding curves become insufficient to
resolve all site-specific parameters. This limitation
arises already for N = 4. Even if one could measure
all the site-specific binding curves in a macromolecule
containing four binding sites, unique resolution of the
six second-order coupling constants would be impos-
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sible. The only way to overcome this problem is to
determine directly the ligated intermediates in the
partition function, but this cannot be done in the vast
majority of cases. The cryogenic quenching technique
developed by Perrella®® is unique in its ability to
resolve all ligated intermediates of hemoglobin3® (N
= 4), but this experimental strategy exploits peculiar
properties of this protein and has no applicability to
other cooperative systems.

The foregoing considerations may lead one to
conclude that site-specific thermodynamics is a theory
of limited applicability to small systems (N < 4) or
to particular cases such as hemoglobin where all
intermediates of the partition function can be ac-
cessed directly. This is indeed the case when the
theory is applied to ligand binding cooperativity. The
limitations vanish when dealing with another class
of processes where the theory finds its most ideal and
general applicability. These processes include site-
directed mutagenesis of residues aimed at under-
standing the molecular signatures of stability and
ligand recognition. The various intermediates of the
system, whose characterization is so problematic in
ligand binding studies, are generated directly from
the perturbations introduced in the system in the
form of site-directed mutations. Analytical and
conceptual tools developed for ligand binding pro-
cesses can be exploited in the analysis of mutational
effects using a basic analogy to be described in the
next section. This brings site-specific thermodynam-
ics into the main stream of current studies of
structure—function relations, protein stability, and
ligand recognition.

lll. Structural Mapping of Energetics

A. A Basic Analogy

Site-directed mutagenesis* has made it possible to
perturb the structure of a protein at the level of
individual residues and study the origin of protein
stability and ligand recognition with unprecedented
detail. Residues in a protein can be replaced by any
of the 20 natural amino acids. Extension of this
strategy to include unnatural amino acids has further
expanded the ability to manipulate protein structure
and function.®®*! Sijte-directed mutagenesis is a
modern incarnation of the Wegscheider principle and
uses the structural perturbation created by the site-
directed substitution as a source of information on
the properties of the residue being substituted. A
significant advantage of this technique is that it can
directly generate all intermediates of interest in a
site-specific analysis, overcoming the intrinsic limita-
tions imposed by the number of binding sites seen
in ligand binding cooperativity (see section 11.D).

Although mutational effects are intrinsically dif-
ferent from ligand binding processes, their thermo-
dynamic treatment is extraordinarily similar to that
of cooperative ligand binding once a basic analogy is
considered. The free — bound transition at a given
binding site is analogous in energetic terms to the
wild-type — mutant transition of a given residue.
This enables use of the same formalism developed
for the analysis of ligand binding cooperativity in the
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analysis of mutational effects. Each residue subject
to mutational perturbation represents a site in the
system. The energetic balance of the wild-type —
mutant transition at site j, when all other sites are
wild-type, specifies the site-specific free energy AG;
analogous to the site-specific binding free energy AG;
= —RT In Kj (R is the gas constant and T the absolute
temperature) for binding to site j when all other sites
are free. Cooperativity in mutational effects can be
expected when substitutions are made at multiple
sites and is treated in a manner analogous to that of
ligand binding processes. The coupling free energy
AG;j between mutations at site i and j is defined from
the thermodynamic cycle analogous to eq 2 that
involves the intermediates with both sites mutated
or wild-type and the two singly mutated species (see
section 111.C). This quantity is analogous to the
coupling free energy AG;; = —RT In ¢;j; for the binding
of two ligand molecules to sites i and j.5° The
number of intermediates to be characterized is set
by the number of residues subject to site-directed
mutagenesis. Unlike ligand binding, this number is
not imposed by intrinsic properties of the system but
is determined entirely by the experimentalist. When
N sites are targeted with a single substitution, 2N
possible intermediates are to be considered. Of these,
only 2N — 1 are independent if one is chosen as
reference. This gives rise to N independent site-
specific free energies AGj's and a total of 2N — N — 1
coupling free energies from second up to Nth order.
Resolution of all these independent parameters pro-
vides information relevant to the behavior of each
residue in the process under investigation and the
nature of cooperative interactions.

B. Ala Scans

Targets for site-directed mutagenesis are often
identified from available structural information. In
the analysis of protein stability, particular attention
is devoted to residues buried in the interior of the
protein and defining hydrophobic cores.*?~#4 Other
targets are found in residues involved in ionic inter-
actions,*® especially if screened from the solvent.*6:47
In the analysis of ligand recognition, targets are
identified from residues involved in polar and hydro-
phobic interactions in the bound complex.484° In the
absence of structural information on the bound
protein, solvent accessibility can successfully guide
a mutagenesis screen.50-52

There are a number of questions to be addressed
when identifying epitopes for protein stability or
ligand recognition. First, one would like to know
what are the residues important for the energetics
of binding or stability. lIdentification of these resi-
dues then raises the question of whether they act
independently or in a cooperative manner. Finally,
if cooperativity is involved, one would like to know
what are the factors responsible for it. Answers to
all these questions can be found by application of the
principles of site-specific thermodynamics to muta-
tional effects.>®

The first question is addressed by replacing resi-
dues that are thought to be involved in stability or
recognition. Definition of a structural epitope speci-
fies the degrees of freedom of the system and the
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number of residues that are energetically relevant
to the phenomenon under study. There are 20
possible choices for any given residue in a protein,
and therefore, if one specific residue is to be replaced,
there are 19 possibilities. In practice, the residue of
choice for the replacement is Ala. The rationale
behind Ala-scanning mutagenesis is that all interac-
tions of a side chain, except for the Csz atom, are
eliminated.>*>* The contribution of the deleted groups
relative to the methyl moiety of Ala is assessed from
the difference between the properties of the wild-type
relative to the Ala mutant. For this strategy to be
effective, it is necessary that the Ala substitution
eliminates interactions without introducing new
properties. In principle, this should be the case for
almost all amino acids except Gly, for which the Ala
substitution can introduce new nonpolar interactions,
and Cys, for which the Ala substitutions can disrupt
an important disulfide bond, generating global de-
stabilizing effects on the protein. In addition, for Gly
and Pro, the Ala substitution can introduce perturba-
tions of the protein backbone that becomes less
flexible (Gly — Ala substitution) or less rigid (Pro —
Ala substitution). Ala scanning mutagenesis has
found myriad applications in the identification and
energetic characterization of structural epitopes rec-
ognizing specific ligands®~52 or the structural deter-
minants of protein stability,*>~44%757 enzyme mech-
anism,®® and specificity.>®

Free energies of binding in the ground or transition
state, or free energies of unfolding are used to
guantify the effect of the Ala substitution at any
given site. In the case of ligand recognition, the effect
of Ala replacements is quantified from the properties
of the following thermodynamic cycle:®

AGy
M <—— ML

%AG; [] []1AG[ (20)

Myt <> Mmutk
AGmul

AGyu: measures the free energy of binding L to the
wild-type macromolecule. The same process in the
mutant gives AGnyt, and the difference AAG = AGnut
— AGwt = AG; is a measure of the effect of the site-
directed mutation on the binding process.® This
difference is the coupling free energy of the cycle and
measures the linkage between the binding of L and
the mutation. The same cycle applies to binding in
the transition state, where the free energy is directly
related to the specificity constant s = keo/Km and AAG
= RT In(Swt/Smut) = AG.. When AG, > 0, the mutation
reduces specificity, whereas enhanced specificity is
reflected by AG. < 0 and no effect is seen for AG, =
0.

In the case of protein stability, a thermodynamic
cycle analogous to eq 20 can be constructed as follows:

AGu
U <—— F

g, [] []m, (21)

Umut <> Fmut
AGmU[
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The unfolded state of the protein, U, replaces M and
the folded state, F, replaces ML.5> The value of AG,
measures the linkage between the mutation and the
folding of the protein. When AG. is positive, the
mutation reduces stability. Enhanced stability is
reflected by a negative value of AG. and no effect is
seen for AG; = 0.

Definition of AG. in the cycles in egs 20 and 21
implies that the effect of the mutation cannot be
attributed entirely to the bound or folded state of the
protein, as far too often assumed. In fact, AG,
measures the difference in free energy between the
folded mutant and wild-type relative to the same
difference in the unfolded state. In the case of ligand
recognition, AG. measures the difference ':AG; — °AG;
and reflects the perturbation introduced by the
mutation on the ML complex relative to the free
macromolecule M. To assign AG. entirely as a
perturbation of the folded state, one must assume
that the free energy of the unfolded state is not
affected by the mutation. However, this is in contrast
with a large body of experimental data obtained in a
variety of systems.®> Likewise, identification of a
structural epitope strictly demands that the mutation
perturbs specifically the bound state of the macro-
molecule. However, if a mutation has AG.; > 0 and
destabilizes the binding of L, the effect is not neces-
sarily due to destabilization of the complex ML. A
mutation that stabilizes the free form of the macro-
molecule (°AG; < 0) and has no effect on the bound
form (*AG; = 0) also gives AG, > 0 and can be
confused with a mutation that directly affects rec-
ognition of the ligand. In this case, the residue
mutated is mistakenly associated with the epitope
recognizing the ligand L, although it plays no role in
the binding event. A value of AG; > 0 only means
that the effect of the mutation has reduced the
stability of the complex more than that of the free
form. Assignment of the perturbation to the bound
complex requires experimental demonstration that
the free form of the macromolecule is not affected by
the mutation (°AG; = 0). In the absence of this
information, interpretation of the results may be
problematic and must rely on other criteria like the
spatial proximity of residues affecting ligand binding
or the involvement of these residues in ligand rec-
ognition based on structural information. Only when
the Ala substitution does not alter the properties of
the unfolded state, or removes contacts important for
interaction with the ligand, can maps of the regions
involved in stability and ligand recognition be con-
structed from the effect of the mutation on AG..

In addition to the potential problems outlined
above, single-site Ala replacements neglect a priori
the contribution of possible site—site interactions to
protein stability and ligand recognition. The analogy
with ligand binding reveals the limits of such an
approach. Single-site Ala scans only provide infor-
mation on the equivalent of the site-specific binding
constants Kj's, and there is no way one can assess
the binding properties of a cooperative system from
knowledge of these parameters alone. In the absence
of interactions, these constants are indeed sufficient
to characterize the properties of the system. In a
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cooperative system where interactions are predomi-
nant, these parameters represent only a small frac-
tion of the total number of independent parameters
needed to characterize the energetics. Results from
the limited number of studies where the importance
of site—site interactions in mutational effects has
been addressed experimentally have fostered the
somewhat misleading notion that residues tend to
participate independently in stability and recog-
nition®-%2 and that interactions only occur among
residues close in space.%6:5862-64 |t has now been
recognized that interactions may involve residues as
far as 30 A away from each other.65-73 Hence, there
is good reason to believe that interactions are present
in nearly every system and provide the most impor-
tant ingredient to protein stability and ligand rec-
ognition.

A compelling argument in favor of the existence of
cooperativity in ligand recognition and protein stabil-
ity is as follows. The key assumption of Ala-scanning
mutagenesis is that the Ala replacement has the only
effect of eliminating the interactions of the side chain
beyond the Cz.5354 If this assumption is at all valid
and the Ala replacement is an unbiased probe of the
energetic contribution of a given residue to binding,
then the Ala mutation at any position of the epitope
should convert the free energy contribution to zero.
If this is not the case, then the Ala replacement has
introduced new properties at the site, thereby invali-
dating the assumption. If a functional epitope for
binding or stability were composed exclusively of
independent residues, then these residues would
contribute to the energetics in an additive manner
and their contribution would be unraveled by single-
site Ala scans. Furthermore, the sum of the free
energy changes due to Ala replacement over all sites
in the epitope, with changed sign, would be close to
the actual free energy of binding or stability mea-
sured experimentally for the wild-type. Inspection
of the results in Table 3 for a number of systems
shows that this is not the case.

