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Calorimetric determination of linkage effects involving
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Enthalpy changes of a-chymotrypsin acylation by 3-(2-furyl)acryloylimidazole (FAI) were calorimetrically determined as a function
of pH. By observing the functional dependence of acylation enthalpies on buffer ionization heats, a complex pH profile was obtained
describing proton release accompanying formation of acyl-enzyme. A pK, of 4.0 for FAI ionization and apparent pK, values of 6.8,
7.55 and 8.8 on the enzyme were used to account for the proton release data. A model which accounts for the proton release behavior
was used to fit the acylation enthalpy data and values for the apparent dissociation enthalpies of the groups involved were obtained
along with a pH-independent intrinsic enthalpy of acylation. This model suggests a group with an apparent pX = 6.8 and AH,, = 8.7
kcal/mol which is perturbed to a pK of 7.55 and AH,,, = 7.6 kcal/mol on attachment of the acyl moiety to the enzyme. The
apparent ionization enthalpy change for the active-inactive transition (pK,=8.8; AH = 3.0 kcal/mol) corresponds with that
calculated from the data of Fersht (J. Mol. Biol. 64 (1972) 497). The pH-independent intrinsic enthalpy of acylation (AH = —7.9
kcal /mol) is corrected for group ionizations linked to the acylation process. Consequently, it more closely reflects molecular

processes of interest such as substrate binding, covalent bond rearrangement, and product release.

1. Introduction

Interpretation of thermodynamic parameters
(AG°, AH®, AS°) for single steps in enzyme-
catalyzed reactions has seldom progressed beyond
statements relating to the degree of enthalpy or
entropy control of the event or the nature (electro-
static, hydrogen bonding, hydrophobic, etc.) of the
interactions taking place. What complicates inter-
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pretation of thermodynamic parameters is that
enzyme-catalyzed reactions generally involve a
host of linkage relationships involving, for exam-
ple, pH and ionic strength which are not easily
dissected [2]). Without knowledge of the relation-
ships it is nearly impossible to estimate the values
of AG®, AH® and AS° which reflect the true
character of the event of interest.

Determining linkage relationships and inter-
preting the linkage data is generally an involved
process, requiring information on binding paoly-
nomials as a function of ligand concentration.
Accurate binding polynomials are sometimes dif-
ficult to obtain and it is useful and desirable to
develop other means of evaluating thermodynamic
linkage. Here, we explore the use of calorimetric
methods for evaluating the pH-dependent en-
thalpy changes associated with formation of fur-
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ylacryloyl-a-chymotrypsin (FA-Ct), an inter-
mediate in the a-chymotrypsin catalyzed hydroly-
sis of 3-(2-furyl)acryloylimidazole (FAI).

a-Chymotrypsin-catalyzed hydrolysis of FAI
proceeds through two distinct and separable
phases; a relatively fast acylation phase char-
acterized by steps 1 and 2 of scheme 1, followed
by a much slower deacylation phase given as step
3.

We have previously shown using flow micro-
calorimetry that the enthalpy change for acylation
can be determined accurately, without substantial
interference from deacylation [3]. A full enthalpy
profile for a-chymotrypsin-mediated hydrolysis of
FAI has been determined at pH 7.8 and shown to
be in complete agreement with the nonenzymic
heat of FAI hydrolysis at this pH. The agreement
demonstrates that the calorimetric methods devel-
oped for evaluating acylation and deacylation en-

thalpy changes are correct. In the present work,

we provide a detailed calorimetric study of the
enthalpy changes for acylation as a function of
pH.

2. Experimental
2.1. 3-(2-Furyl)acryloylimidazole (FAI)

FAl' was prepared by the mixed anhydride
method described by Bernhard et al. [4], except
that a third recrystallization from cyclohexane was
performed; m.p. 114-115°C.

Elemental analysis calculated for C,,HgN:O,:
C, 63.83; H, 4.30; N, 14.89; O, 17.00. Found: C,
64.01; H, 4.28; N, 14.86; O, 16.85. a-Chymotryp-
sin was purchased from Worthington Biochemical
Corp. as three times recrystallized powder and
further purified by the method of Yapel et al. [5],
using a G-75 Sephadex column instead of G-25.
Purity of a-chymotrypsin was checked by titration

of the active site using p-nitrophenyl trimethyl-
acetate as described by Bender et al. {6]. Enzyme
purities for the various Worthington lots as de-
termined by titration were 92-95% pure or active
using a molar absorptivity of 5 X 10* 1 mol !
em™! for a-chymotrypsin at 280 nm and pH 5.0.

