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Abstract: The transition state for subtilisin-catalyzed transesterification was probed by high-pressure kinetic studies
in solvents spanning a wide range of dielectric constants. The electrostatic model of Kirkwood described the solvent
effects and gave a lower limit of 31( 1.5 Debye for the dipole moment of the transition state. This value remained
constant in a wide range of polar and apolar solvents, indicating that the catalytic triad of subtilisin is remarkably
robust. Despite the highly polar transition state, substantial rate enhancements relative to the uncatalyzed reaction
were measured in highly apolar solvents such as hexane; this is the first report of such an extreme disparity between
transition-state and solvent polarities. Moreover, the solvent dependence of the activation volume implies a low
effective dielectric of the polypeptide chain in the active site and substantial penetration of the active site by solvent.
Kirkwood’s model was also used to quantify the effect of an active-site mutation on the transition-state dipole moment.
These results illustrate that the electrostatic model combined with high-pressure kinetics can provide unique information
on the basic properties of enzyme reaction processes and can be useful in predicting solvent effects on enzyme
reaction rates.

Introduction

The structure and function of serine proteases in nonaqueous
media have recently been examined by a variety of techniques.
For example, solid-state NMR,1,2 ESR,3 deuterium isotope
analysis,4 and crystallographic studies5-7 on serine proteases
suggest that the structure and catalytic mechanism of these
enzymes is retained in a wide variety of organic solvents. In

particular, kinetic isotope effects observed for transesterifcations
catalyzed by subtilisin Carlsberg indicated that the transition
state structure was independent of the organic solvent.4 Pres-
ervation of the transition state was also suggested by solid-state
MAS 15N-NMR spectra of a serine protease fromLysobacter
enzymogenes, which revealed that the unique tautomeric struc-
ture and hydrogen bonding interactions essential for function
of the catalytic triad were identical in water, acetone, and
octane.1,2 In addition, the crystal structure of cross-linked
subtilisin in acetonitrile was essentially identical to the structure
of the enzyme in water.6,7 Despite these results, molecular
details on the reaction mechanisms of proteases and other
enzymes in nonaqueous media remain scarce.
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High-pressure kinetic studies, although not widely utilized,
can be very valuable for investigating the mechanisms of
enzymatic reactions in aqueous solution, especially when other
methods of mechanistic analysis prove insufficient.8-10 The key
parameter governing the effect of pressure on the rate of a
chemical reaction is the activation volume,∆Vq. In general,
bond formation, charge development, and steric hindrance during
the rate-controlling step make negative contributions to the
activation volume,11,12whereas the reverse processes have the
opposite effect. In reactions that proceed through a charged or
partially charged transition state, the resulting electric field
induces electrostriction of the solvent, causing a reduction in
volume. Solvent effects have thus been used to infer transition-
state properties of many organic reactions.11-17 With one
exception, however, solvent effects on activation volumes of
enzyme reactions have not been explored.18

Underlying Theory

The interpretation of charge formation in reaction pathways
has been greatly aided by the fundamental analyses of Born19

and Kirkwood.20 In particular, Kirkwood generalized Born’s
original treatment of charge solvation to systems containing
arbitrary distributions of charge centers. From this work, the
electrostatic Gibbs energy upon transfer of a mole of dipoles
of momentµ from a vacuum (i.e.,ε ) 1) into a spherical cavity
of radiusr, inside an isotropic continuum of dielectric constant
ε, can be evaluated (eq 1):

The quantity in brackets is the dielectric constant factorq.
Equation 1 can also be used to evaluate the electrostatic Gibbs
energy of activation for a chemical reaction,21 e.g., the reaction
S f P that proceeds through the transition stateSq. Further-
more, the pressure derivative of eq (1) describes the electros-
triction caused by the net dipole moment of the transition state
and represents the electrostatic contribution to the activation
volume of the reaction.14 The total activation volume,∆Vq,
can thus be expressed as a combination of nonelectrostrictive
and electrostrictive terms (eq 2), as presented in ref 14:

