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Abstract: Rates of hydrolysis of succinyl-Ala-Ala-Pro-Plpenitroanilide catalyzed by subtilisin and its N155G mutant
were measured in 40, D,O, and “HDO” (1:1 HO:D,0). The solvent isotope effects (proton inventories) determined

by these data showed no differences between the wild-

type and mutant enzymes, despite the fact that the mutation

removes a hydrogen-bonding interaction in the oxyanion hole of the enzyme worth two orders of magnitude in
reaction rate. This suggests that curvature previously observed (ref 10) in the proton inventory for a reaction catalyzed

by methyl chymotrypsin is also not due to oxyanion hole

interactions, and this curvature can in fact be accounted for

by a medium effect. Proton inventory analysis of the isotope effects for subtilisin and its mutant also indicate the

presence of strong medium effects in those systems.

Solvent isotope effects on reaction rates inOHD,0
mixtures are commonly analyzed using the formalism repre-
sented by eq %7 in which ky is the rate constant

K, _ Hi(l_x+x¢i¢)

= (1)

Ko TI(1— x+ x¢/%)

determined in an BOD—D,0 mixture of deuterium atom fraction

X, ky is the corresponding rate constant determinedJ@ Fand

¢* and¢'S are fractionation factors for hydrogenic sites in the
transition state and the initial state, respectively. Fractionation

Scheme 1

CH,

cuon NG '02c0H2

The right side of eq 1 must include terms of the form—1
X + x¢) for all exchangeable sites in both the transition state
and the initial state. When applied to enzymatic reactions,
however, an abbreviated version of eq 1 retaining only transition
state terms is often used, under the assumption that initial state

factors are partial isotope effects expressed as D:H ratios atg, tionation factors will either be unitypl® = 1.00) or will

particular sites relative to the D:H ratio of the solvent with which
they are equilibrated. They reflect the tightness of bonding to
the hydrogens they represent: fractionation factors are signifi-
cantly different from unity for hydrogens being transferred,
where they represent primary isotope effects, and also for
hydrogens in strong hydrogen bonds, whose overall bonding is
loose! Analyses using this fractionation factor formalism are
often called proton inventories, especially when applied to
enzyme catalyzed reactiofs.
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not change between initial state and transition stgfe=t ¢%)

and will therefore drop out of the full expression. In this
circumstance, eq 1 will reduce to a linear functiorxiif only

one transition state fractionation factor is significantly different
from unity; to a quadratic function if twg* differ from unity;

to a cubic function if thre@* differ from unity; etc. In practice,
while it is usually possible to determine whether an experimen-
tally derived relationship is linear or curved, because departures
from linearity are ordinarily quite small, it is generally difficult
to tell whether the curvature is quadratic, cubic, or of some
higher order.

A number of proton inventories for serine protease catlayzed
hydrolyses of ester and amide subtrates have been determined,
and some have been found to be linear and some cdrvidus
difference has been interpreted in terms of a reaction mechanism
involving the catalytic triad found in the active site of all serine
proteases, consisting of Ser-195, His-57, and Asp-102 (chy-
motrypsin numbering), shown in Scheme 1. As the carbonyl
carbon atom of the hydrolysis substrate is attacked by the
hydroxyl group of Ser-195, the nucleophilicity of this hydroxyl
group is increased by transfer of its proton to the imidazole

(8) For a recent review, see: Quinn, D. M.; Sutton, L. D.Hnzyme
Mechanisms from Isotope EffecBook, P. F., Ed.; CRC Press: Boca Raton,
FL, 1991; pp 73-126.

(9) For areview, see: Venkatasubban, K. S.; Schowen, RRC Crit.
Rev. Biochem.1984 17, 1—44.
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side chain of His-57, and this may or may not be accompanied a much simpler system which nevertheless still retains many
by a second proton transfer from the back side of the forming of the features of enzymesubstrate association: complex
imidazolium ion to the carboxylate group of Asp-102. Linear formation betweermt-cyclodextrin andp-nitrophenoxide ion.
proton inventories have been taken as evidence that only the |t is the degree of curvature that carries the mechanistic
first proton transfer, that from serine to histidine, is taking place, information in a proton inventory, and curvature is maximized
whereas curved proton inventories have been taken to mearat the midpoint neax = 0.5. Following Albery!s we have
that the second proton transfer, that from histidine to aspartate,consequently concentrated our measurements in this region,
is occurring as well. dubbed “HDO”, in addition tax = 0 andx = 1.