A large discrepancy exists between the calculated
and experimentally determined values. In the case
of human growth hormone*® or granulocyte colony
stimulating factor’® binding to their receptors, the
binding affinity calculated from the results of the Ala
scan is greatly overestimated, and so is the stability
of Arc repressor“® and staphylococcal nuclease.”™ In
the cases of BPTI binding to trypsin,*® tissue factor
binding to coagulation factor VI1la,5! or linolenate
binding to intestinal fatty acid binding protein,’ the
binding affinity is grossly underestimated. When the
affinity is underestimated, it may be argued that the
functional epitope might have been incompletely
characterized thereby missing important interac-
tions. This can hardly be the case for the interaction
of tissue factor with Vlla, where 112 residues were
targeted by mutagenesis, or intestinal fatty acid
binding protein, where 23 important residues in the
binding cavity were replaced. On the other hand,
when the affinity is overestimated, it may be argued
that the functional epitope might have included sites
of marginal importance. Again, this can hardly be
the case in the interaction of human growth hormone
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Table 3. Comparison of Free Energy Values (kcal/mol) for Stability and Ligand Recognition Measured

Experimentally and Calculated from Single-Site Ala Scans

system process Ala replacements AGeard! AGexp O0AGcoop ref

Arc repressor unfolding 512 58.2 13.8 —44.4 46
Staphylococcal nuclease unfolding 14b 39.1 55 —33.6 74
hGH-hGHbp¢ binding 30 —25.9 -12.3 13.6 48
BPTI-chymotrypsin binding 15 —6.4 -10.7 —-4.3 49
Vila-TFd binding 112 -9.7 —15.4 -5.7 51
I-FABP® (palmitate) binding 23 —6.8 -10.9 —-4.1 75
I-FABP® (stearate) binding 23 —-13.1 =117 1.4 75
I-FABP® (oleate) binding 23 -8.5 -10.7 —-2.2 75
I-FABP® (linoleate) binding 23 5.4 -10.0 —4.6 75
I-FABP® (linolenate) binding 23 2.4 —-9.1 —-11.5 75
I-FABP® (arachidonate) binding 23 —-3.6 -95 -5.9 75
GCSF-GCSF receptorf binding 27 —14.5 -11.3 3.2 76
RANTES-CCR19 binding 16 -5.2 -12.3 -7.1 52
RANTES-CCR3¢ binding 16 —10.5 —13.0 —-2.5 52
insulin receptor binding 26 —-8.9 -11.2 —-2.3 77
insulin receptor binding 38 —23.4 —11.2 12.1 77—83
VI11-mAb413" binding 10 —16.6 —13.6 3.0 84

a2 Only the Ala replacements of residues W14, N29, R31, S32, E36, R40, S44, K47, E48, and R50 forming hydrogen bonds and
ion pairs protected from the solvent were included in the calculations. ® Only the Ala replacements of large hydrophobic residues
were included in the calculations. ¢ Human growth hormone (hGH) binding to the extracellular domain of its first bound receptor
(hGHbp). @ Tissue factor (TF) binding to coagulation factor Vlla. ¢ Intestinal fatty acid binding protein. f Granulocyte colony
stimulating factor (GCSF). ¢ CC-chemokine regulated upon activation normal T-cell expressed and secreted interacting with its
receptors. " Monoclonal antibody 413 binding to coagulation factor VIII. ' AGcaic, AGexp, and 0AGep are defined in eq 22.

with its receptor where the functional epitope is a
small hot spot, or for Arc repressor, where the
calculated value of stability was taken from the sum
of only 11 out of 52 mutated residues, or else for
staphylococcal nuclease where only the effect of Ala
replacements of 14 large hydrophobic side chains was
considered. The results of intestinal fatty acid bind-
ing protein are particularly instructive insofar as
they show that the discrepancy between calculated
and experimentally determined values depends on
the particular ligand examined. The difference
changes from —11.5 kcal/mol for linolenate to 1.4
kcal/mol for stearate. Given the comparable size of
the fatty acids listed in Table 3 and their comparable
binding affinity, this large difference cannot be due
to intrinsic properties of the ligand. Rather, it
suggests the presence of communication among the
protein residues that is sensitive to the particular
ligand bound. In the case of insulin binding to its
receptor, the affinity is underestimated when 26
residues are mutated to Ala.”” However, when the
results are combined with other Ala scans under
identical conditions”~83 to cover a total of 38 residues,
the affinity is grossly overestimated. A similar
situation is encountered in the binding of a mono-
clonal antibody to coagulation factor VIII.8* Again,
when the Ala scan involves most of the residues
responsible for binding, a large discrepancy is seen
between calculated and experimentally determined
values for the binding of the ligand to the wild-type,
underscoring the important role that interactions
among residues play in the recognition process.

It may seem paradoxical that an epitope containing
all residues replaced by Ala should bind a ligand with
a AG = 0, regardless of the system studied, if the
residues are truly independent. A binding free
energy of zero means that the ligand experiences no
net energetic change in going from the free to the
bound state and that the all-Ala binding epitope is
energetically neutral. Similar arguments apply to

protein stability. Although this scenario is hypo-
thetical, its validity within reasonable energetic
terms is key to the approach based on Ala scans. If
the large discrepancy in Table 3 is the result of
specific favorable or unfavorable contributions to
stability and recognition introduced by the presence
of Ala at any given site, the assignment of epitopes
with Ala-scanning mutagenesis becomes context de-
pendent and highly questionable. It is possible that
Ala replacements may introduce additional proper-
ties at the site of mutation and that these properties
may bias the energetic balance of the substitution.
However, this bias is likely to be small. We propose
that the large discrepancy documented in Table 3 is
indicative of a more general problem, i.e., the neglect
of energetic contributions arising from possible site—
site interactions that cannot be quantified by single-
site Ala scans.

In the case of ligand binding, the presence of
cooperativity in the recognition event may be the
result of some general rules through which biological
specificity is encoded into the structure of a protein.
A similar scenario may apply to protein stability,
where recognition involves domains of the same
protein. The stability of a protein is thought to result
from the balance of two large and opposite forces, one
favorable due to the hydrophobic and electrostatic
effects and the other unfavorable due to conforma-
tional entropy loss.?2 The balance is usually compa-
rable in magnitude to the free energy involved in only
a few polar or charged interactions. In view of this
well-established fact, it may be argued that the
nonadditivity documented in Table 3 for the pertur-
bation of protein stability may be due to the disrup-
tion of favorable interactions, without compromising
the unfavorable contributions. Hence, the disruption
of a few contacts independent of one another may
result in a loss of stability comparable to that of the
entire protein, and the balance of similar perturba-
tions over a large number of residues will necessarily
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exceed the stability of the protein by a large factor.
If this argument is correct, it should be possible to
find a significant number of mutations in a protein
that only affect the unfavorable contributions and
produce large increases in stability. However, sta-
bilizing mutations are rather exceptional, whereas
destabilizing mutations are very common. We pro-
pose that some of the unfavorable contributions to
protein stability result from the negative interactions
among residues that contribute to protein stability.
In the absence of these important interactions,
underlying the complex cooperative nature of the
folding process, proteins would be orders of magni-
tude more stable. This hypothesis explains the
results in Table 3 and accounts for the large preva-
lence of destabilizing effects observed in single-site
Ala scans of proteins.

An approximate measure of the extent of interac-
tions among residues is given by the difference,
O0AGcop, between the experimentally determined,
AGexp, and calculated, AGea, values of the free energy
of binding or stability, i.e.

- AG

exp calc —

0AG,,, = AG
N

coop
N

AG,, + Z(J'Acsmut — AG,,) = AG,,, + SIAAG,,,
1= =

(22)

The value of AGeyp is the same as the free energy of
the wild-type, AGut. The calculated AGeyc is the sum
of the differences between the free energy of the
mutant and wild-type for all N mutants in the
epitope, with changed sign. In the absence of inter-
actions among the residues being mutated to Ala, and
under the assumption that the Ala substitution is
energetically neutral, 0AGc.p Should be as close as
possible to zero. Hence,

N
AG,, = _ZJAAGmut (23)
=

is the expected result for an epitope composed of
independent residues.

The presence of interactions invalidates the ener-
getic assignments derived from single-site Ala scans
because the contribution of a given residue to stabil-
ity or ligand binding will depend on the state (wild-
type or mutated) of other residues. The extent to
which interactions affect the assignments based on
single-site Ala scans must be evaluated in each case
and complicates the identification of epitopes. In
cooperative processes such as protein stability or
ligand recognition, the contribution of a given residue
involves effects of multiple order. A first-order
contribution comes from contacts made directly with
the ligand or with another residue in the protein.
Higher-order contributions may come from the cou-
pling between the residue and other structural
components. The residue recognizing the ligand may
be involved in a number of interactions with other
residues via short-range van der Waals coupling,
long-range electrostatic coupling, or large-scale con-
formational transitions. For interactions of second-
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order, the construction of double mutations becomes
necessary to assess the energetic contribution to
stability and ligand recognition, and so forth for
higher-order interactions. If an epitope contains N
residues, a complete single-site Ala scan requires N
mutations and a double-site Ala scan requires N(N
— 1)/2 mutations. The problem of correctly assessing
the energetic contribution of residues in a functional
epitope using site-directed mutagenesis is combina-
torially challenging and demands elucidation of site—
site coupling patterns. This calls for a new method
of analysis of mutational effects in proteins where
the role of interactions is explicitly taken into ac-
count.

C. Double-Mutant Cycles

Cooperativity between single-site mutations is
typically assessed from the properties of double-
mutant cycles. Consider the general case of a system
composed of N sites that can exist in two states, 0
(wild-type) and 1 (mutant). AG; is the free energy
change associated with the 0 — 1 transition at site j
when all other sites are in state 0. This term is the
difference in free energy between the configuration
with site j perturbed and the wild-type resulting in
the loss (AG; > 0) or gain (AG; < 0) of specificity or
stability due to perturbation of that site. There are
N such terms to be taken into account, one for each
site. Consider, then, the double perturbation at sites
i and j. The free energy change for such perturbation
can be written as the sum AG; + AG; + AG;;, where
AG;;j is the interaction free energy between sites i and
j when the perturbation is applied at both sites. AG;j;
is the same as the coupling free energy in the
thermodynamic cycle analogous to eq 2:

AG;
Moy <—— My

AG; [] []AG/ +0Gj (24)

Moy <—— Mnp
AG; + AGj

where the suffix denotes the state, wild-type or
mutant, of sites i and j. A negative value of AG;j
indicates positive coupling between the perturbations
at sites i and j in enhancing specificity or stability,
or negative coupling in reducing it, and vice versa for
a positive value. A value of AG;; = 0 indicates the
absence of coupling between the perturbations.
Some properties of double-mutant cycles have been
discussed previously.62-6573858 Horovitz and Fer-
sht® pointed out that these cycles can also be used
to dissect more complex interactions involving mul-
tiple sites. This becomes necessary if one wants to
understand the origin of the coupling between two
sites. The cycle in eq 24 can help establish the
presence of coupling between mutations introduced
at two sites, but it cannot reveal the origin of the
coupling. Once the existence of coupling is estab-
lished, is this the result of direct interactions between
the sites or is it mediated indirectly via other sites?
Horovitz and Fersht®® suggested that comparison of
the values of the coupling free energy obtained in the
two states, wild-type and mutated, of a third residue
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can determine whether the third residue affects the
interaction between the two sites. This approach can
be extended to an arbitrary number of sites by
constructing a hierarchy of perturbed cycles. First,
the effect of a third site is examined on the coupling
between two sites. Then the effect of a fourth site is
studied on the coupling between the third site and
the first two sites, and so forth.