In eq (2)∆V0
q represents the activation volume in the absence

of electrostriction, and the term in brackets contains the dipole
moment of the transition stateµs‡. Kirkwood’s electrostatic
model has been useful in high-pressure mechanistic studies of

Metshutkin reactions,15 Diels-Alder reactions,16,22SN1 substi-
tiutions,17 and many other classes of organic reactions.13,14

Because of the limiting assumptions inherent in the derivation
(most notably the exclusion of nonelectrostatic interactions, e.g.,
van der Waals forces and hydrogen bonding), deviations from
the theory for some solvents are not unusual.15,16 However,
recent molecular dynamics simulations23 have revealed that the
Born-Kirkwood dielectric continuum representation of the
reaction solvent agrees much more closely with microscopic
models than previously thought, although its application to
enzyme reactions has not been considered previously. This is
the focus of the current study.

Kirkwood Analysis of Enzymatic Reactions

The activation volume for an enzymatic reaction can be
related to its catalytic efficiency,kcat/Km, through an expression
analogous to eq 2

where

andΕSq, S, and E denote the enzymic transition state, substrate,
and enzyme, respectively. From eq 3, plotting the experimental
∆Vq versus (∂q/∂P) for various solvents should yield a straight
line, with a slope of-NA∆(µ2/r3) and ay-intercept of∆V0

q.
This intercept consists of the intrinsic structural contributions
to ∆V0

q, such as changes in bonding and bond lengths during
formation of the transition state as well as nonelectrostrictive
solvent contributions that are common among all the solvents
used. Neglected from this description are pressure effects
arising from any specific contributions from a given solvent,
such as hydrogen bonding, solvent participation in the transition
state, or solvophobic effects. These omissions are difficult to
evaluate independently and often result in deviations from the
Kirkwood plot, underscoring the approximate nature of this
analysis. Nevertheless, a strong solvent dependence of the
activation volume signals a highly polar transition state and, in
the absence of strong specific solvent effects, provides the basis
for estimating the transition-state dipole moment.

Materials and Methods

Catalytic efficiencies were determined for subtilisin-catalyzed trans-
esterification in various organic solvents. Twice-crystallized and
lyophilized subtilisin Carlsberg (Sigma Chemical, St. Louis, MO), and
subtilisin BPN′ (wild-type and the active-site mutant, G166N, gener-
ously provided by Dr. Thomas Graycar at Genencor International, S.
San Francisco, CA) were activated for catalysis in organic solvents by
freeze-drying from a 10 mg/mL aqueous solution (10 mM phosphate
buffer, pH 7.8) for 42 h at 40 mTorr. All organic solvents were of the
highest grade commercially available and were dehydrated by storing
over 3 Å molecular sieves (Linde) for at least 24 h immediately prior
to use. Water concentrations of the solvent were measured prior to
each set of reactions by Karl Fischer titration.
In a typical reaction, 925µL of a 0.27 mg/mL suspension of subtilisin

in the reaction solvent was added to a stainless steel type 316 pressure
bomb (internal volume, 1.5 mL) and preheated to 30.0°C in a forced
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air oven (Blue M Corp, Blue Island, IL). The suspension was
maintained by sonication during sampling of the stock enzyme solution.
The transesterification reaction of acetyl-L-phenylalanine ethyl ester
(APEE) was then initiated by adding 75µL of a freshly prepared stock
solution of APEE inn-propanol. The final concentrations of the
substrates were 1 Mn-propanol and 5-40 mM APEE in a 1 mLtotal
liquid volume. Pressurization was achieved with oxygen-free helium
and was complete within 20-30 s of the substrate being added to the
pressure bomb. In a control experiment to investigate potential heating
upon pressurization, pressurization of the water-filled bomb to 500 atm
over 5 s caused a temperature rise of less than 1°C, measured with a
high-pressure thermocouple.