Several years ago, a critical experiment was performed whose A portion of the present work has been published in
outcome cast doubt upon this interpretaftnit was found that preliminary form16
a hydrolysis reaction catalyzed by a chymotrypsin derivative
whose His-57 imidazole hydrogen had been replaced by aExperimental Section
methyl group, and a second proton transfer to Asp-102 was ] ] o )
consequently impossible, still gave a curved proton inventory. Materials. Wild-type subtilisin BPN and its N155G mutant were

This unexpected result was rationalized by proposing that the ﬁ]r:fe?ir:g V?/g?e %L:gtiZ%a?ib?gscoagfnae?zia?eig dggs‘:%e@" other
curvature in this case was caused by strengthened hydrogen . 9 ) .
Enzyme Kinetics. Rates of the enzyme-catalyzed hydrolysis of

_bondlng mte_ractlons between the SUbsFrate anq groups Sltuate%uccinyI-AIa—AIa—Pro-Phqa)-nitroaniIide were determined by monitoring
in the oxyanion hole of the enzyme. This eXPe”memg however, the appearance gfnitroaniline through its absorbance/at 410 nm.
nevertheless showed that curved proton inventories do Not\jeasurements were performed using Cary 118 and 2200 spectrometers
necessarily signify occurrence of a second proton transfer.  whose cell compartments were thermostatted at 25@05 °C.

In order to determine whether oxyanion hole interactions can  zero-order initial rates of reactiom, for fitting of the Michaelis-
in fact influence proton inventories, we have examined a Menten expression, eq 3, were determined at different substrate
hydrolysis reaction catalyzed by an enzyme in which this concentrations, [s], by adding
interaction has been impaired by site-directed mutagenesis. Such
an experiment cannot be performed with chymotrypsin, for the vV, [s]
hydrogen bonding interactions in the oxyanion hole of this v= m 3)
enzyme are provided by main-chain amide groups, and removing

them would destroy the enzyme. In subilisin, however, only successive amounts of substrate to the same reaction mixture. Enyzme

one_ of th? oxyanion hole interac_tions is provid_ed by a, main plus buffer solution, made by adding g@ of enzyme stock solution
chain amide-two others are furnished by the side chains of (4,0 HDO, or DO solvent) to 1.00 mL buffer contained in a low-

Asn-155 and Thr-220. Site-directed mutagenesis has shown that,olume cuvette, was first allowed to come to temperature equilibrium
the interaction with Asn-155 is by far the stronger of these®wo,  with the spectrometer cell compartment. Twhb of substrate stock

and an X-ray structure determination indicates that the third solution (DMSO solvent) was then added, and the change in absorbance
interaction, that with the main chain amide group, must operate was recorded for 24 min. A second 2L portion of substrate stock
over a longer distance and is consequently wéakVe have solution was then added, and the change in absorbance was recorded
therefore performed our study using the N155G mutant of again. 'I_'his process was usqally repegteo_l for six substrate additipns,
subtilisin in which Asn-155 is replaced by glycine, a residue after which another set of six determinations was performed using

with no side-chain capable of providing a hvdrogen bondin substrate stock solution of a different concentration. Four to six such
interaction P P 9 ydrog 9 sets of six measurements were usually made, and in this way a number

) . of reaction velocitiesy, at different substrate concentrations distributed
The substrate we have used is succinyl-Ala-Ala-Pro-Phe- apoutky, [s] = (0.05-15) Ky, were supplied. The extent of reaction
nitroanilide!® and the reaction we have studied is consequently during the 2-4 min over which the zero-order rate measurements were
the amide hydrolysis shown in eq 2. We made varied from just under 10% to less than 1%. The absorbance
versus time records were accurately linear; their slopes were determined

o) by eye, and these were then converted to rates of change of substrate
R(!kH*@fNO H,0 concentration using the extinction coefficient fpmitroaniline e =
2 8480 M* cm113 Substrate concentrations used for fitting of eq 3
o were average values for the period over which absorbances were
I recorded; these were calculated from knowledge of the substrate stock
RCOH + N”Z@Noz @ solution concentrations, the rate of reaction, and the times over which

absorbance was measured plus the intervals between successive
additions. A representative MichaetiMenten plot is shown in Figure
constructed proton inventories using bdth (maximum veloc- 1; it may be seen that the data conform to this rate law well.
ity) and Vi/Ky (first-order) rate constants, and by taking the First-order rates of reaction were determined at initial substrate
ratios Vm/Km):Vm, we also obtained proton inventories based concentrations much less th&w, [s]o = (0.004-0.02) Ky, where eq
upon 1Ky values. For anilide substrates such as the one we 3 reduces to the first-order expressios (V/Ku) [s]. These reactions
used, acyl-enzyme formation is believed to be rate-determin- Were allowed to run essentially to completion (5 half-lives or longer).