2.2. Flow calorimetry measurements

All acylation enthalpies were measured on an
LKB flow microcalorimeter adapted to fit in a
steel water-tight chamber submerged in a Tronac
model 1005 water bath. The bath was held at
25.0°C and controlled to better than 0.0003°C.
Flow rates were compatible with acylation kinetics
such that the entire reaction was completed during
the residence time of the reaction mixing cell. FAI
solutions were introduced by means of a teflon
loading coil connected via a four-way valve and
inserted between the LKB perpex pump and the
calorimeter unit. This ensured that the FAI was
never in contact with the silicone rubber working
part of the LKB pump (which only pumps buffer
solution) and avoided the problem of substrate
adsorption to the silicone tubing,

Calorimetric acylation measurements were
made by flowing buffer against FAI (8 X 10~ M)
buffer solution to establish a steady-state voltage
signal and then switching the buffer solution to
buffered chymotrypsin (5.0-6.6 X 10™> M) solu-
tion. The new steady-state voltage signal was pro-
portional to the observed acylation enthalpy plus
enzyme dilution heat. The enzyme dilution en-
thalpy was measured in separate experiments. At
least three replicate measurements were made for
cach experiment. :

All three solutions (buffer, enzyme, and FAI)
contained identical concentrations of buffer plus
1.6% (v/v) CH,CN and were adjusted to within
+0.02 pH units of one another prior to mixing,
The pH of the calorimeter effluent was closely
monitored during the course of the experiment
and seldom differed from the original pH by more
than 0.02 pH units.

Observed acylation heat changes were mea-
sured as described above at fixed pH values from
5 to 9. The observed acylation enthalpy changes at
each pH were measured in the presence of buffers
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Table 1

Data on buffers used for calorimetry

pH  Buffer pK, A4H,, Ref.

(kcal,/mol)

500 0.05 M piperazine 5.6 7.12 30
0.03 M citrate 4.761 0.58 31
0.05 M acetate 475 002 32
0.05 M propionic acid  4.874 -0.14 33

5.50 0.05 M piperazine 5.6 7.12 30
0.05 M Mes 6.095 4.50 34
0.05 M acetate 4.756 —0.02 32
0.05 M glutarate 5420 -0.58 33

6.00 (.05 M piperazine 5.6 712 30
0.05 M Mes 6.095 4.50 34
0.033 M pyrophosphate  6.76 0.11 35
0.03 M citrate 6.396 —0.80 32

6.50 0.05 M Mes 6.095 4.50 34
0.09 M phosphate 7.20 1.13 35
0.033 M pyrophosphate  6.76 0.11 35
0.03 M citrate 6.396 —0.80 31

7.00 0.05 M Hepes 7.23 5.01 7
0.09 M phosphate 7.20 113 7
0.033 M pyrophosphate  6.76 0.11 35
0.03 M citrate 6.396 —0.80 31

7.50 0.05M n-glycylglycine  8.252  10.60 36
0.05 M Hepes 7.23 5.01 7
0.09 M phosphate 7.20 1.13 7
0.033 M pyrophosphate  6.76 0.11 35

8.00 0.05M Tris 8.07 11.30 37
0.05 M N-glycylglycine 8252  10.60 36
0.05 M Hepes 723 5.01 7
0.09 M phosphate 7.20 1.13 7

9.00 0.05 M histamine 9.756  11.00 38
0.05 M serine 9.208 10.40 39
0.033 M pyrophosphate  9.41 0.40 35

having different heats of ionization [7]. From these
data the true acylation enthalpy at zero buffer
ionization enthalpy was determined at each pH as
well as the number of protons released by the
enzyme-FAI system. The buffers used at each pH
and their pertinent thermodynamic quantities are
listed in table 1.

Nonlinear least-squares fitting was performed
using a program provided by Dr Michael Johnson
at the University of Virgmia and described
elsewhere [8).

3. Results

In order to ensure complete acylation, a-
chymotrypsin was reacted with FAI under the
condition of excess substrate (FAI > a-Ct) in at
least three different buffers at each specific pH.
Buffers were selected to give a large range of
AH,, values and table 1 lists the buffers used,
their pK, values and heats of ionization.