Samples were periodically withdrawn from the reactor, and the
formation of acetyl-L-phenylalanine propyl ester was followed by GC-
MS using a 25 m, 95%methyl-5% biphenyl capillary column (Hewlett-
Packard). There was no measurable reaction in hexane in the absence
of enzyme and hence no detectable product. Therefore, a lower limit
of the enzymatic rate enhancement relative to the uncatalyzed reaction
at room temperature was determined by dividingkcat/Km (4.6 M-1 s-1)
by the rate constant for the uncatalyzed reaction estimated from the
measured detection limit of the gas chromatograph for acetyl-L-
phenylalanine propyl ester (2.2× 10-10M-1 s-1). The estimated lower
limit of the rate enhancement was thus ca. 2.1× 1010.24

The initial rates increased linearly with substrate concentration,
indicating that the reaction followed first-order kinetics over the
substrate range tested (5-40 mM). To convert the reaction velocities
into the kinetic parameterkcat/Km, the fraction of active sites available
in the suspended subtilisin powders (which were prepared exactly the
same way for all experiments) was assumed to be 15%, independent
of pressure. This value is based upon our previous active-site titration
measurements for this enzyme in a variety of solvents and is in
agreement with the results of Affleck et al.3 for the same lyophilization
procedure. The relatively low fraction of competent active sites is
reportedly due to the irreversible (in organic solvents) partial unfolding
of the native enzyme structure during the lyophilization process.25,26

Once the sonicated powders are suspended in organic solvent, no
treatment, including pressurization, has been shown to induce irrevers-
ibly denatured enzyme to refold to the native and active form. Hence
the assumption that the competent active-site concentration is inde-
pendent of pressure.

Because thekcat/Km values are reported in pressure-dependent units
of M-1‚s-1, compression of solvent must be accounted for by correcting
the calculated activation volumes byRTâT, whereâT is the isothermal
compressibility of the solvent.27 For subtilisin-catalyzed transesteri-
fication in organic solvents, this adjustment typically resulted in a
correction of 3-4 cm3/mol.

Results and Discussion

Figure 1 plots the catalytic efficiencies in hexane versus
pressure. As is often the case, this plot exhibits slight curvature,
which is typically described by a quadratic series in pressure.12

The value for∆Vq in hexane was obtained from Figure 1 by
evaluating the slope of this quadratic at 1 bar.12,13 The
uncatalyzed reaction was very slow at room temperature (no
measurable product in hexane after 48 h). However, cursory
rate measurements of the uncatalyzed reaction in hexane at 150
°C provided an upper limit for the reaction rate of∼0.4µM/h
and showed very little effect of pressure (∆Vq∼ -5 mL/mol at
100°C based on a comparison of the uncatalyzed reaction rates
at 1 and 500 bar).
Effective activation volumes for the transesterification of

APEE are plotted against (∂q/∂P) in Figure 2.28 Values of (∂q/
∂P) were calculated from literature data for the dependence of
the solvent dielectric constant on pressure.29-32 As shown by
the plot, pressurization of subtilisin Carlsberg significantly
increased or decreased catalytic efficiencies for transesterifica-
tion, depending on the solvent. For example,kcat/Km in propyl
ether increased from 0.44 M-1‚s-1 at ambient pressure to 4.6
M-1‚s-1 at 1000 bar (i.e.,∆Vq) -55 mL/mol), a factor of
greater than 10. In contrast, the apparent activation volume in
acetone is 58 mL/mol, which corresponds to a 10-fold reduction
in kcat/Km at 1000 bar.
The good linear correlation between∆Vq and (∂q/∂P) for the