ing,*4 and 1Ky then takes on the form of an enzyme-substrate The data obeyed the first-order rate law well, and rate constants were

association constant. Because we found there to be an ap_c_alculated by nonlinear least squares fitting of an exponential expres-

: ) ] : sion.

preciable solvent isotope effect orKl/, we also investigated In all cases, groups of measurements iFOHHDO, and DO
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solution. Replicate measurements made at the beginning and end of
the day showed that the enzyme solutions were stable for this period
of time. [
Cyclodextrin Complex Formation. Equilibrium constants for 10
complex formation betweea-cyclodextrin ando-nitrophenoxide ion [
were determined using the shift to longer wavelengths that the
absorption band of this ion dt.x= 400 nm undergoes upon inclusion
into the cyclodextrin. The change in absorbance accompanying Fﬁ [
complex formation is greatest at= 370 nm, and measurements were 36
consequently made at this wavelength, using a Cary 2200 spectrometer &
with cell compartment thermostatted at 25:00.05°C. Absorption
measurements were made on a series of solutions of fixed
nitrophenoxide concentrationd, 104 M) but increasingt-cyclodextrin
concentration. This was accomplished by making successive additions 2
of a solution containingt-cyclodextrin andp-nitrophenol to a buffer
solution (0.1 M HCO4/CC? 5, pH = 10.0) containingp-nitrophenol e
at exactly the same concentration as the cyclodextrin solution. The 0 0.001 0.002 0.003
data were analyzed by nonlinear least squares fitting of eq 4, in which [suc-Ala-Ala-Pro-Phe-pna)/M

Als Figure 1. Michaelis—-Menten plot for the hydrolysis in D solution
. of succinyl-Ala-Ala-Pro-Phe-nitroanilide catalyzed by wild-type

+b+ 1K) — /(a+ b+ 1/K) — 4ab subtilisin.
A=eb+ (e~ ep){ @ ) \/(Za ) }

(4)

absorbances, ande. are extinction coefficients of free and complexed
p-nitrophenoxide ion respectivelg,andb are stoichiometric concentra- 105 [
tions of a-cyclodextrin ando-nitrophenoxide ion, respectively, akd

is the complex association constant. The valub fur each series of
solutions was supplied whereas, e, and K were parameters
determined by the fitting procedure. Figure 2 shows a representative
set of data and the line produced by the fit; it may be seen that the
relationship of eq 4 is obeyed quite well.

Absorbance
o
[(s)
o
i

0.85 I

Results i
Enzyme Kinetics. Zero-order initial rates of hydrolysis of ; c—6-0-0c
. . . H L l 1 SV A R G ST UVS WAOr S NS WO ST SN SOV SN S
succ_l_nyI-AIa-AIa-Pro-Phq*a—nltroamIlde cataly;ed b_y wild-type 0.75 Py 008 5000 o012
subtilisin and its N115G mutant were determined p©HHDO, [Cyclodextriny/M

and DO solution at substrate concentrations in the vicinity of Fi . . .
= . igure 2. Relationship between absorbance aaetyclodextrin
Kw (_[S_]O = (0.5-15)Kw). The df”‘ta SO Obta'n_ed were analyzed concentration produced by complex formation wgtmitrophenoxide
by fitting of the Northrop version of the Michaelisvienten ion in H,O solution.
equationt® which gives maximum velocitie¥/,, and first-order
rate constants//Ky, directly. The measurements were made 127
in sets using the same enzyme stock solution for all three
solvents; this ensured that enzyme concentrations were exactly 10k
the same in all three solvents and that the isotope effects were [
consequently being evaluated at the same enzyme concentration.
Each Michaelis-Menten plot was based on 2@0 initial rate
values, and 10 such plots were constructed with the wild-type
enzyme and 14 with the mutant. The parameters obtained from 32 0.8/
these analyses were formulated into HD@ZHand BO/H,O [
isotope effects o, andV /Ky by taking appropriate ratios. 04t
The results are summarized in Table!%dnd are displayed in [
Figure 3.