Fig. 1 (a, b) demonstrates the dependence of
the observed acylation enthalpy (AH_,,) on the
buffer heats of ionization. The formation of acyl
enzyme is generally accompanied by proton up-
take or release and this affects 4.H,, since the
buffer must accommodate the proton change. The
relationship between A H, bs, AH,, and the acyla-
tion enthalpy change, A HPF, is expressed by the
simple relationship given in eq. 1 [7,9]:

AH = AHSE, — i AH, )

The data in fig. 1a and b have been fitted to eq.
1, giving nff, and AHT} as slope and intercept
quantities, respectively. The correlation coeffi-
cients for all such data were 0.99 or better, show-
ing uniformly good agreement between experi-
ment, theory, and values used for AH, , buffer.
AH:Q,’, is the apparent acylation enthalpy change
in the himit of zero buffer ionization heat while

narr represents the number of equivalents of pro-
tons released to the buffer as a result of converting
enzyme and substrate to acyl-enzyme per equiv-
alent of enzyme * [3].

The accuracy of the plots in fig. 1a and b is
primarily dependent upon the range of buffer
dissociation enthalpies and to a lesser degree on
differences in ionic strengths used in these experi-
ments in comparison to the literature values for

* The numerical value of n¥%, will itself have a sign. A
negative sign indicates proton uptake from the buffer solu-
tion by the combined system of enzyme, acyl-enzyme, FAI
and imidazole. A positive sign indicates proton reléase to thé
buffer by this combined system which occurs on acylation.
The term ‘n’ has been corrected for the proton changes
generated by imidazole as it appears as a product on acyla-
tion. A negative sign of n corresponds to proton uptake
from the buffer by the free enzyme, FAI and acyl-enzyine
and a positive sign indicates proton release o the buffer by
FAl acyl-enzyme and free eniyme. )
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Fig. 1. (a, b) Determination of proton release and buffer-independent apparent acylation enthalpies. The buffers used, along with

their corresponding ionization heats, are given in table 1. Slopes and intercepts were evaluated by linear least-squares analysis with

points weighted with respect to the number of data points collected with each buffer. Final reaction solutions contained 25-35 uM
a-chymotrypsin, 300-400 pM FAI, and 1.4-1.6% CH,CN. Temperature was held constant at 25.001+0.01°C.

which the AH, buffer data were reported. Most
of the literature A H, data of table 1 are reported
at zero and 0.1 ionic strength. These problems
were found to affect the accuracy of the intercept
values (A HL™)) to a much smaller extent than the
slope (n3FF)) values.

AH.E, and njf, are apparent quantities since,
in addltlon to buffcr ionization heats, there are
other enthalpy and proton release adjustments
which must be made. One such adjustment be-
comes apparent from consideration of the overall
acylation reaction (see eq. 2).

a-Chymotrypsin + FAI — FA-Ct + imidazole
(2

It is obvious that both FAI and imidazole have
the potential to protonate and deprotonate. On
acylation, imidazole leaves the active site of the
enzyme as a neutral molecule and the extent to
which it becomes protonated depends on the pH
of the surrounding buffer. The abstraction of a
proton from solution by imidazole and its accom-
panying enthalpy change can be calculated by
knowing the pK, of imidazole (6.99 + 0.02) and
its AH;, (8.79 4 0.03 kcal /mol) [10,11]. AHFF at
each pH can be corrected for proton uptake by
imidazole by the relationship given in eq. 3.

A.HAcyI = AHAcyl + "lmAHon Im (3)

where AH,., represents the actual enthalpy
change for the acylation reaction excluding the
contribution of imidazole, AH,, ;. is the known
heat of dissociation of imidazole [11], and n,,,
denotes the proton release as calculated from the
known pX, of imidazole and pH.