various solvents demonstrates the strong participation of
electrostatic effects during the formation of the transition state.
From eq 3, the slope of the line equals-NA∆(µ2/r3). Estimating
the value ofr from the known geometry of the transition state
thus enables one to calculate the apparent change of polarity
for the formation of the transition-state acyl-enzyme complex
(eq 4). The most likely source of this polarity change, based
on the widely accepted charge-transfer mechanism of serine
proteases in water, is the developing charge on both His64 and
the substrate carboxyl group during formation of the transition
state.
In eq (4), the termµs2/rs3 can be calculated for the substrate

in its ground state using standard computational methods.33 For
APEE in organic solvents, a radius of 3.9 Å was calculated
from a van der Waals volume of 184 Å3.34 Optimizing the
structure of APEE by molecular simulation in a low dielectric
and calculating its dipole moment using the method of Pullman
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Figure 1. Catalytic efficiency of subtilisin Carlsberg measured for
transesterification in hexane as a function of pressure. The curve
represents a quadratic fit to the data. The activation volume was
calculated from the slope of the quadratic at 1 bar.
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and Berthod35 gaveµs ) 5.99 Debye. Based on these values,
µs2/rs3 ) 6.05× 10-13 ergs. Furthermore, the dipole of the
catalytic triad in the ground state of subtilisin is expected to be
negligible in comparison to the dipole of the charged transition
state; hence, the ground-state dipole of the active site has been
neglected. Neglecting this term in the right-hand side of eq
(4) leads to a lower limit for the value ofµES‡.
The separation of charge in the transition state can be

approximated as the distance between the Nδ1 atom of His64
and the average position of hydrogen bonds from Asn155 that
delocalize the charge of the oxyanion group of the transition
state. Based on the X-ray crystal structure of subtilisin Carlsberg
inhibited by the transition-state analogN-tert-butoxycarbonyl-
ala-pro-phe-O-benzoylhydroxylamine,36 this charge separation
is 9.3( 0.3 Å (Figure 3). The error range of(0.3 Å represents
the accuracy to which atoms can be located, given the 1.8 Å
resolution of the crystal structure.36 Although this crystal
structure was obtained for the enzyme in aqueous solution, the
crystal structures of cross-linked subtilisin Carlsberg in nearly
anhydrous acetonitrile and in water are essentially identical to
within the limits of their resolution.6,7 Likewise, the crystal
structure of the serine protease chymotrypsin in hexane exhibits
only minor perturbations from the crystal structure in aqueous
solution.5 Thus, an aqueous structure can be assumed to
describe the structure of subtilisin in hexane. Therefore, in terms
of the Kirkwood model, the separation of charge in the transition
state can be viewed as a dipole consisting of positive and
negative charges of 0.7 charge units each separated by a distance
of 9.3 Å (1 charge unit) 4.8029× 10-10 esu).
A charge separation of 9.3( 0.3 Å leads to a value of 31(

1.5 Debye forµES‡, which represents a lower limit for the dipole
moment of the transition-state acyl-enzyme complex. Note
that eq 3 predicts that for a line of constant slope, the dipole
moment varies withr raised to the 3/2 power. Thus, varying
the charge separation from 8 to 10 Å (i.e.,r from 4 to 5 Å)
leads to a range of dipole moments from 25 to 35 Debye.
However, the linearity of Figure 2 illustrates that the transition
state dipole moment is independent of the solvent. Moreover,
the charge separation of 9.3 Å is based on current knowledge
of the enzyme’s transition state structure and recent crystal-
lographic data for the protein in aqueous and organic solvents.
This value ofµES‡ determined from the Kirkwood plot is

comparable to the value of 35 Debye calculated for subtilisin
in aqueous solution by Lamotte-Brasseur et al.37 using computer

simulation of electrostatic potential integrals on the quantum
level. These calculations showed that generation of the
electrostatic field centered around the protonated active-site His64