A more straightforward and informative method
to assess the origin of coupling between mutations
at two different sites exploits a key property of the
coupling free energy.>® The mechanism of coupling
is unraveled by studying how the coupling between
any two sites is affected by the configuration of other
sites. The coupling free energy between two muta-
tions at sites i and j is defined in the double-mutant
cycle in eq 24 by implicitly assuming that all other
sites are in state 0. A cycle analogous to that in eq
24 can be constructed for any configuration of the
other N — 2 sites. There are 2N-2 such configurations
and N(N — 1)/2 distinct pairs of sites, i and j, leading
to a total of N(N — 1)2N-3 possible thermodynamic
cycles and coupling free energies. Not all cycles are
independent because the system only contains 2N —
1 independent terms, N of which are site-specific free
energies of perturbation AG;j's and the remainder are
coupling free energy terms from second up to Nth
order. Construction of double-mutant cycles cannot
generate more information than that contained in the
independent coupling terms. Hence, of the N(N —
1)2N-3 possible cycles, only 2N — 1 — N are necessarily
independent. However, once any pair of sites i and
j is chosen, the 2N=2 coupling free energy values
generated by all configurations of the other N — 2
sites are all independent. Therefore, there are two
alternative and equivalent ways to characterize the
interactions of a system. One is based on the second-
and higher-order interaction free energies that define
the intermediates of the system; the other casts these
free energies in terms of the coupling between two
sites in any possible configurations of the other sites.

Once coupling free energies are calculated for all
possible configurations of the system, it is possible
to decipher the code for site—site interactions using
the following property of a thermodynamic cycle
whose mathematical proof is given elsewhere:®

THEOREM: If the coupling between two sites is
direct and involves only second-order interactions,
then the coupling free energy is independent of the
configuration of other sites. Otherwise, the coupling
is indirect and involves interactions higher than
second order.

To understand the significance of this property, it
is useful to consider two key examples of direct and
indirect coupling. Direct coupling is peculiar of
models of nearest-neighbor interactions, like the
Koshland—Nemethy—Filmer model of ligand binding
cooperativity.®” In this model, interactions are all
pairwise and second order. Coupling of higher order
is simply the result of additive contributions from
second-order coupling terms. No matter how two
sites are linked to each other and to the rest of the
system, the coupling between them remains ener-
getically the same regardless of the configuration of
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other sites. This has the nontrivial consequence that,
when the coupling between a pair of sites is not
affected by a third site, one cannot conclude that the
third site is not coupled to the pair as the Horovitz—
Fersht approach would mistakenly imply.® In fact,
in any nearest-neighbor model where the third site
is coupled to each site in the pair, the state of the
third site is inconsequential on the coupling free
energy of the pair. Though somewhat counterintui-
tive, this conclusion can be proved mathematically®
and provides an important reference point for the
correct interpretation of coupling free energy profiles.

The case of the ionization reactions of glutamic acid
dealt with in section I1.B is particularly relevant in
this regard. The third-order coupling constant ci,3
is the same as the product c;,¢;13¢23 (Table 1). Hence,
the third-order coupling free energy AGi,; = —RT In
C123 is the sum of the three second-order coupling free
energies AG;; = —RT In ¢z, AG13 = —RT In ¢;3 and
AG23 = —RT In cy3. As a result, the coupling between
any two ionizable groups in glutamic acid is not
influenced by the ionization state of the third group,
although all groups are coupled. The amino group
influences protonation of the o- and y-carboxyl
groups but has no influence on the negative coupling
between these groups, which remains the same
whether the amino group is protonated or not.

Indirect coupling manifests itself in a more obvious
manner. An example is provided by the Monod—
Wyman—Changeux model of concerted allosteric
transitions® where interactions involve all sites
through a linked global conformational change. In
this model, sites are always positively coupled and
the order of coupling changes according to the state
of other sites as the protein switches from one state
to another. Combination of the Koshland—Nem-
ethy—Filmer and Monod—Wyman—Changeux models
into a more general hybrid model accounts for
arbitrarily complex mechanisms of coupling.5®

The mechanism of coupling can be identified from
analysis of double-mutant cycles but requires the
availability of a high-dimensional manifold of per-
turbations where the coupling between two sites can
be studied as a function of a relatively large number
of configurations of other sites. This poses challeng-
ing tasks from an experimental standpoint because
construction and expression of triple or higher order
mutants in a protein may be problematic. The
analysis based on the properties of the coupling free
energy appears to be ideally suited for the site-
specific dissection of ligand recognition when most
of the perturbations are introduced in small peptides
that bind to the protein. Large libraries of peptides
containing all the relevant mutant forms can be
constructed with ease and when combined with
perturbations in the protein generate the complexity
necessary to dissect all interactions in the system.
An example of how this new and powerful approach
based on the principles of site-specific thermodynam-
ics can be implemented in practice is offered in the
next section.
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IV. Site-Specific Dissection of Thrombin
Specificity

A. Substrate Recognition by Serine Proteases

The principles outlined in the previous sections find
an ideal application to the study of enzyme specificity.
Understanding the molecular origin of enzyme speci-
ficity is important for structure—function and evo-
lutionary studies and also bears on rational drug
design. One of the best characterized class of en-
zymes is that of serine proteases of the chymotrypsin
family.89°0 These enzymes participate in key physi-
ological functions such as digestion, blood coagula-
tion, fibrinolysis, complement, and development.
Proteases involved in digestive processes, like trypsin,
have wide specificity and are also found in bacteria.
In contrast, proteases involved in blood coagulation,
fibrinolysis, and complement have narrow specificity
and are found almost exclusively in vertebrates.% 93
Among these more specialized proteases, activity and
specificity is controlled allosterically by the binding
of Na*, whereas more primitive proteases and those
involved in fibrinolysis are apparently devoid of such
important property.%+%

Serine proteases of the chymotrypsin family share
a common fold composed of two six-stranded S-barrels
of similar structure that pack together asymmetri-
cally to host at their interface the residues of the
catalytic triad H57, D102, and S195.9 Although they
have a common catalytic mechanism,®” these en-
zymes differ widely in specificity. The exact molec-
ular origin of this difference remains in the most part
elusive. The preference of trypsin-like enzymes for
cleavage at Arg residues is due to the presence of
D189 at the bottom of the catalytic pocket. In
chymotrypsin, residue 189 is a Ser and the preference
is for bulky aromatic side chains. However, the
D189S replacement in trypsin does not result in a
chymotrypsin-like specificity. This is instead ob-
tained by more substantial replacements involving
the surface loops 185—188 and 221—225 with the
homologous regions in trypsin,® though none of the
residues in these loops contacts the bound substrate.
These observations suggest a molecular origin of
protease specificity that depends on multiple critical
sites.

The classical approach to the study of protease
specificity takes into account interactions made by
the enzyme with the substrate at the level of indi-
vidual sites.?® This approach lends itself to applica-
tion of the principles of site-specific thermodynamics
developed for the study of binding cooperativity.®
Residues of the substrate interacting with the en-
zyme are labeled with a P and a number from 1 to
N, starting from the scissile bond and moving to the
N-terminus. Residues of the enzyme making con-
tacts with the substrate are called specificity sites and
are labeled with an S. The amino acid at P1 of the
substrate makes contacts with the specificity site S1
of the enzyme, P2 contacts S2, and so forth. Residues
on the C-terminal portion of the scissile bond of the
substrate are numbered P1', P2', and so forth and
the corresponding specificity sites on the enzyme are
S1', S2', and so on. The scissile bond is positioned
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between P1 and P1'. The existence of multiple
recognition sites effectively narrows down specificity
by reducing the probability that the required se-
guence is found in a random sample of potential
substrates. The longer the consensus sequence in-
teracting with the enzyme, the smaller the prob-
ability that it will occur in another potential sub-
strate.

The recognition model based on binding to multiple
specificity sites brings about a number of important
guestions, including the assessment of the free
energy cost of a replacement made at a P or S site
and whether the P or S sites contribute to recognition
additively or cooperatively. These questions are
central to the analysis of mutational effects discussed
in section 111 and are addressed below in the specific
case of thrombin—substrate interactions.

B. Thrombin Structure and Function

The serine protease thrombin is capable of two
important and opposite roles that are at the basis of
the efficiency of blood coagulation. The procoagulant
role entails the conversion of fibrinogen into the
insoluble fibrin clot, the promotion of platelet ag-
gregation, the stabilization of the ensuing clot by
activation of factor X111 and inhibition of fibrinolysis,
and the feedback enhancement of its own generation
from prothrombin by activation of factors V, VIII, and
Xl. The anticoagulant role involves the thrombo-
modulin-assisted conversion of protein C into an
active component that cleaves and inactivates factors
Vllla and Va together with protein S, thereby limit-
ing the conversion of prothrombin into thrombin
catalyzed by the prothrombinase complex.00.101 |n
addition to its primary roles in coagulation, thrombin
elicits a variety of important effects on a number of
cell lines upon binding to its receptors.19%103

Na* is required for the optimal conversion of
fibrinogen into fibrin monomers, which is catalyzed
by the procoagulant fast (Nat-bound) form with high
specificity.1®* The slow (Na*-free) form of thrombin
performs the same task with lower specificity. This
form, on the other hand, has higher specificity than
the fast form toward protein C051% and plays
predominantly an anticoagulant role. As a result of
the different affinity of the two allosteric forms, Na™*
is actively exchanged in the transition state upon
binding of fibrinogen or protein C. Fibrinogen binds
to the fast forms with higher affinity and promotes
the slow — fast conversion and Na* binding. On the
other hand, binding of protein C promotes the fast
— slow conversion and Na' release. Hence, Na*
binding and dissociation are important molecular
components of substrate recognition by thrombin.

Thrombin is composed of two polypeptide chains
of 36 (A chain) and 259 (B chain) residues that are
covalently linked through a disulfide bond.’®” The
B chain carries the functional epitopes of the enzyme
and has an overall architecture similar to that of
pancreatic serine proteases (Figure 6). The extraor-
dinary specificity of thrombin toward fibrinogen
arises not only from contacts made in the interior of
the active site (see below) but also from interactions
with exosite | located about 20 A away from the



1578 Chemical Reviews, 1998, Vol. 98, No. 4

ALCiyale kop

Figure 6. Ribbon representation of thrombin showing the
residues of the catalytic triad. Important regions of the
enzyme are noted.

active site.10819° Exosite | serves as an extended
primed recognition site. Binding of hirudin deriva-
tives or thrombomodulin to this site also enhances
allosterically Na* binding and switches the enzyme
to the fast form, thereby changing activity and
specificity.11°"12 Another factor that influences throm-
bin specificity is the W60d insertion loop that is
unique to thrombin and shapes the apolar specificity
site S2. This loop narrows significantly the access
to the active site by protruding into the solvent.
Replacement of W60d with the less bulky Ala or Ser
profoundly affects the interaction of thrombin with
the natural inhibitor antithrombin I11'*2 or fibrino-
gen.1tt114 A similar function has been hypothesized
for the autolysis loop shaping the lower rim of the
access to the active site. Deletion of the entire loop
results in a selective loss of fibrinogen binding.*®
The Nat binding site (Figure 7) displays octahedral
coordination involving the carbonyl O atoms of R221a
and K224 and four buried water molecules tetrahe-
drally coordinated by protein atoms and other water
molecules®®117 that altogether define a complex
hydrogen-bonding network within the catalytic
pocket.'*® Some of the hydrogen bonds in the net-
work are conserved with trypsin.'® Others are
specific to thrombin and are associated with Na* and
its coordination shell. The bound Na* is located 15—
20 A away from the catalytic triad and lies within 5
A from D189 in the specificity site S1 with a water
molecule mediating a hydrogen-bonding interaction
with 0% of D189. The NaT site also appears to be
stabilized by three ion pairs. R221a is ion-paired to
E146 of the autolysis loop, K224 is ion-paired to
E217, while D221 and D222 form a bidentate ion pair
with R187. Altering the bidentate ion pair with the
double substitution D221A/D222K results in reduced
activity toward fibrinogen but enhanced activity
toward protein C.*'8 Perturbation of the ion pair in
the R187Q thrombin Greenville produces a reduced
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Figure 7. Molecular environment of the Na* binding site
of thrombin. The bound Na* (black circle) is coordinated
octahedrally by the carbonyl O atoms of K224 and R221a
and four water molecules (gray circles). The site seems to
be stabilized by three ion pairs: R221a-E146, D221,D222-
R187, and K224-E217.

clotting activity, consistent with reduced Na* bind-
ing.*?° Similar effects of reduced clotting activity due
to reduced Na* binding are seen upon disruption of
the R221aA-E146%6121 or the K224-E217106122 jon
pairs.