The kinetics of acylation and deacylation are
known as a function of pH and the flow rates for
flow calorimetry experiments were adjusted such
that the mixed solutions of a-Ct and FAI reside in
the measuring compartment in the range of 30-45
s [3]. The residence time in the caloriméter is
sufficient to ensure complete acylation of the en-
zyme and over much of the pH range, deacylation
is insignificant. At the highest pH (pH 9), how-
ever, up to 15% of the acyl-enzyme formed within
the calorimeter cell becomes deacylated within the
residence time and since the experiments are car-
ried out under substrate saturating conditions, any
deacylation would be followed immediately by
reacylation. The molar enthalpy given as 4 HPF, is
calculated on the basis of the total amount of
acyl-enzyme formed during the residence time of
the calorimeter cell. No correction was made for
deacylation enthalpy, since it has been determined
to be very small (—1.2 £ 0.55 kcal /mol) [3].

Thus, the original observed acylation enthalpy
change at a fixed pH has been corrected for buffer
ionization heats, product (imidazole) ionization
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Fig. 2. pH dependence of corrected acylation enthalpy changes.
Enthalpy values are free from effects of buffer ionization
enthalpy changes and ionization enthalpy change of imidazole
generated on acylation. The solid line is the nonlinear least-
squares best fit of the data using eq. 6 and the pK, values 6.8,
7.55, 8.8 and 4.0 for pK values 1-4 given in scheme 2.

heat, as well as a concentration normalization
factor to account for deacylation and reacylation
during the residence time of the calorimeter cell
(maximally 15% reacylation at pH 9.0). The re-
sultant quantity (4 H,.,,) represents the enthalpy
change which deals only with the enzyme acyla-
tion and any perturbation of FAI ionization
brought about during acylation at the pH of inter-
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Fig. 3. pH dependence of proton release data generated in fig.

1a, b. Proton release data are corrected for proton uptake by

imidazole generated on acylation. The solid line is a simulation

using pK, values 6.6, 7.55, 8.8 and 4.0 for pK values 1-4
given in scheme 2.

est. A plot of AH, ., as a function of pH is given
in fig. 2.

An additional quantity of interest is the num-
ber of protons released by the enzyme system
(FAI, FA-a-chymotrypsin and a-chymotrypsin) on
forming the acyl-enzyme. These quantities ‘n’ were
determined at each pH of interest by use of eq. 4:

n= "?cl;l O™ )]

This value, n, is important, since it is an indica-
tion of the exchange of protons from ionizable
residues on the enzyme due to the acylation reac-
tion and any proton uptake or release by FAI on
binding to a-Ct (see footnote on p. 305). A plot of
n as a function of pH is given in fig. 3.

4. Discussion

Ionizations which accompany and attenuate en-
zyme catalysis are a focal point of many discus-
sions of enzyme mechanisms. Chymotrypsin is
particularly well studied in this regard but there
has been some controversy as to the assignment of
observed pK, values to groups at the active site
[12-14]. Regardless of the assignments, it is found
with numerous substrates which obey the mecha-
nism of scheme 1 that deacylation (step 3) is
dependent on a group with an apparent pK, of
7.0+ 0.3, and k,/K, is dependent on groups with
apparent pK, values of 6.8 +0.3 and 8.8 +0.3
[1,15-17]. The pK, values for steps 2 and 3 of
scheme 1, 6.8 and 7.0, respectively, have usually
been assigned to His 57 [16,18] though it has been
suggested that the pK, observed in the range of
6.5-7.0 should be assigned to Asp 102 [12-14].
There is general agreement that the apparent pK,
of about 8.8 involves the proton dissociation of
the Ile 16 «-amino group, thereby disrupting the
Asp 194-Tle 16 salt linkage. This effect also ap-
pears to influence the active-inactive transition
known to occur with e-chymotrypsin [1,17].

A model which suggests His 57 imidazole as
responsible for the pK, values of 6.8 +0.3 and
7.0 + 0.3 depicts His 57 ionization (pK, 6.8) cou-
pled with the actual acylation step of scheme 1
[19]. Once the acyl-enzyme is formed, the His 57
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imidazole pK, is perturbed to 7.0 + 0.3 or higher
as evident from the pH dependence of deacylation
[19].

Specific substrates appear to perturb the His 57
imidazole pK, only marginally while nonspecific
substrates appear markedly to accentuate dif-
ferences between pX, values associated with steps
2 and 3. For example, the extent to which the pK,
in the free enzyme is altered in the acyl-enzyme
has been reported for diphenylcarbamoylation
(6.6 = 7.4) [20), acetylation (6.4 — 7.3) [21], cin-
namoylation (6.8 — 7.2) [22], and indoleacryloyla-
tion (6.3 - 7.7) [23]. The latter two acylation
products are transacryloyl derivatives belonging to
the same family as the furylacryloyl acyl-enzyme
formed in our e¢xperiments. We have found that
FAI hydrolysis by a-chymotrypsin is accompanied
by an apparent pK, perturbation of 6.60 — 7.55
associated with acylation and deacylation, respec-
tively [3). The similarity in pX perturbation be-
havior among the nonspecific substrates suggests
that the transacryloyl derivatives work very much
alike.