and the electrophilic “oxyanion hole” created between the
backbone NH of the catalytic Ser221 and the side-chain amide
group of Asn115. The formation of charge was promoted by
the interaction of at least 10 additional residues in a 7 Åsphere
around the active site. This illustrates the dramatic cooperativity
of residues in proximity to the catalytic serine, leading to the
high catalytic efficiency of the enzyme macromolecule. Inter-
estingly, the inclusion of 25 solvent (water) molecules in the
active site had little effect on charge development in the
transition state, suggesting that water plays no direct role in
the formation of the transition state. That the inclusion of water
molecules in the calculations of Lamotte-Brassuer et al.37 had
little effect on the maximum amplitude of the local electrostatic
potential supports our contention that water need not be present
for significant charge to be generated in the active site of
subtilisin during catalysis.
If electrostatic damping was the only role played by the

solvent in subtilisin catalysis, the integrated form of eq (3)
predicts that a plot of ln(kcat/Km) versusq for various solvents
should yield a straight line of slope (NA/RT)∆(µ2/r3). As
illustrated in Figure 4, this is not the case.38 The dashed line
in Figure 4 represents the theoretical effect of simple electrostatic
solvation on the reaction rate, assuming a transition-state dipole
of 31 Debye. The line was forced through the value ofkcat/Km

determined for the hydrolysis of APEE in subtilisin’s native
solvent, water. The apparently random scatter of data for the
organic solvents suggests that a nonelectrostrictive solvent
effect(s) influences catalysis in these solvents. In addition, the
linear correlation of activation volumes with (∂q/∂P) in Figure
2 indicates that these additional solvent effects are independent
of pressure. These observations highlight the inherent limita-
tions of the Kirkwood model and provide strong evidence that
nonelectrostrictive effects can have a profound influence on
catalytic function. In this case, there are nonelectrostrictive
contributions to the activation free energy, which do not affect
the activation volume.(35) Berthod, H.; Pullman, A.J. Chem. Phys.1965, 62, 942.

(36) Steinmetz, A. C. U.; Demuth, H.-U.; Ringe, D. Biochemistry1994,
33, 10535.

(37) Lamotte-Brassuer, J.; Dive, G.; Dehareng, D.; Ghuysen, J. M.J.
Theor. Biol.1990, 145, 183.

(38) Essential data on the effect of pressure on the dielectric constant
(∂ε/∂P) were available for a limited number of solvents; hence, more solvents
were included for the modeling in Figure 4 than in Figure 2.

Figure 2. Kirkwood plot for the apparent activation volumes of
subtilisin-catalyzed transesterification in organic solvents.

Figure 3. Hypothetical transition state for transesterification of APEE
catalyzed by subtilisin Carlsberg, with the 9.3 Å charge separation of
the effective dipole indicated by the arrow. The dashed arc represents
the average position of hydrogen bonds from Asn155 that delocalize
the charge of the oxyanion group of the transition state. For further
details, see text.
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If nonelectrostrictive effects of the solvent on the enzyme
could be implicitly accounted for, the agreement of the activation
free-energy data with the Kirkwood model should improve. This
postulate can be examined by replotting the data of Xu et al.39

for the transesterification activity of the active-site mutant of
subtilisin BPN′, G166N. (Gly166 is located at the far end of
the open cleft of the S1 acyl binding pocket of the enzyme40).
Because the data for the active-site mutant in various solvents
can be normalized by the catalytic efficiency of the wild type,
solvent effects distinct from the active site can be factored out.
Such a plot (Figure 5) exhibits good agreement with the
predicted linear dependence of ln(kcat/Km) versusq. That the
mutant differs from the wild type only in the active site implies
that the solvent effects on the activation volume (Figure 2) and
reaction rate (Figure 5) do indeed arise from active-site
polarization during catalysis for the enzyme-catalyzed reaction.
Furthermore, the agreement of the normalized data with theory
indicates that nonelectrostrictive effects act almost exclusively
at regions distinct from the enzyme’s active site.