C. Library of Site-Specific Probes

The molecular strategy used by thrombin to achieve
specificity toward fibrinogen and protein C is deeply
rooted in the mechanism through which Na* binding
affects the environment of the active site of the
enzyme. The main question is how the Na*-induced
slow — fast conversion enhances specificity toward
fibrinogen and small chromogenic substrates. A
related question is which allosteric form should be
targeted with active-site inhibitors to guarantee
optimal specificity. In both cases, the answer resides
primarily in the properties of the specificity sites of
the enzyme and warrants a quantitative assessment
of their energetic contribution in the transition state.

Substrate libraries generated from combinatorial
chemistry or phage display to identify consensus
sequences for binding!?®124 can be used as powerful
probes of the molecular environment of the specificity
sites of the enzyme to elucidate how they contribute
to recognition in the transition state. If perturba-
tions are made in the sequence of a substrate to
generate a library containing all species required for
a site-specific analysis, much information can be
derived on the energetic contributions of the specific-
ity sites that is difficult to obtain from mutagenesis
of the enzyme. To understand the molecular origin
of the higher specificity of the fast form toward
fibrinogen, the chromogenic tripeptide substrate FPR
(Table 4) was synthesized® to mimic the interaction
of the natural substrate with the active site of the
enzyme.108.199 | jke fibrinogen, FPR is cleaved by the
fast form with a specificity 30-fold higher than that
of the slow form® (Table 5). The crystal structure
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Table 4. Substrate Library

abbrev substrate site(s) perturbed
FPR H-b-Phe-Pro-Arg-p-nitroanilide  none
FPK H-b-Phe-Pro-Lys-p-nitroanilide  P1
FGR  H-p-Phe-Gly-Arg-p-nitroanilide P2
VPR H-b-Val-Pro-Arg-p-nitroanilide P3
FGK  H-p-Phe-Gly-Lys-p-nitroanilide  P1 and P2
VPK  H-b-Val-Pro-Lys-p-nitroanilide P1 and P3
VGR  H-p-Val-Gly-Arg-p-nitroanilide P2 and P3
VGK  H-b-Val-Gly-Lys-p-nitroanilide P1, P2, and P3

of thrombin inhibited with H-b-Phe-Pro-Arg-CH,CI%7
provides information on the interactions of the P1—
P3 groups of FPR with the enzyme. Arg at P1 makes
an ion pair with D189 at S1 at the bottom of the
catalytic pocket, Pro at P2 interacts with the apolar
moiety of S2 defined by P60b, P60c, and W60d,
whereas Phe at P3 forms a favorable edge-to-face
interaction with the aromatic ring of W215 at S3
(Figure 8). The b enantiomer at P3 mimics the
interaction of F8 at P9 of fibrinogen with W215 of
thrombin.’?> The chromogenic group p-nitroanilide
attached to the C-terminus enables quantitative
spectroscopic measurements of the released p-nitro-
aniline upon cleavage by thrombin at the P1—p-
nitroanilide scissile bond.

Starting from FPR, seven substitutions were made
to generate the library in Table 4.5 The rationale
behind these substitutions was to introduce enough
perturbation at P1, P2, and P3 while retaining
sufficient specificity for accurate experimental mea-
surements. The perturbation would then act as the
source of information on the environment of the
specificity sites of the enzyme S1, S2, and S3. H-p-
Phe was replaced with H-p-Val in VPR, VPK, VGR,
and VGK, to replace the aromatic moiety with a
hydrophobe. Pro was replaced with Gly in FGR,
FGK, VGR, and VGK, to avoid steric hindrance with
S2 and relieve the rigidity of the P2—P3 bond. Arg
was replaced with Lys in FPK, FGK, VPK, and VGK,
to preserve the positive charge at P1 needed to
contact D189 at S1. The substitutions were com-
bined to generate all possible intermediates from the
parent substrate FPR: the three singly substituted
substrates FPK, FGR, and VPR, the three doubly
substituted substrates FGK, VPK, and VGR, and the
triply substituted substrate VGK.
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Figure 8. Contacts between the irreversible inhibitor H-p-
Phe-Pro-Arg-CH,CI and the active site of thrombin. Shown
are thrombin residues D189, P60c, W60d, L99, and W215
that interact with the inhibitor. The guanidyl group of the
Arg at P1 makes an ion pair with the carboxyl group of
D189 at S1 at the bottom of the active site. Pro at P2 packs
in the S2 apolar cavity provided by the W60d loop. H-b-
Phe at P3 makes favorable hydrophobic contacts in the cleft
with L99 and especially a perpendicular aryl—aryl edge-
on interaction with W215 at S3.

To obtain the relevant free energy changes associ-
ated with the perturbations, the specificity constant
s = keat/ Km for substrate hydrolysis was measured in
all cases (Table 5) to estimate the free energy of
stability of the transition state. The value for FPR
was used to scale energetically all others to obtain

Table 5. Specificity Constants ke Km (@M~ s71) for the Hydrolysis of Synthetic Substrates by Thrombin, Trypsin,

and Plasmin

FPR FPK FGR VPR FGK VPK VGR VGK
Thrombin Fast Form
wild type 90 7.9 2.0 100 0.021 2.1 0.34 0.0047
R221aA 80 4.6 0.75 36 0.011 0.96 0.14 0.0024
K224A 44 7.7 0.93 24 0.027 1.4 0.17 0.0044
R221aA/K224A 26 3.2 0.33 13 0.011 0.70 0.049 0.0017
Thrombin Slow Form
wild type 3.0 0.35 0.86 6.7 0.0026 0.11 0.17 0.00079
R221aA 1.6 0.040 0.042 1.0 0.00038 0.0097 0.0086 0.00013
K224A 0.47 0.034 0.012 0.28 0.00039 0.0063 0.0020 0.00013
R221aA/K224A 0.34 0.010 0.0025 0.077 0.00021 0.0018 0.00063 0.000063
trypsin 8.9 0.95 2.2 6.9 0.22 0.75 0.67 0.069
plasmin 0.031 0.047 0.0018 0.028 0.0048 0.058 0.0016 0.0037

a Experimental conditions: 5 mM Tris, | = 200 mM, 0.1% PEG, pH 8.0, at 25 °C. The slow form was studied in the presence
of 200 mM choline chloride. The properties of the fast form refer to the limit [Na*t] — o, at constant | = 200 mM. Errors are

typically +2%.
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Table 6. Free Energy Values (kcal/mol) Due to
Perturbation of the P1-P3 Sites of FPR?2

AG; AG; AG; AGi; AGiz AGy AGips

Thrombin Fast Form
wt 14 23 -01 13 08 11 2.2

R221aA 1.7 238 05 08 05 05 1.2
K224A 1.0 23 04 11 07 06 1.8
R221aA/K224A 1.2 2.6 04 08 05 07 15
Thrombin Slow Form
wt 1.3 07 -05 22 12 14 3.3
R221aA 22 22 03 06 06 07 1.0
K224A 16 22 03 05 07 038 0.8
R221aA/K224A 2.1 2.9 09 -06 01 -0.1 -08
trypsin 1.3 0.8 0.2 00 -00 06 0.6
plasmin -0.3 1.7 0.1 -03 -0.2 0.0 -0.2

a2 Values were obtained from the specificity constants in
Table 5 using egs 25—31 in the text. Errors are +0.1 kcal/mol
or less.

the relevant free energy changes in the transition
state (Table 6) as follows:>°

AG; = —RT In(Sgpi/Sepr) (25)
AG; = —RT In(Secr/Sepr) (26)
AG; = —RT In(Sypr/Sepr) (27)

AG,, = —RT IN(SpgkSepr/SepkSEGRr) (28)
AGy3 = —RT IN(SypkSrpr/SkprSvpr) (29)
AG,; = —RT IN(SyrSkpr/SFGRSVPR) (30)

AG 3 =—RT In(SVGKSFPRZ/SFPKSFGRSVPR) (31)

AG;, AG;, and AG; are the changes in specificity due
to the single-site substitutions at P1, P2, and P3.
AGiz, AGy3, and AG,; are the second-order coupling
free energies for substitutions made at the three
possible pairs of sites, and AGjy3 is the third-order
coupling free energy for the triple substitution.
These terms reflect interactions between substitu-
tions made at different sites that may reduce (AG >
0) or enhance (AG < 0) specificity beyond simple
additivity. The terms in eqs 25—31 define the free
energy level of any substrate in the library relative
to FPR. For example, the relative free energy level
of FGK is AG; + AG;, + AGyo and that of VGK is AGy
+ AG; + AG3 + AGip3. Similar measurements were
carried out with the three thrombin mutants R221aA,
K224A, and R221a/K224A to assess the role of the
ion pairs that seem to stabilize the Na* binding
environment (Figure 7). This resulted in the com-
plete dissection of a five-dimensional manifold of
species in both the slow and fast forms of the enzyme
from which detailed information can be derived on
how perturbations of the substrate are coupled to
each other and to perturbations in the enzyme. The
five sites perturbed are P1, P2, and P3 in the
substrate and R221a and K224 in the enzyme. The
site-specific parameters relative to the 32 possible
intermediates in the manifold are listed in Table 6
for each thrombin form.

D. Cooperativity in Substrate Recognition

Inspection of Table 6 reveals the presence of large
and significant cooperativity in the effects induced
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by perturbations of the P1—P3 sites in the case of
wild-type thrombin. The extent of cooperativity
changes for each pair of substitutions and is also
affected by the allosteric state of the enzyme and
mutations made around the Na' binding environ-
ment. In contrast, no interactions are seen for
trypsin and plasmin, two cognate proteases. The
different response elicited by the substrate library
in different enzymes lends validity to the strategy of
probing the environment of the specificity sites.