To investigate further the nature of the ap-
parent pK, shifts, Keizer and Bernhard [23] di-
rectly determined proton release accompanying
the stoichiometric acylation of a-chymotrypsin by
indoleacryloylimidazole (IAI) over a wide pH
range. A variation of the model they used to assess
their data is given in scheme 2 and the expression
derived for proton release is given by eq. 5.

_Lm &
N = Rintrinsic K1+ [H+] K3+ [H+]

[H*] [H]
TK ] K ] )

Here n represents protons released due to interac-
tion of JAI with a-chymotrypsin to form the acyl-
enzyme product. All acid dissociation constants
given in eq. 5 are defined in scheme 2 except K,
which represents the proton dissociation from pro-
tonated FAIL It is assumed in this model that only
unprotonated FAI can bind to «-Ct.

From calorimetric experiments, using buffers
with different ionization heats, we have obtained
proton release data for a-chymotrypsin acylation
by FAI These data are presented in fig. 3 along
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Scheme 2.

with a simulation of proton release expected using
the model in scheme 2. The simulation uses our
experimentally determined pK values of 6.6 and
7.55 as pK, and pK, along with the consensus
pK, of 8.8 [1,16,17] for the Ile 16-Asp 194 sait
bond. A pK of 4.0 estimated for FAI ionization
was also used in the simulation. It is apparent that
the complex shape of the theoretical curve is faith-
fully described by the experimental data but the
data appear to be displaced from the theoretical
curve. The values of n obtained from the calori-
metric data are uncorrected for the active-inactive
transition [17], protein dimerization effects [24],
and the contribution from the appearance of fur-
ylacrylic acid (FAH) occurring in the basic pH
range (0% FAH is formed at pH 7 but up to 15%
occurs at pH 9). Such corrections are believed to
account, in large part, for the difference between
the calculated and observed data.

From the data of Horbett and Teller [24], pro-
ton release expected from enzyme dimerization
effects over the pH range of 5-7 can be calculated
under the conditions of the experiments reported
here. From 0.1 to 0.3 mol proton per mol protein
are released over this pH range due to the disrup-
tion of enzyme dimers when the acyl-enzyme is
formed. Similar effects involving the chymotrypsin
binding of benzeneboronic acid have been re-
ported by Hanai [25]. It appears that disruption of
enzyme dimers accounts for a substantial amount
of the discrepancy between calculated and ob-
served values of n.
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In the basic pH range (e.g., at pH 9), a small
amount of turnover of furylacryloylchymotrypsin
occurs within the calorimetric experiment contrib-
uting up to 0.15 mol H* per mol protein. As with
other acryloylimidazole substrates [4], the intrinsic
hydrolysis of FAI becomes significant in the pH
range of 8 and higher and we have no way of
correcting for nonspecific hydrolysis of FAI
brought about by groups on the surface of the
enzyme. These two effects contribute to the dif-
ference between calculated and observed proton
release in an increasing manner above pH 7. From
the work of Fersht and Requena [17], the transi-
tion from the inactive form of the enzyme to the
active form upon acylation is also likely to con-
tribute to proton release data in the basic pH
range. ‘

How these extraneous effects contribute to the
observed enthalpy changes is of major importance
to the linkage relationships we are attempting to.
establish. Jones and Trowbridge [26] found in
their calorimetric work a heat of chymotrypsin
dimer dissociation of zero over the pH range 5-8
and we have determined the heat of ionization of
furylacrylic acid to be 1.03 4+ 0.07 kcal/mol [3].
Fersht [1] and Fersht and Requena [17] have
evaluated active-inactive equilibrium constants at
25 and 37°C over a wide pH range allowing
determination of van’t Hoff enthalpy changes.
From these data, corrections can be estimated for
the inactive to active conversion forced by acyla-
tion. These contributions over the pH range 6-9
are remarkably constant at 0.60 + 0.20 kcal /mol

Table 2
Enthalpy changes associated with acylation

though there appears to be a slight pH depend-
ency between pH 5 and 6.