Rates of enyzmatic hydrolysis were also determined at low
substrate concentrations (sF 0.004-0.02 Ky) where the .
enzyme-catalyzed reactions become a first-order process with 9% 05" 02 04 o6 o8 10
rate constant equal t¥/Ky. Measurements in #0, HDO,
and DO were again made in sets using the same enzyme stockFigure 3. Solvent isotope effects for the hydrolysis of succinyl-Ala-
solution, and replicate determinations-@ were made for each AIa-Pro-Phep—nltroa_\nlllde by subtilisin ©, solid line) and its N155G
solvent within a given set. Nine such sets of measurements MUtant &, broken line).
were made with the wild-type enzyme and three with the mutant.
The isotope effects obtained are listed in Tablé®%hd are
also displayed in Figure 3.

02

Both kinds of rate measurements (zero- and first-order) were
done in TRIS or carbonate buffers at pHs ranging from 8.2 to
10.0; this variation in pH was found to have no systematic

(18) Northrop, D. B. Inisotope Effects on Enzyme-Catalyzed Reactions  influence on the isotope effects. The enzyme stock solutions
Cleland, W. W., O'Leary, M. H., Northrop, D. B., Eds.; University Park  \yere made using either-®, HDO, or DO as the solvent, and
Press: Baltimore, MD, 1977; pp 12452. . . .

(19) Supporting information; see paragraph at the end of this paper this difference was also found to have no influence on the
regarding availability. isotope effects.
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2.0 gives the following relationships: Vi/Km)y/(Vi/Km)u = 1 —
[ (0.0544 0.019% — (0.2364+ 0.021)2 for the wild-type enzyme
and Vw/Km)x(Vi/Km)n = 1—(0.0190.042x — (0.297 +
0.047)? for N115G, and Vm)x/(Vm)s = 1 — (0.7634 0.033k
+ (0.093+ 0.037)? for the wild-type and m)/(Vm)n = 1 —

[ (0.7574 0.022x + (0.1154 0.024)2 for N115G. Comparison
R : of the coefficients of these expressions shows no significant
2{ 10 difference between the wild-type and mutant enzymes for either
x I

the Vi/Kn or theVp, relationships. The proton inventories based

[ upon these rate constants are therefore the same for both
05 |- enzymes, within the precision of the present measurements.

I The N115G mutation removes the major hydrogen bonding
interaction in the oxyanion hole of subtilisin. This mutation

! reduces the reactivity of the enzyme by two orders of magni-

0.0 L

" al ] | il i
00 02 04 06 08 1.0 tudel”24 but the change in hydrogen bond strength to which
Figure 4. Solvent isotope effects for the association @hitro- this rate difference corresponds is apparently not large enough
phenoxide ion witha-cyclodextrin. to affect the proton inventory. Itis known that only hydrogens

_ _ involved in very strong hydrogen bondthe so-called “low-
'Enzyme concentrations were ¥6-10"° M for the runs with  parrier hydrogen bonds*have fractionation factors sufficiently

wild-type enzyme and 10—10"° M for those with the mutant.  different from unity to affect proton inventoriésvidently the
We made no effort to fix these concentrations precisely, since interactions present in the oxyanion hole of subtilisin are not
our interest was solely in rate ratios determined at the sameof this nature.
enzyme concentration, and this was accomplished by using the  The presently determined absence of an oxyanion-hole
same enzyme stock solution to measure both constituent ratesnfiyence on proton inventories suggests that the curvature found
of a given ratio. Enzyme concentrations were nevertheless i, the proton inventory for methyl chymotrypafis not due to
known approximately, and use of these to convert the presently gxyanjon hole interactions either. Only a single proton transfer
evaluated rate constants irt@:andkeafKu values gave results  can occur in that system, and a linear proton inventory might

consistent with the literature: for the wild-type enzynkgy/ consequently be expected. However, as was pointed out by
s~ = 32versus50,1 441" 20r 56" and ealKm)/1° Mt st one of us some time agd,a linear proton inventory can be
= 2.0 (zero-order) or 2.5 (first-ordenjersus 3.614 2.2 converted into a curved relationship by a sufficient number of
2.57200r 3.5 and for the mUta”kca{Sfl:0-23”er5_U50-3017 small changes in fractionation factors in other parts of the
and fealKn)/10° M~* 571 = 1.3 (zero-order) or 2.6 (first-order)  gystem. These changes might be in fractionation factors of
versus1.41’ ) _ o exchangeable hydrogens in the enzyme and the substrate or in
Cyclodextrin Complex Formation. Association constants,  fractionation factors of water molecules solvating the enzyme
Kass for complex formation between.-cyclodextrin andp- and the substrate. In a system as large as an enzymatic reaction,
nitrophenoxide ion were determined in®, HDO, and DRO. there are of course hundreds of hydrogens of this kind, and it
Measurements were made in bicarbonate-carbonate bufferis not unlikely that the fractionation factors of some would be
solutions at pH= 10.0, midway between thekp of the  jjtered by the conformational and other changes that occur as
cyclodextrin (K, = 12.33§* andp-nitrophenol (K. = 7.15)?* the system moves from initial state to transition state.