The free energy change due to replacing Arg with
Lys at P1 in all possible combinations of the state of
P2 and P3 is summarized in Table 7. The values are
all positive in both the slow and fast forms, for wild-
type and mutant thrombins, indicating that the Arg
— Lys replacement at P1 always causes a loss of
specificity. The cost of this replacement is about 1
kcal/mol in both the slow and fast forms when no
replacement is made at P2 and P3, which suggests
that the same mechanism may cause the loss of
specificity in both allosteric forms. The changes in
catalytic parameters observed in the fast — slow
conversion of thrombin for both synthetic substrates
and fibrinogen involve a decrease in ke and an
increase in K,.1941%6 This would suggest that binding
of Nat orients the side chain of D189 for optimal
coordination of the guanidinium group of Arg at P1,
perhaps using water 447 that bridges the bound Na*
and the 0% atom of D189.18 In this case, however,
the loss of specificity with the Arg — Lys substitution
at P1 would be more pronounced in the fast form.
The similarity of effects seen for the two forms argues
against a direct influence of the allosteric switch on
the position of the side chain of D189. This conclu-
sion is consistent with the observation that water 447
is also present in trypsin,'811° which does not bind
Na*,% where it bridges the 0% atom of D189 to the
carbonyl O atom of K224. The origin of the increased
specificity of the fast form must therefore reside at
other specificity sites.

Due to the strong interactions among the P1—-P3
sites, the cost of replacing Arg with Lys at P1
depends on the residue at P2 and P3 (Table 7) and
reveals the importance of cooperativity in substrate
recognition. With Gly at P2, the cost of the Arg —
Lys replacement at P1 increases by 1.3 kcal/mol in
the fast form and 2.1 kcal/mol in the slow form,
introducing a significant difference of —0.7 kcal/mol
between the two forms. This difference measures the
coupling between the replacement at P1 and the slow
— fast transition. A negative value indicates that
the replacement promotes the slow — fast conversion
in the transition state or that the replaced residues
binds preferentially to the slow form. A positive
value signals a stabilization of the slow form or that
the replaced residues binds preferentially to the fast
form. The presence of a small, but significant
coupling when Gly is present at P2 suggests that the
environment around D189 in the transition state may
be different in the slow and fast form. When P3 is
substituted, the energetic penalty for the P1 substi-
tution increases by nearly 1 kcal/mol in both throm-
bin forms. The extent of interaction of P2 and P3
with P1 is significant. When Gly is present at P2,
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Table 7. Free Energy Change (kcal/mol) in Specificity Due to Perturbation of the P1-P3 Sites of FPR?

fast form slow form

R221aA/ R221aA/  coupling R221aA/
wt R221aA K224A K224A wt R221aA K224A K224A wt R221aA K224A K224A
Replacement at P1 (Arg—Lys)
FPX 1.4 1.7 1.0 1.2 1.3 2.2 1.6 2.1 0.2 —-0.5 —-0.5 -0.8
FGX 2.7 25 2.1 2.0 34 2.8 2.0 15 -0.7 -0.3 0.1 0.5
VPX 2.3 2.1 1.7 1.7 2.4 2.7 2.2 2.2 —-0.1 —0.6 —0.6 —-0.5
VGX 2.5 2.4 2.2 2.0 3.2 25 1.6 1.4 —-0.6 -0.1 0.5 0.6
Replacement at P2 (Pro — Gly)
FXR 2.3 2.8 2.3 2.6 0.7 2.2 2.2 29 1.5 0.6 0.1 —-0.3
FXK 35 3.6 3.3 3.4 2.9 2.8 2.6 2.3 0.6 0.8 0.7 1.1
VXR 34 3.3 2.9 3.3 2.2 2.8 2.9 2.8 1.2 0.5 0.0 0.5
VXK 3.6 35 3.4 3.6 2.9 2.6 2.3 2.0 0.7 1.0 1.1 1.6
Replacement at P3 (Phe — Val)
XPR -0.1 0.5 0.4 0.4 -0.5 0.3 0.3 0.9 0.4 0.2 0.1 -0.5
XPK 0.8 0.9 1.0 0.9 0.7 0.8 1.0 1.0 0.1 0.1 0.0 -0.1
XGR 1.0 1.0 1.0 1.1 1.0 0.9 1.1 0.8 0.1 0.1 -0.1 0.3
XGK 0.9 0.9 1.1 11 0.7 0.6 0.7 0.7 0.2 0.3 0.4 0.4

awt = wild type. Errors are +£0.1 kcal/mol or less. Values were obtained from the data in Table 6. The difference between the
values for the fast and slow forms gives the coupling between the substitution and the slow — fast transition. Positive values are
indicative of stabilization of the slow form in the transition state, whereas negative values signal stabilization of the fast form.
Values of the coupling in excess of =RT (0.6 kcal/mol) are in bold type.

the interaction with P1 actually exceeds the cost of
the replacement at P1 itself in the slow form.

The free energy change due to replacing Pro with
Gly at P2 in all possible combinations of the state of
P1 and P3 is summarized in Table 7. As for the
substitution at P1, the values are significantly posi-
tive. In this case, the effects tend to be more
pronounced in the fast form, underscoring an obvious
change in the environment of the S2 site in the slow
— fast transition. The significant difference is con-
ducive to stabilization of the slow form in the transi-
tion state when Pro is replaced by Gly. The apolar
site S2 of thrombin is formed by residues in the W60d
loop, which has no counterpart in other serine pro-
teases. Residues in the apolar site must be oriented
differently in the slow and fast forms, causing a
better discrimination of the residue at P2 in the fast
form. W60d may play a key role in this respect
because replacement of the bulky side chain with Ser
in W60dS abolishes the differences between the slow
and fast forms in recognizing substrates with Pro or
Gly at P2.111 The indole ring of W60d likely produces
steric hindrance in the slow form, but not in the fast
form. The perturbation at P2 depends strongly on
the residue present at P1 and P3. The cost of the
Pro — Gly replacement increases by 1.2 kcal/mol in
the fast form and 2.2 kcal/mol in the slow form as a
result of the substitution at P1. This effect is exactly
(taking into account roundoff error) the same as that
seen for the perturbation at P1 when P2 is perturbed,
as a consequence of the reciprocity of the linkage
between the perturbations at P1 and P2.

The free energy change due to replacing Phe with
Val at P3 in all possible combinations of the state of
P1and P2 is summarized in Table 7. The unexpected
finding is that Val at P3 does not cause a loss of
specificity. Rather it increases specificity slightly in
the slow form. The hydrophobic group at P3 may
interact favorably with the hydrophobic moiety of L99
(Figure 8), which is close to the apolar site S2.
Interestingly, residue Y3 of hirudin contacts W215
of thrombin in a manner similar to Phe at P9 of the

fibrinogen Aa chain,'®” but replacement of Y3 with
more hydrophobic residues significantly enhances the
binding affinity,?812° consistent with the enhanced
specificity of VPR compared to FPR. The energetic
effect linked to replacement of the residue at P3 is
of the same magnitude in both forms and excludes a
direct involvement of the S3 site in the slow < fast
equilibrium. The perturbation at P3 depends strongly
on the state of P1 and P2. The cost of the Phe — Val
replacement increases by 0.9 kcal/mol in the fast form
and 1.2 kcal/mol in the slow form as a result of the
substitution at P1 and is the reciprocal of the effect
seen for the perturbation at P1 when P3 is perturbed.

The data in Tables 6 and 7 reveal the presence of
coupling among perturbations at P1, P2, and P3. The
coupling is the result of constraints imposed by the
enzyme on the bound substrate in the transition state
and is therefore revealing of the molecular environ-
ment underlying the recognition process. The cou-
pling free energies for the three possible pairs of P
sites in the two possible states of the third site are
listed in Table 8. The values are constructed from
the specificity constants pertaining to the four species
in the double-mutant cycle in eq 24, where the
mutations are replaced by substitutions at the P
sites. For example, the coupling between P1 and P2
is OAG;LZ = —RT |n(S|:GKS|:pR/S|:pKS|:GR) in the absence
of perturbation at P3 and *AG;; = —RT In(SvekSvrr/
SvekSver) When P3 is perturbed. The value of °AG;,
is the same as AGj; in Table 6. The coupling free
energies in the case of wild-type thrombin are mostly
positive and quite significant, demonstrating that
perturbations at the P1, P2, and P3 sites are nega-
tively coupled in enhancing specificity and that the
residues at P1—P3 are negatively coupled in the
binding to the S1—S3 sites. When a site is perturbed,
perturbation at a second site reduces specificity
beyond simple additivity. Furthermore, the coupling
between any two sites is enhanced by more than 1
kcal/mol when the third site is perturbed underlying
an even stronger cooperative effect in reducing
specificity that progresses with the extent of pertur-
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Table 8. Coupling Free Energies (kcal/mol) for Perturbation of the P1-P3 Sites of FPR?2
fast form R221aA/ slow form R221aA/
wt R221aA K224A K224A wt R221aA K224A K224A
°AG12 1.3 0.8 11 0.8 2.2 0.6 0.5 —0.6
1AGy, 0.2 0.3 0.6 0.3 0.7 -0.3 -0.6 -0.9
°AG13 0.8 0.5 0.6 0.5 1.2 0.6 0.7 0.1
1AGys -0.2 -0.1 0.1 -0.0 -0.2 -0.3 -0.4 -0.1
OAG23 1.1 0.5 0.6 0.7 14 0.7 0.7 -0.1
1AGgys 0.1 -0.0 0.1 0.2 0.0 -0.2 -0.3 -0.3

a Listed are the two possible configurations of the third P site (0 = wild-type (wt), 1 = mutant). Errors are +£0.1 kcal/mol or

less.

bation in the substrate. There are six possible
coupling free energy values for the three pairs, but
only four are independent. Hence, the difference
between any two values for each pair is exactly the
same for all pairs. From the property of the coupling
free energy (section 111.C), we conclude that the sites
are coupled indirectly through interactions higher
than second order.

E. Origin of the Higher Specificity of the Fast
Form

The Arg — Lys replacement at P1 slightly promotes
the slow — fast transition when Gly is present at P2.
On the other hand, the Pro — Gly replacement at P2
strongly stabilizes the slow form. The replacement
at P3 is inconsequential on the allosteric equilibrium.
Hence, the slow — fast transition affects mostly the
environment of the S2 site, with modest effects on
the S1 site and no effect on the S3 site. Constraints
at the S2 site accounts for the lower specificity of the
slow form compared to the fast form and become
inconsequential if the substrate acquires flexibility
with a Gly at P2 and can readjust in the active site
to compensate for the increased steric hindrance of
the S2 site in the slow form. These findings explain
why the thrombin mutant W60dS cleaves FPR with
the same specificity in the slow and fast forms!'* and
suggest the bulky side chain of W60d as the likely
origin of the constraints at S2.

The dominant factors that control specificity are
the rigidity of the P2—P3 bond and the strength of
the P1-S1 interaction. When the P2—P3 bond is
rigid, the substrate finds a more favorable S2 envi-
ronment in the fast form. Flexibility of the P2—P3
bond relaxes the optimal interaction of Arg at P1 with
D189 at S1, this effect being favored by a more
accessible active site in the fast form.1%410 The
coupling between substitutions at P1 and P2 comes
partially from an intrinsic effect on the substrate, the
loss of rigidity of the P2—P3 bond, and partially from
the different environment of the enzyme in the slow
and fast forms. The less constrained environment
of the specificity sites in the fast form also act to
reduce the extent of negative coupling among the
various perturbations in the substrate, causing the
interactions to essentially disappear as more substi-
tutions are introduced at the P sites.

The two ion pairs R221a-E146 and K224-E217
stabilizing the Na* binding environment (Figure 7)
provide other constraints in the slow form. The
R221aA mutant has a reduced Na* affinity,'% sug-
gesting that disruption of the R221aA-E146 ion pair

may destabilize the fast form. However, disruption
of the R221aA-E146 ion pair affects specificity more
in the slow than the fast form. The parameters
pertaining to the fast form are practically unchanged
relative to wild-type, while those in the slow form
show enhanced sensitivity to perturbation at P1 and
P2. This perturbation is also less dependent on the
state of other groups, indicating a reduction in the
coupling among substitutions at the P1—P3 sites
(Tables 6 and 7).