The extent to which nonelectrostrictive effects influence
subtilisin catalysis warrants further consideration in view of
Figures 4 and 5. The Kirkwood model clearly fails to describe
the data plotted in Figure 4, wherekcat/Km values vary over
several orders of magnitude and exhibit no discernable depen-
dence onq. Thus, whereas the electrostriction model explains
reasonably well the pressure dependence of catalysis, it is too
simplistic to predict the free energy change during catalysis.
However, if nonelectrostrictive effects removed from the active
site are accounted for, as they are in the normalized data plotted
in Figure 5, the accuracy of the model improves substantially.
This indicates that the Kirkwood model offers a reasonable

description of electrostriction effects in the transition state of
subtilisin.
From the slope of the plot in Figure 5, the effect of the active-

site mutation on transition-state dipole formation can be
estimated. The slope of Figure 5 indicates that mutation of
Gly166 to the more polar Asn166 results in a decrease of roughly
5 Debye in the transition-state dipole strength. This change is
consistent with improved catalytic efficiency of the polar mutant
relative to the wild-type subtilisin BPN′ in low dielectric solvents
due to a reduction in the electrostatic energy of dipole formation.
The results reported here support a transition-state model in

which the concerted action of several amino acid residues
specifically oriented in the active site of subtilisin enables the
formation of a strong net dipole during catalysis in organic
media. The marked dependence of the activation volume on
the solvent suggests solvent penetration of the active sitein the
Vicinity of the transition state. The magnitude of the transition-
state dipole moment is independent of the bulk solvent, however,
indicating that the separation and charge in the transition state
remain constant, and solvent does not penetrate the dipole sphere
defined by a diameter of 9.3 Å (Figure 3).
In the absence of an enzyme catalyst, reactions that occur

through an activated intermediate with a dipole moment greater
than 3-6 Debye are very uncommon in apolar solvents. For
instance, the rate of the Diels-Alder cycloaddition reaction,
which has a transition state dipole moment of between 3-7
Debye, is∼100 times slower in isopropyl ether (ε ) 3.8) than
in acetone (ε ) 20.6).31 Metschutkin reactions are a dramatic
example of a charge-generating organic reaction proceeding
through a highly polar (∼11 Debye) transition state, but the
rate in solvents of dielectric below that of toluene (ε ) 2.4) is
almost negligible, even at high pressures32 (which accelerate
the reaction). Considering theµ2 dependence of the electrostatic
solvation energy, that enzyme catalysis can proceed through a
highly polar transition state (∼31 Debye) in extremely apolar
solvents such as hexane, with catalytic enhancements relative
to the uncatalyzed reaction on the order of 1010, is indeed
remarkable and highlights the robustness of the enzyme in
maintaining the cooperativity among active-site groups necessary
to effect catalysis.
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Figure 4. Catalytic efficiencies of subtilisin BPN′ versus the dielectric
constant factor,q, of the solvent. Note that the values (excluding the
value for water) span at least two orders of magnitude. The dashed
line represents the theoretical prediction based on the integrated form
of eq 3, assuming a transition-state dipole of 31 Debye. The deviation
of the data from the prediction is evidence that nonelectrostrictive effects
have a strong influence on subtilisin catalysis in most if not all of these
solvents. Solvents (q, kcat/Km in M-1‚s-1) are as follows: hexane (0.186,
0.43); toluene (0.236, 0.030); propyl ether (0.300, 0.44); isopropyl ether
(0.329, 0.26);tert-amyl alcohol (0.381, 0.60); 2-heptanone (0.439,
0.018); 3-heptanone (0.444, 0.0064); cyclohexanone (0.459, 0.016);
acetone (0.464, 0.95); and water (0.49, 2800).

Figure 5. Catalytic efficiency of the active-site mutant G166N,
normalized by that of wild-type subtilisin BPN′, as a function of the
dielectric constant factor. The solid line represents the theoretical
prediction of the integrated form of eq 3, assuming that the transition-
state dipole of G166N is 5.0 Debye less than that of the wild-type.
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