in order to ensure that the cyclodextrin was essentially fully
unionized and the-nitrophenoxide essentially fully ionized and
that the isotope effects were consequently not being influenced
by acid-base equilibration of either of these substances.
Twenty-six separate determinationskqafswere made in bBO,
eleven in HDO, and fifteen in D, and each determination was
based upon some 40 concentration-absorbance data pairs. Th
results are summarized in Table'%and are displayed in Figure

4,

A convenient way of handling the aggregate influence of such
multiple small changes is to introduce an additional “medium
effect” term of the form ¢)* into the basic relationship of eq
1, as shown in eq 526 Such a medium effect does in fact
accomodate the curvature of the proton inventory for the methyl
chymotrypsin system very well: as Figure 5 shows the fit
Eroduced by eq 5 with one transition state

+
The average of the determinations made WOHS Kass = ﬁ _ I = x+x¢) )
(2.264 4+ 0.013) x 10* M1, in good agreement with what Ky, (1 — x + x4
appears to be the best value available from the literaug, ! !

= (2.178+ 0.045) x 10®* M~123 N . .
fractionation factor, corresponding to a single proton transfer,
Discussion plus a medium effect is as good as the one originally prop8sed
] ) . . with three transition state fractionation factors, corresponding
Oxyanion Hole Interactions. .Each of th.e proton inventories 14 gne proton transfer and two hydrogen bonding interactions.
constructed here for hydrolysis of succinyl-Ala-Ala-Pro-Phe-  Nonlinear least squares fitting of the medium effect model gives
p-nitroanilide by subtilisin and its N115G mutant is well ¢* = 0.44+ 0.05 and® = 0.58+ 0.05. This medium effect
represented by a quadratic expression, and least squares fittingg 5 differential quantity that compares the tightness of bonding
(20) (a) Bryan, P.; Pantoliano, M. W.; Quill, S. G.; Hsiao, H.-Y.; Poulos, iN the initial state of the reaction with that of the transition state.
T. Proc. Natl. Acad. Sci. U.S.A986 83, 3743-3745. (b) Carter, P.; Wells,

(®)

J. A. Nature 1988 332 564—568. (24) Carter, P.; Abrahamson, L.; Wells, J. Biochenistry 1991 30,
(21) Gelb, R. I.; Schwartz, L. M.; Bradshaw, J. J.; Laufer, DBfoorg. 6142-6148.

Chem 198Q 9, 299-304. (25) Kresge, A. JJ. Am. Chem. Sod 973 95, 3065-3067.
(22) Fernandez, L. P.; Hepler, L. G.Am. Chem. So4959 81, 1783~ (26) Gold, V.Adv. Phys. Org. Chenil969 7, 259-331. Kresge, A. J.;

1786. More O'Ferrall, R. A.; Powell, M. F. Insotopes in Organic Chemistry
(23) Gelb, R. I.; Schwartz, L. M.; Cardelino, B.; Laufer, D. Anal. Vol. 7, Buncel, E., Lee, C. C., Eds.; Elsevier: New York, 1987, pp-177

Biochem 198Q 103 362-368. 273.
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Figure 5. Proton inventories for the hydrolysis reaction of ref 10
catalyzed by methyl chymotrypsin; lower curve: one proton transfer
plus two oxyanion hole interactions, upper curve: one proton transfer
plus medium effect.

12r

A ¢
m

] M
1.0_—

08I

%"
—

06 [

0.4

L PRI | PSS TS L -
0.0 0.2 0.4 0.6

X
Figure 6. Proton inventories for the hydrolysis of succinyl-Ala-Ala-
Pro-Phep-nitroanilide using combined data for catalysis by subitlisin
and its N155G mutant/n: model 3;Vn/Kn: model 6.