Disruption of the R221a-E146 ion pair has a direct
influence on the specificity sites S1 and S2 of the
enzyme in the slow form and affects the way these
sites discriminate between Arg and Lys at P1 or Pro
and Gly at P2. This ion pair maintains the correct
architecture of the S1 site, especially in the slow
form, but also influences the S2 site located some 17
A away. The molecular basis of this effect may be
due to enhanced mobility of the autolysis loop on the
Glu side of the ion pair upon disruption of the contact.
The enhanced mobility may interfere with substrate
recognition in the slow form. The R221a-E146 ion
pair contributes to the integrity of the S1 environ-
ment in the slow form, but not in the fast form
because the perturbation is practically abolished by
Na* binding.

As for the R221aA mutant, mutation of K224 to
Ala reduces the Na' affinity,'% suggesting that
disruption of the K224-E217 ion pair may destabilize
the fast form, but again, this proposal is contradicted
by the experimental data that document a larger
perturbation of the slow form (Tables 6 and 7).
Disruption of the K224-E217 ion pair produces effects
very similar to those seen for the R221aA mutant,
with a reduction of the coupling among the P1—P3
sites especially in the slow form. The ion pair
between K224 and E217 bridges two residues on the
last two Sg-strands of the B chain contributes to the
integrity of the S1 and S2 environments in the slow
form. The region in immediate proximity to K224
and E217 plays a key role in substrate selectivity and
is absolutely conserved in thrombin from different
species.'®® The state of this ion pair can therefore
control the access of substrates into the bottom of the
catalytic pocket where the specificity site S1 is
located.

The two ion pairs interact slightly in the slow form,
but not in the fast form, as demonstrated by the
results on the double mutant R221aA/K224A (Tables
6 and 7). The perturbation induced by the double
mutation is more drastic and almost abolishes Na*
binding.’%® The mutation affects the response to
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Table 9. Coupling Free Energies (kcal/mol) for Perturbation of the P1-P3 Sites of FPR and Residues R221A and

K224 of Thrombin2

000 100 010 001 110 101 011 111 coupling mediated by
Fast Form
P1-P2 1.3 0.2 0.8 1.1 0.3 0.5 0.8 0.3 indirect P3
P1-P3 0.8 -0.2 0.5 0.6 -0.1 0.1 0.5 -0.0 indirect P2
P1-R221a 0.2 -0.2 -0.1 0.2 -0.1 -0.1 0.0 -0.2 none
P1-K224 -0.4 -0.6 -0.6 -0.4 —-0.4 -0.5 —-0.4 -0.4 none
P2-P3 1.1 0.1 0.5 0.6 -0.0 0.1 0.7 0.2 indirect P1
P2-R221a 0.5 0.1 -0.1 0.3 -0.1 0.0 0.4 0.1 none
P2-K224 0.0 -0.2 -0.4 -0.2 -0.2 -0.2 0.0 0.0 none
P3-R221a 0.2 0.1 -0.1 0.0 0.0 -0.1 0.1 0.0 none
P3-K224 0.4 0.2 -0.0 -0.1 0.2 -0.0 0.1 0.2 none
R221a-K224 0.2 0.2 0.0 -0.2 0.1 —-0.0 0.2 0.2 none
Slow Form
P1-P2 2.2 0.7 0.6 0.5 —-0.3 —0.6 —-0.6 —-0.9 indirect P3, R221a, K224
P1-P3 1.2 -0.2 0.6 0.7 -0.3 -0.4 0.1 —-0.1 indirect P2
P1-R221a 0.9 -0.6 0.3 0.5 -0.7 -0.6 -0.0 -0.3 indirect P2
P1-K224 0.3 -14 —-0.2 -0.1 —-1.6 -1.3 —-0.5 -1.1 indirect P2
P2-P3 1.4 0.0 0.7 0.7 —-0.2 -0.3 —-0.1 -0.3 indirect P1, R221a, K224
P2-R221a 1.4 -0.1 0.6 0.7 -0.4 -0.4 -0.1 -0.3 indirect P1, P3, K224
P2-K224 1.4 -0.3 0.7 0.7 —-0.6 -0.5 0.0 —-0.6 indirect P1, P3, R221a
P3-R221a 0.7 0.1 -0.0 0.6 -0.1 0.0 -0.2 0.1 indirect P2
P3-K224 0.8 0.3 0.1 0.6 -0.0 0.2 -0.1 0.1 indirect P2
R221a-K224 -0.2 -0.6 -0.9 -0.4 -0.8 -0.7 -1.1 -0.6 indirect P2

a Listed are all possible configurations of the other sites (0 = wild-type, 1 = mutant) in the order P1, P2, P3, R221a, and K224.
Errors are +0.1 kcal/mol or less. Indirect coupling requires values that differ by at least +=RT (0.6 kcal/mol). Direct coupling of

less than £RT on the average is considered zero.

perturbations at the P1—P3 site, with an effect more
pronounced in the slow form. The site-specific pa-
rameters are profoundly altered in the slow form and,
interestingly, the pairwise coupling pattern shows
the disappearance of indirect coupling in both the
slow and fast forms, with the onset of positive second-
order direct coupling between P1 and P2 (Table 8).
This effect is peculiar to the double substitution,
though it is somewhat anticipated by the single
substitutions. The molecular basis for the synergism
between the R221a-E146 and K224-E217 ion pairs
in the slow form is in the participation of residues
R221a and K224 in Na* and water coordination. In
the fast form, the carbonyl O atoms of R221a and
K224 directly ligate the Na®. Mutation of these
residues reduces the Nat affinity, but high concen-
trations of Na* oppose the structural perturbation
induced by the mutation restoring a molecular en-
vironment for the specificity sites that is essentially
that of the fast form of wild-type. When Nat is
released, the carbonyl O atom of K224 may reorient
as seen in the structure of trypsin and may hydrogen
bond to water 447 in concert with the carbonyl O
atom of R221a. Water 447 hydrogen bonds to the
side chain of D189 in the specificity pocket S1 and
through the switching mechanism any perturbation
of R221a and K224 changing the orientation of the
carbonyl O atoms will not be compensated as in the
case of the fast form and therefore may lead to more
drastic structural changes.!8

We conclude that the more constrained environ-
ment in the slow form of thrombin is partially due
to stronger ion pairs formed by R221a and K224 in
the Nat binding loop with E146 in the autolysis loop
and E217 in the penultimate 5-strand of the B chain.
The integrity of these ion pairs is essential for
maintaining the correct architecture of the specificity
sites through the effect on the water molecules in the

channel that embeds the specificity site S1. The role
of the ion pairs in the fast form appears to be less
critical and their disruption can be compensated by
the binding of Na*t. The origin of the reduced Na*
affinity in these mutants should be seen in a pertur-
bation of the slow form leading to an impaired ability
to switch to the fast form.'3! The foregoing analysis
is invaluable to structure—function studies and to
practical issues revolving around the design of better
active-site inhibitors. Improvement in the potency
of these molecules can be obtained by reducing the
negative coupling among the P1—P3 sites. This effect
is obtained by keeping a rigid backbone around the
P2—P3 position that facilitates the coordination with
D189 at S1 and by breaking the ion pairs R221a-
E146 and K224-E217.

F. Molecular Origin of the Cooperativity among
the P1-P3 Sites

The coupling pattern emerged from the analysis
of the substrate library (Table 8) is conducive to
negatively cooperative interactions higher than sec-
ond order. To elucidate the origin of this coupling,
derived from the property of the coupling free energy,
the entire five-dimensional manifold of species should
be considered. This manifold is composed of the sites
P1, P2, P3, R221a, and K224, and the relevant free
energies are calculated by operating on the values
listed in Table 6. Analysis of the coupling pattern
involving all possible pairs (Table 9) shows how
interactions change with the state of other sites.
Considering only differences of at least +RT (0.6 kcal/
mol) in the coupling free energy, the patterns can be
analyzed to identify the nature of the interaction.

In the fast form, only the P1—P3 sites are signifi-
cantly coupled and in an indirect way. Perturbation
of any P site influences the coupling at other sites.
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In the slow form all sites are strongly coupled. Each
coupling can be dissected to identify the element
perturbing the interaction. A direct way to illustrate
the effect of a third site on the coupling between two
sites is to calculate the difference in coupling free
energy of a pair due to the 0 — 1 transition of a third
site, in all possible configurations of the remaining
sites. The P2 site emerges as a major node of
interaction. In the slow form, the state of P2 influ-
ences all interactions (Table 9). The state of R221a
and K224 influences the P1-P2 and P2—P3 interac-
tions but has no effect on the P1—P3 coupling that
is influenced by P2. Finally, the coupling between
R221a and K224 is influenced by P2 only. As a
result, the Ala replacements at these thrombin
residues produce additive effects on specificity when
Pro is at P2 but are positively linked when Pro is
replaced by Gly.

It is of interest to note that the molecular deter-
minants of cooperativity among the specificity sites
in thrombin, like the region around W60d in the S2
site and the R221a-E146 and K224-E217 ion pairs,
are not present in trypsin and plasmin. These
proteases, unlike thrombin, show simple additivity
of the effects of perturbing individual sites in the
substrate (Table 6). Disruption of the R221a-E146
and K224-E217 ion pairs in thrombin produces a
trypsin-like energetic profile. The coupling free
energies reflect the strain imposed by the enzyme on
the substrate in the transition state. More con-
strained environments, like thrombin in the slow
form, tend to couple more the substitutions made at
different P sites. In more relaxed environments, like
thrombin in the fast form or trypsin, the coupling is
greatly reduced or absent. The energetic signatures
of substrate recognition in these proteases correlate
well with the known structural features of the
enzymes. Trypsin has a more accessible environment
in the specificity sites than thrombin.'*® The infor-
mation is also valuable when the structure is not
known, as in the case of plasmin. The results in
Table 6 suggest that the environment of the specific-
ity sites of plasmin is more similar to that of trypsin
than thrombin.

The approach based on site-specific thermodynam-
ics is capable of effectively probing the environment
of the specificity sites of the enzyme in the transition
state. Extension to other proteases, or to other
mutant forms of thrombin, may further elucidate the
structural determinants of enzyme specificity and the
role of cooperativity in substrate recognition. The
approach can also be extended to the analysis of
ligand binding coupled to mutational effects. The
substrate library provides an exceptionally sensitive
probe of the molecular environment of the specificity
sites of the enzyme and can be used to assess the
effect on these sites caused by the binding of allosteric
ligands. In the case of thrombin, the library can
unravel the effect of thrombomodulin on the specific-
ity sites of the enzyme and help understand the
mechanism of action of this important cofactor.