The important question for this study is how
these proton release corrections affect the results
of the enthalpy analysis. For all of the effects
believed to account for the discrepancy between
the calculated and observed data in fig. 3, the
enthalpy change involving the effect is either
athermal or very close to athermal. Thus, these
effects will contribute essentially nothing to the
enthalpy-pH profile presented in fig. 2. We have
proceeded to analyze the results entirely within
the framework of the events presented in scheme
2.

In accounting for each of the three pK processes
evident in scheme 2, their enthalpy contributions
should be directly equal to the proton release of
each group, at a particular pH, multiplied by its
corresponding apparent ionization heat. This
transforms eq. 5 into eq. 6.

AH\([H*]  AHK,
K,+[H*] K,+[H*]

_AHH']  AH[H'] )
K,+[H*] K4>+[H+]

where K, =2.54X10"7 M and AH, is the ap-
parent ionization enthalpy for the pX, = 6.6 group,
K,=283x10"* M and AH, is the apparent
ionization enthalpy for the 7.55 pK, group, K; =
1.74x107° M and AH, is the apparent ioniza-
tion enthalpy for the pK, = 8.8 group. 4 H,, rep-
resents the pH-independent intrinsic enthalpy

AH,,=AH,

int

+

Values in parentheses represent the nonlinear least-squares (67%) confidence intervals for the parameters indicated.

Conditions Enthalpy change (kcal /mol)
AH,, AH, AH, - AH, AH,

pK,=6.6,pK; = 17.55 —-8.49 712 5.13 2.14 -1.39
pK;=8.8,pK,=4.0 (—8.94, -8.04) (6.48, 7.78) (4.21, 6.06) (1.38,2.90) (—10.44, —434)
pK,=6.8, pK, =7.55 -7.90 8.66 7.61 3.03 —-3.82
pKy=8.8,pK,=40 (—8.36, —7.42) (7.89, 9.43) (6.52, 8.70) (2.25, 3.81) (—6.61, —1.03)
pK,=638,pK, =755 —7.89 8.67 7.62 3.04 -1.73
pK;=8.8,pK, =44 (—8.37, -7.41) (7.88,9.47) (6.50, 8.74) (2.24,3.83) (—3.04, —-0.40)
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change associated with the acylation process. A
nonlinear least-squares fit of the AH, ., data at
various pH values according to eq. 6 is presented
in fig. 2.

Table 2 presents results for nonlinear least-
squares fitting of the acylation enthalpy data using

different pK, values. The first row in the table

provides the evaluated enthalpy changes using our
kinetically derived values for pK, and pK, [3]
along with the consensus value of 8.8 for pK|,
[1,16,17] and an assumed pK, of 4.0. The second
row presents the fitted values using the consensus
pK values of 6.8 and 8.8 for pKX; and pKj,, our
previously determined value for pK,, and an as-
sumed value of 4.0 for pK,. The third set of data
explores the effect of changing the assumed value
of pK, to 4.4. .

It is seen that whereas the ionization enthalpy
changes are affected substantially by slight varia-
tions in pK, the intrinsic'enthalpy change is al-
tered only modestly. It is the (pH-independent)
intrinsic enthalpy change which is of major inter-
est and we believe the best estimates of the fitted
quantities are those obtained using the consensus
values for pK, and pKj,, our pK, of 7.55, along
with the assumed pX, of 4.0.

4.1. Ionization enthalpy changes

The assignment of functional groups at an en-
zyme active site by their apparent pX, and AH,
values is not necessarily straightforward. The ap-
parent thermodynamic quantities need not be
identical to those for a group freely exposed to
water, since (1) the protein environment of the
ionizing group may perturb the group ionization
enthalpy change as well as the pK,, or (2) a
conformational change could be linked to the
group ionization resulting in an apparent pK, and
enthalpy change which would be a composite of
the group ionization plus the conformational con-
tribution. It is worth pointing out, however, that
the quantities in table 2 associated with the pK,
ionizable group (group X, scheme 2) bear a strik-
ing resemblance to those of a free histidine im-
idazole (pK ~ 7, AH ~ 8.8 kcal/mol) [10,11]. In
fact, the simplest interpretation of the data in
table 2 would be the assignment of group X

(scheme 2) as a somewhat perturbed histidine
imidazole (pK, =6.6-68, AH,=71-8.7 kcal/
mol) which, after formation of the acyl-enzyme,
remains perturbed (pK, =755 AH,=51-76
kcal /mol).