F. How Thrombomodulin Really Works

Thrombomodulin is a cofactor present on the
surface of endothelial cells that markedly (~1000-
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Table 10. Specificity Constants Kecat/Km (uM™1 s71) for
the Hydrolysis of Synthetic Substrates by Thrombin
in the Presence of Thrombomodulin or Hir%-6 2

FPR FPK FGR VPR FGK VPK VGR VGK

Fast Form
21 96 0.035 3.7 0.44 0.010

thrombo- 94 10

modulin
hir55-65 117 6.3 1.7 98 0.023 2.0 0.32 0.0064
rrma 1.0 13 10 10 17 1.8 13 21
Ihirb 1.3 08 08 10 1.1 1.0 09 14
Slow Form

thrombo- 20 3.4 44 27 0.020 1.6 0.73 0.0061
modulin

hir55-65 21 1.6 3.1 24 0.0084 0.57 0.66 0.0027

rrva 6.7 9.7 5.1 4.0 7.7 15 4.3 1.7

I'hirb 70 46 36 3.6 3.2 52 39 34

a Experimental conditions: 5 mM Tris, | = 200 mM, 0.1%
PEG, pH 8.0, at 25 °C, 100 nM thrombomodulin or 100 uM
hir.55-65 The slow form was studied in the presence of 200 mM
choline chloride. The properties of the fast form refer to the
limit [Na*] — o, at constant | = 200 mM. Errors are typically
+2%. b Ratio of specificity relative to the absence of thrombo-
modulin (see Table 5). ¢ Ratio of specificity relative to the
absence of hir®>-65 (see Table 5).

fold) increases the ability of thrombin to activate
protein C while it inhibits in a competitive manner
fibrinogen binding.*? It has been proposed that such
an effect is borne out by a thrombomodulin-induced
change in thrombin conformation,32133 but convinc-
ing experimental support to this hypothesis has been
lacking. The substrate library (Table 4) was there-
fore used to dissect the effect of thrombomodulin on
the specificity sites of thrombin. The site-specific
approach reveals important new information on the
molecular mechanism of thrombomodulin function.

When thrombomodulin binds to the fast form, there
is at most a 2-fold enhancement of specificity for all
substrates in the library that differ up to 5 orders of
magnitude in specificity (Table 10). Binding of
thrombomodulin to the slow form produces a consis-
tently higher increase in specificity by as much as
15-fold (Table 10). As a result, thrombomodulin
binding tends to abolish the differences between the
slow and fast forms, consistent with the observation
that the cofactor binds to the fast form with higher
affinity.1°112 This effect is also seen with the natural
substrate protein C, which is cleaved by the slow form
with significantly higher specificity in the absence
but not in the presence of thrombomodulin.105.106
Interestingly, the slow form becomes more specific
in the case of substrates such as FGR and VGR when
thrombomodulin binds, suggesting that the cofactor
may elicit other effects in addition to the slow — fast
transition of thrombin. All of these effects, however,
are not peculiar to thrombomodulin because the
hirudin C-terminal fragments 55—65 (hir),57% re-
produce them almost identically, whereas it has no
effect on protein C activation. Thrombomodulin and
hir%-%5 share common epitopes on exosite I of throm-
bin.134135 These epitopes may provide the structural
basis for the allosteric effects observed on the hy-
drolysis of chromogenic substrates.

These results have a bearing on the mechanism
that leads to the drastic (~1000-fold) enhancement
of thrombin specificity toward protein C upon throm-
bomodulin binding, which is seen in both the slow
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and fast forms.% The effect of thrombomodulin on
the specificity sites S1, S2, and S3 of the enzyme
produces a change in specificity that is either small
(fast form) or at most 15-fold (slow form). Hence,
thrombin must enhance its specificity toward protein
C using sites other than those probed by the library
of chromogenic substrates, but this has little experi-
mental support.®> A more reasonable hypothesis is
that thrombomodulin exerts its physiologically im-
portant function by influencing the conformation of
the bound protein C in the thrombin—thrombomodu-
lin—protein C ternary complex, thereby enhancing
the specificity of the enzyme by turning protein C into
a better substrate. It is unlikely that the structural
domains responsible for the enhancement in specific-
ity are entirely located in regions of the enzyme other
than the critical sites within the catalytic pocket that
can be probed with the substrate library. It is also
unlikely that thrombomodulin would induce a large
conformational transition in thrombin not linked to
a large change in heat capacity.’'?> Thrombomodulin
makes extensive contacts with thrombin through its
EGF domains 5 and 6, whereas its EGF domain 4
may contact protein C.23 The thrombin—thrombo-
modulin complex would also have the W60d loop and
especially the Na™ binding loop available for contact-
ing protein C to form the ternary complex. It is
conceivable that the bound protein C would make
contacts with the bound thrombomodulin, perhaps
at the level of the external portion of W60d loop of
thrombin. If this were the case, a chromogenic
substrate contacting only the interior of the catalytic
pocket would not experience the large change in
specificity observed for protein C because it would
lack the critical direct interaction with the cofactor.
This model explains the similarity of effects seen on
the chromogenic substrates with thrombomodulin
and hir®5-% put the lack of effect of hir®5-% on protein
C hydrolysis. It also predicts that it should be
possible to find mutations of thrombomodulin that
do not affect binding to thrombin but reduce the
ability of thrombin to cleave protein C or mutations
of protein C that affect cleavage by thrombin to
different extent in the presence and absence of
thrombomodulin. A number of such mutations have
been reported recently for protein C37-13° and provide
much support to our proposed mechanism for throm-
bomodulin function. Thrombomodulin is therefore a
competitive inhibitor of fibrinogen binding to throm-
bin and a cofactor of protein C.

V. New Formalism for the Analysis of Mutational
Effects

The analogy between binding and mutational ef-
fects introduced in section 111 can be extended further
to develop a new formalism for the analysis of
mutational effects. In the case of ligand binding, the
guantities accessible to experimental measurements,
like the binding isotherm, are continuous. Much can
be learned from the shape and properties of the
binding isotherm,”~® and its analysis yields discrete,
site-specific parameters as shown in section Il. In
the case of mutational effects, on the other hand, the
discrete site-specific parameters are determined di-
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rectly without the need for analyzing continuous
guantities that are functions of these parameters.
Although this is certainly advantageous, a continuous
representation of the energetics may come in quite
handy when some general properties of the system
are to be illustrated. For example, cooperativity is
known to profoundly affect the shape of the binding
isotherm.”~® Therefore, the analysis of mutational
effects in terms of quantities equivalent to the
binding isotherm may help elucidate features of the
cooperative nature of the process that are difficult
to grasp from inspection of the site-specific param-
eters alone.

A pivotal quantity in the analysis of ligand binding
cooperativity is the partition function of the system,
W, that lists all intermediates involved in the binding
equilibria as defined by the law of mass action.”™®
The partition function is the sum of the concentra-
tions of all intermediates relative to the concentration
of the unligated species used as reference. Once the
partition function is correctly defined, the important
guantities of the system can be derived by dif-
ferentiation.

A partition function can also be defined for muta-
tional effects. To this end, we define a general
equilibrium reaction M + jP = M;, where M is the
wild-type macromolecule, P is a generic site-directed
mutation applied to it, and M; is the macromolecule
bearing j such site-specific mutations. The reaction
so defined is analogous to the binding equilibrium
involving M and j ligand molecules. The free energy
for the equilibrium reaction is defined from the
difference in chemical potential between the product
M; and the parent species M and P. The difference
between the chemical potentials of M; and M is given
by the difference in stability or specificity calculated
experimentally. For example, in the case of substrate
binding, the ratio of the concentrations of macromo-
lecular species [M;]/[M], is given by s;j/s, where s refers
to the specificity. Consideration of the site-specific
intermediates in the system gives the partition
function

. e Mool s )
55 2

Moo is the reference wild-type macromolecule to
which mutations at sites 1, 2, ... N can be introduced.
The variable 0 < x = o is a dummy quantity
analogous to the ligand concentration and can be
thought of as the driving force responsible for 0 — 1
or wild-type — mutant transition taking place at each
site of the macromolecule. The discrete nature of the
process describing the perturbations at each site is
given a continuous description through the variable
X, just like ligand binding to discrete sites of a
macromolecule is given a continuous description in
terms of the polynomial expansion analogous to eq
32. In general, any coefficient of the partition func-
tion can be written in terms of a coupling free energy
ofordera+ g+ ... + wplusthesumofa+ g+ ..+
w site-specific perturbation free energies. For ex-
ample, the partition function for the case of muta-
tions at two sites characterized in terms of enzyme
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specificity is
W= [MOO] + ([MJ.O] + [MOl])X [Mll]X2 —
[Mool ~ \[Moal  [Mgol/  [Mgol
1+2—22+%x+z—:}x2:1+ exp —% +
exp —% X + exp AG, T AR?‘Ig i AGlz)x2 (33)

where the s's refer to specificity constants of the
various intermediates. Alternatively, eq 33 can
describe the effect of mutating two sites on the
stability of a protein (see below). ldentification of x
with the Ca?" concentration turns eq 33 into the
partition function for ligand binding to calbindin (see
section 11.C).

Differentiation of the logarithm of the partition
function relative to the logarithm of x gives a
guantity, X, analogous to the average number of
ligated sites in ligand binding processes. More
informative for mutational effects is however the
derivative of X analogous to the binding capacity.®
The quantity

_ dX _d®Inw
dlInx d|n2X

(34)

defines the global susceptibility of the system, or the
probability density that a given perturbation in the
system will cause a certain free energy change in
specificity or stability. Specifically, the product yN—*
d In x is the probability density that a mutation
produces a free energy perturbation of specificity or
stability comprised between RT In x and RT(Inx +d
In x). This information is obtained directly from a
plot of y versus AG = RT In x and is of immediate
practical relevance. In the susceptibility plot, the
dummy variable x assumes physical meaning through
the free energy change AG caused by a given per-
turbation introduced in the system. The response of
the system to the perturbation is proportional to the
value of y for a given value of AG.

The information generated at the site-specific level
with mutational perturbations, as in the case of
thrombin dealt with in section 1V, is sufficient to
define susceptibilities for each perturbed site. As for
ligand binding cooperativity, the quantities defined
in the global description can be decomposed into their
site-specific contributions as implied by the basic eq
1. To define X;, we make use of contracted forms of
the partition function containing all configurations
with site j perturbed, *®;, or wild-type, °%¥;, as shown
in section 11 for ligand binding. From the definition
of X; it also follows that

daxX;
_ 9%
%~ dlnx (35)

with the conservation relationship

N

x= J;Xj (36)
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Figure 9. Global susceptibility profiles for the case of two
identically perturbed and independent sites (continuous
line; AG; = 2 kcal/mol, AG, = 2 kcal/mol, and AG;, =0
kcal/mol). The cases of two positively (discontinuous line;
AG; = 3.5 kcal/mol, AG, = 3.5 kcal/mol, and AG;, = —3
kcal/mol) or negatively (discontinuous-dotted line; AG; =
0.5 kcal/mol, AG; = 0.5 kcal/mol, and AG;, = 3 kcal/mol)
linked sites are also shown for comparison. The three cases
are constructed so to have the same value of AG,, = 2 kcal/
mol, using the partition function in eq 33 in the text.

The site-specific susceptibility defines the probability
density y; d In x that a given perturbation or mutation
in the system will cause a free energy perturbation
at site j comprised between RT In x and RT(Inx +d
In x).

Integration of the susceptibility profile yields im-
portant information on the energetics that is difficult
to obtain from the site-specific parameters. The
information is particularly relevant in the site-
specific case when cooperativity is present. The first
moment of the global susceptibility defines the mean
free energy of perturbation, i.e.

AG,=RTInx,=
1 ~+00 —+o00
N1 Jo xAG d AGI [~ "y d AG] (37)

AGn, measures the average perturbation per site
defined as the free energy change in going from the
wild-type to the fully perturbed configuration, divided
by the number of sites. In fact, it can be shown that®

AG,, = (AG, + AG, + ... + AGy + AG,, )/N
(38)

The gquantity x, is the analogue of Wyman'’s median
ligand activity in ligand binding processes®14 that
defines the value of x where the unligated and fully
ligated configurations are equally populated.

The global susceptibility for a system composed of
two identical and independent sites is illustrated in
Figure 9. A steeper distribution is indicative of
positive interactions among the sites, whereas a more
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broader distribution is conducive to negative interac-
tions or site heterogeneity in response to the muta-
tional perturbations. The area under the curve is
constant and gives the number of sites N.

The site-specific susceptibilities define quantities
analogous to AG, i.e.

AG,; = f

The value of AGq; is the mean free energy of
perturbation at site j when a given mutation is
introduced in the system. This value is particularly
informative in the presence of interactions among the
sites because of the potential ambiguity in defining
the cost of a mutation at site j (Table 7). Unlike AGn,
AGn,j cannot be expressed as a simple function of the
site-specific parameters, except in the trivial case of
independent sites. The value of AGny; must be
obtained by integration of the susceptibility profile.
We also note the conservation relationship

AG d AG/ f % dAG  (39)

1 N
m= NZAGm’j (40)
=

as a direct consequence of eq 36. The sum of the
mean free energies of perturbation for the N indi-
vidual sites gives the mean free energy of perturba-
tion in the global description times the number of
sites. Alternatively, the mean free energy of pertur-
bation in the global description is the average of the
site-specific mean free energies of perturbation.

As an illustrative example, we calculate the global
and site-specific susceptibility profiles for the slow
and fast forms of thrombin interacting with the
substrate library discussed in section IVV. The results
are shown in Figure 10. The partition function for
the system carrying perturbations at the P1—P3 sites
of the substrate FPR is

[Moool N ([Mloo]
[Mogo]l ~ \[Moool  [Mogo]  [Mool
[Mllo] [MlOl] + [MOll])Xz Mx3 —
[MOOO] [MOOO] [MOOO] [MOOO]

MJrsoloJrE)er (MWLE+m

[Moso] | [Moodl

W= X+

l+ _— X2+

Sooo  Sooo  Sooo So00  Sooo  Sooo
S111 14 AG, N AG, N
So00 P\ RT| TP\ RT

oo ACs AG, +AG, + AGy|
PlI™RT RT

AG, + AG, + AG,,
exp|— RT +

+ |exp|—

AG, + AG, + AG,,
exp\~ RT

AG; + AG, + AG; + AG, 54
exp( =T X3 (41)

where the suffix denotes perturbation at site 1 (P1),
2 (P2), and 3 (P3) in order. For example, Sgpr iS Sooo
and sycr IS S110 (See eqs 25—31). The various AG's

X% +
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Figure 10. Global susceptibility profiles of the slow
(discontinuous line) and fast (continuous line) forms of
thrombin, constructed from eqs 41—44 in the text using
the parameters listed in Table 6. The profiles are decom-
posed into the site-specific components showing the sus-
ceptibility of S1 to perturbation in P1 (O,®), S2 to pertur-
bation in P2 (O,M), and S3 to perturbation in P3 (a,4a) in
the slow (O,0,A) and fast (®,M,4) forms. The values of mean
free energy of perturbation are (slow form) AG,, = 1.6 kcal/
mol, AGn 1 = 2.9 kcal/mol, AGp > = 2.2 kecal/mol, and AGp, 3
= —0.2 kcal/mol and (fast form) AG,, = 1.9 kcal/mol, AGn ;
= 2.2 kcal/mol, AGy, > = 3.6 kcal/mol, and AG, 3 = 0.0 kcal/
mol.

are the same as those listed in Table 6. The expres-
sions for the site-specific quantities X;, X; and Xz are

S S S
x1=1—’1+(ﬂ+ﬂ)x+ﬂ2

X/
Sooo  Sooo So00
S S S
So10 110 , S101 . Souz
1+( 4 010 Soon +——|——+—)x2+
000 Sooo Sooo Sooo  Sooo  Sooo
S111
x| (42)
S000
Soo1 S101 2
Xp=1— |1+ 2004 2008, 2108,
Sooo Sooo Sooo
S100 , So10 , Soo1 S110 | S101 |, Sou1
1+( T N e ot
So00  Sooo  Sooo So00  Sooo  Soog
S111
x| (43)
S000
S100 . So1o S110
Xg=1— l+(—+—x—|——x2/
Sooo  Soog Sooo

S100 , So1o0 , Soo1 S110 |, S101 |, So11
1+(—+—+—x+ L Y
So00  Sooo  Sooo So00  Sooo  Sooo

111 3

] (44)

and the site-specific susceptibilities are derived from
differentiation of eqs 42—44 according to eq 35.
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Figure 11. Effect of thrombomodulin on the global
susceptibility profiles of the slow (discontinuous line) and
fast (continuous line) forms of thrombin, constructed from
eqs 41—44 in the text using the specificity values listed in
Table 10. The profiles are decomposed into the site-specific
components showing the susceptibility of S1 to perturbation
in P1 (O,®), S2 to perturbation in P2 (O,M), and S3 to
perturbation in P3 (a,a) in the slow (O,0,A) and fast
(®,m,4) forms. Comparison with the data in Figure 10 show
how the profiles tend to become similar in the two forms
at both the global and site-specific level. The values of mean
free energy of perturbation are (slow form) AG,, = 1.6 kcal/
mol, AGm1 = 1.9 kcal/mol, AGp,» = 2.7 kcal/mol, and AG 3
= 0.0 kcal/mol and (fast form) AG,, = 1.8 kcal/mol, AGn, 1
= 1.9 kcal/mol, AG,; = 3.5 kcal/mol, and AGp 3 = 0.1 kcal/
mol.

The global susceptibility (Figure 10) spans 9 kcal/
mol, consistent with the presence of negative coupling
among the sites and heterogeneous response of the
P1—P3 sites to structural perturbation. There is very
little difference in the profiles of the two forms, as
also indicated by the similar values of AGr, (1.9 kcal/
mol for the fast form and 1.6 kcal/mol for the slow
form). However, the similarity in the global suscep-
tibility is contrasted by significant differences in the
site-specific susceptibilities. There is a profound
difference in the response to perturbation at P1, with
the fast form being less susceptible by 0.7 kcal/mol.
The slow — fast transition affects the environment
of D189 at S1 by making it less susceptible to the
Arg — Lys replacement at P1. This difference is not
borne out by a difference in the site-specific pertur-
bation free energy AG; (Table 6), but rather by a
different coupling between S1 and S2 in the two
forms. The susceptibility profile is in this case very
informative because it reveals an important property
of the system that is not easily anticipated upon
inspection of the site-specific parameters. Likewise,
there is a profound difference in the response to
perturbation at P2, with the fast form being more
susceptible by 1.4 kcal/mol. The shape of the sus-
ceptibility is in this case very different in the two
forms. The slow — fast transition affects the envi-
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Figure 12. Susceptibility profiles for the Ala substitution
of the Glu-Arg pair at position 44 and 53 of a variant of
the immunoglobulin G binding domain of streptococcal
protein G. The global susceptibility (continuous line) is
decomposed into the site-specific components showing the
susceptibility of E44 (@) and R53 (O) to the Ala substitu-
tion. Comparison with the data in Figure 13 shows the
difference in cooperativity between the pair. Curves were
drawn using eqs 45—47 in the text with parameter val-
ues: AG; = 0.84 kcal/mol, AG, = 1.47 kcal/mol, and AG;;
= —1.09 kcal/mol.
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Figure 13. Susceptibility profiles for the Ala substitution
of the Thr-lle pair at position 44 and 53 of a variant of the
immunoglobulin G binding domain of streptococcal protein
G. The global susceptibility (continuous line) is decomposed
into the site-specific components showing the susceptibility
of T44 (@) and 153 (O) to the Ala substitution. Comparison
with the data in Figure 12 shows the difference in coop-
erativity between the pair. Curves were drawn using eqs
45—47 in the text with parameter values AG; = 0.24 kcal/
mol, AG, = 0.49 kcal/mol, and AG;, = 0.74 kcal/mol.

ronment of the apolar site S2 by making it more
susceptible to the Pro — Gly replacement at P2. The
cooperativity at this site is also higher in the fast
form, indicating a reduction of the negative linkage
with S1 and S3. These effects are primarily ac-
counted for by the differences in the perturbation free
energy AG,, which is smaller in the slow form, and
by the stronger negative coupling between P1 and
P2 in this form. The response to perturbation at P3
shows no significant differences in the two forms.
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The susceptibility profiles also help understand the
effect of thrombomodulin on the two forms of throm-
bin (Figure 11). The most notable effect is that the
profiles for perturbation at P1 and P2 become more
similar in the slow and fast forms, in contrast to what
is seen in the absence of cofactor (Figure 10). The
overall effect of thrombomodulin binding is to change
the environment of the slow form around the S1 and
S2 sites into a fast-like conformation, so that the
differences between the two allosteric states are
reduced. The susceptibility profiles illustrate directly
the mechanism of action of this important cofactor.

As another example we analyze the elegant work
of Smith and Regan on the energetics of -sheet side
chain interactions.'*? They determined the effect on
protein stability resulting from the substitution of
cross-strand pairs of side chains on an antiparallel
f-sheet of a variant of the immunoglobulin G binding
domain. Several residues were substituted at posi-
tion 44 and 53 facing each other on the opposite
strands and the results were expressed relative to
the stability of the Ala residues at either position.
These data can be analyzed using the same formal-
ism as developed for the analysis of enzyme catalysis
and ligand binding. The partition function for the
system carrying Ala perturbations at positions 44
(site 1) and 53 (site 2) is

_ (Mool My] = [Mg] My4] 2 _
Mool ([Mool " [MOOJ)X Mool

AG, AG,

1—l—exp—ﬁ +exp—ﬁ
AG; + AG, + AG

exp(— ! R'Ig lz)x2 (45)

AG; is the free energy change in stability due to
replacement of the residue at position 44 with Ala,
AG; is analogous free energy change in stability due
to replacement of the residue at position 53 with Ala,
and AG;; is the coupling free energy between the
substitutions. The expressions for the site-specific
guantities X; and X; are

o1 [1e ool 22

AG, AG,
1+ exp—ﬁ +exp—ﬁ X+
eXp(_ RT

X,=1- [l + exp(— ﬁ)x]/
AG, AG,
{1 * eXp(‘ ﬁ) * ex'“(‘ ﬁ)]x -

AG, + AG, + AG
exp(— : R'Ig 12)x2} (47)

and the site-specific susceptibilities are derived from
differentiation according to eq 35.

The susceptibility profiles are shown in Figures 12
and 13 for the Glu-Arg and Thr-lle pairs of residues
44—53. In the case of the Glu-Arg pair, the coupling

y

X
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is positive and the susceptibility profile is peaked
around the mean free energy of perturbation. The
existence of positive coupling makes the site-specific
susceptibilities look very similar, although the site-
specific free energies of perturbation differ by nearly
0.7 kcal/mol. In the case of the Thr-lle pair, on the
other hand, the coupling is negative and the suscep-
tibilities spread out over a range of 4 kcal/mol. As a
result, the site-specific susceptibilities look different
and peak at free energy values about 1 kcal/mol
apart, although the intrinsic free energies of pertur-
bation are within 0.2 kcal/mol.

VI. Conclusions

Site-specific thermodynamics®® provides a general
theory of cooperativity and extends previous treat-
ments based exclusively on global effects.”® The
contribution of individual sites or residues to protein
stability and ligand recognition can be dissected by
introducing site-specific perturbations by means of
recombinant DNA technologies. The combination of
this experimental tool with the principles of site-
specific thermodynamics results in a powerful new
strategy that can detect the extent, nature, and origin
of cooperativity in the system. Structural perturba-
tions should be introduced in the system in a rational
manner to generate all intermediates for a site-
specific dissection of the energetics. We have il-
lustrated how to implement this strategy in practice
using substrate recognition by thrombin. The amount
of information and the degree of detail on the
recognition process to be gained from such novel
approach is unprecedented. Extension of the same
strategy to other systems is possible and highly
desirable. The conceptual framework discussed in
this review article will certainly appeal to biochemists
and biophysicists involved in studies of structure—
function relationships and molecular recognition in
proteins and nucleic acids.
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