The pK, and AH,, values we have reported
for the three apparent ionizations are comparable
with those evaluated from other substrates used
with a-chymotrypsin. Ionization enthalpy changes
for AH, of 8.9 and 6.5 kcal/mol were indepen-
dently evaluated by Hanai [25] and Jones and
Trowbridge [26], respectively, from binding stud-
ies of benzeneboronic acid to chymotrypsin. Also,
a value for AH, of 7.9 kcal/mol was reported by
Tseng [27] from data involving the nonspecific
substrate 2,4-dinitrophenyl trimethylacetate. These
data, taken with ours, suggest that the ionization
regarded by Bender et al. [16] as having an ap-
parent pK of 6.8 +0.3 is accompanied by an
ionization enthalpy change much like that of free
imidazole. ‘

Ionization enthalpy changes associated with the
deacylation-dependent pK, have been reported
for a few different substrates. Tseng [27] has ob-
tained AH, values of 6.59 and 7.01 kcal/mol
derived from van’t Hoff analyses of deacylation
pK, values for the substrates p-nitrophenyl
acetate and N-acetyl-L-tyrosine ethyl ester, respec-
tively. Rajender et al. [27a] reported a value of 4
kcal/mol for AH, from studies using N-acetyl-L-
tryptophan ethyl ester. Our AH, value of 7.6
kcal /mol compares favorably with Tseng’s values
though the corresponding acyl-enzymes are dis-
tinctly different from FA-Ct. The thermodynamic
differences for deacylation of various substrates
are probably real, since different acyl-enzymes are
likely to impose different constraints on the ioniz-
able group resulting in some variation of apparent
pK and ionization enthalpy changes.

The final ionization of importance for a-
chymotrypsin involves the pK 8.76 group investi-
gated by Fersht and Requena [17). This particular
ionization is believed to be important for main-
taining the electrostatic linkage of Ile 16 and Asp
194. By taking Hess’ law sums of the values re-
ported by Fersht [1] and Fersht and Requena {17]
one can calculate an apparent enthalpy change
(AH,) of 2.1 + 42 kcal/mol. This is comparable
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to the AH, value of 3.0+ 0.75 kcal/mol derived
from our analysis.

The pK designated as pK, represents the acid
dissociation of FAI and we have assumed in the
model given in scheme 2 that only neutral FAI
can bind and react with a-Ct. Bender et al. [28]
and also Ikeda and Kunugi {29] determined pK,
values of 3.6 and 4.4 for cinnamoylimidazole and
indoleacryloylimidazole, two nonspecific sub-
strates closely related to FAIL. The pK values
suggest that FAI will have a pX in the vicinity of
3.6-4.4. The fitting of enthalpy data using pK
values of 4.0 and 4.4 demonstrates little effect of
this ionization process on A H,,,. According to the
fitting, the FAI dissociation heat is observed to be
negative and poorly determined, since this ioniza-
tion process only partially affects the observed
enthalpy at pH 5 and higher.

4.2. Intrinsic enthalpy of acylation

Without doubt, ionization processes as re-
flected in proton uptake or release are of major
importance in the modulation of enzyme action.
Regardless of their importance, evaluation of these
processes does not evoke the interest that a de-
tailed description of a substrate-enzyme interac-
tion or a conformational change might. In fact,
discussion of free energy or enthalpy profiles of
catalyzed reactions dwell on substrate-enzyme in-
teractions, conformational changes, product re-
lease, etc., often without mention of the attending
ionization processes which greatly affect activity.
If one is to speak of thermodynamic quantities in
terms of elementary events, it is useful to deal
with unitary and intrinsic thermodynamic quanti-
ties. The pH-independent quantity of -7.9
(—8.36, —7.42) kcal /mol reported here represents
the intrinsic reaction in forming the acyl-enzyme
intermediate exclusive of contributions from
groups with pK, values in the experimental pH
range (5-9). The large and negative value for
AH, represents a considerable contribution to
the driving force for acyl-enzyme formation in-
volving FAI as a substrate.
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