0.0

The fact that it is less than unity means that the aggregate

bonding is loser in the transition state than in the initial state.
Subtilisin Proton Inventories. Hydrolysis reactions cata-
lyzed by subtilisin are believed to follow the two-state enzyme

acylation—deacylation mechanism common to serine proteases,

with acyl-enzyme, ES, formation rate-determining for amide
substrates, eq B. It follows then thatKy is equal to the
dissociation constant of the

Keat

H,O
E+S<=ES ES—_ E+P+P  (6)

enzyme-substrate compleX../Ky is the rate constant for the

reaction starting from free enzyme and substrate as the initial

state, andk.4 is the rate constant for reaction with enzyme
substrate complex,E, as the initial state. This scheme requires
that the two rate constantks/Km andkea;, refer to the same

Chang et al.

Table 1. Models That Provide Acceptable Fits to the Combined
Proton Inventory Data for Hydrolysis of
Succinyl-Ala-Ala-Pro-Phegs-nitroanilide by Subtilisin and Its
N155G Mutant

model orF oo @'S )
Vi
1 0.42+0.03 0.82+ 0.05
2 0.41+ 0.02 1.18+ 0.04
3 0.41+0.02 0.844+ 0.03
Vm/KM:
4 0.48+0.01 1.48+0.03
5 0.27+ 0.02 0.384+ 0.03
6 0.43+0.01 1.65+ 0.04

that limits to two the number of independent fractionation factors

that can be determined by each proton inventory. This reduces
considerably the number of proton inventory models that should
be examined, for there are only eight variants of eq 5 with no

more than two fractionation factors.

Since wild-type subtilisin and its N155G mutant give isotope
effects that are not significantly different, data obtained with
the two enzymes were combined for fitting of eq 5. Each of
the eight possible variants of eq 5 containing no more than two
fractionation factors was examined, and three good fits were
found for theVy, isotope effects and three also for thg/Ku
data. The fractionation factors obtained with these models are
listed in Table 1.

The requirement that transition state fractionation factors be
the same foW, andV/Ky proton inventories eliminates models
1, 4, and 5, leaving a unique solution, model 6,V¥ayKy, but
still two possibilities, models 2 and 3, fof,. A choice between
the latter two can be made, however, by using the fact that they
lead to different predictions of proton inventories orky/
Division of the expression for model 6 by that for model 2 gives
the relationship shown in eq 7 for K)x/(1/Ku)n,2” whereas
division of the expression for model 6 by that for model

{(Ve/ K Vel Kidiibs (1K)
{VidVidds (UK
1 —x+xp) (D
(1 — x+ (L — x+ x¢'S)
(1 — x+ x® (DY) (7)

3 gives the different relationship shown as eq 8. Isotope effects
on 1Ky were obtained from the data of Table8ly dividing

{(Vu/ K Vil Kndits (1K),
{VidVidds (UK
(1= X+ x$)(Pg)" _ (®o)"
1= x+xp) (@) (D"

(8)

isotope effects oV,/Ky by those oV, and the results were
analyzed using expressions of the form of eqs 7 and 8. Model

transition state, and that imposes the added restriction that protor2 requires tha'S = 1.18 & 0.04 and®s = 1.65 & 0.04,
inventories based on the analogs of these rate constants usedhereas the fit of Ky isotope effects gavg¢rs = 1.00+ 0.02

here, ViW/Kn and Vi, must have the same transition state
fractionation factors.
A further restriction on analysis of the present data by the

and® = 1.82+ 0.03, and model 3 requires th@t/d; = 1.97
+ 0.10, whereas the fit of Kji, isotope effects gavé = 1.82
+ 0.03. These comparisons show that model 3 fits the

proton inventory method is imposed by the fact that, whereas experimental data better than model 2 and is consequently to

both V, and Vi/Ky isotope effects are better represented by a
guadratic than by a linear function, a cubic relationship gives
no further improvement. Fitting of forms of eq 5 with more

be preferred. This fit is illustrated in Figure 6 together with
that of model 6 for the//Ky isotope effects.
The picture that emerges from these analyses is thus one of

than two disposable parameters is therefore unwarranted, anda reaction with a single low transition state fractionation factor
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modified by substantial medium effects. The low transition state stants for such complex association can be measured without
fractionation factor could represent a hydrogen undergoing interference from any further reaction. Cyclodextrins are also
transfer, whose isotope effectkg/kp = 1/¢* = 2.4, or it could much smaller than enzymes with far fewer exchangeable
refer to a hydrogen engaged in strong hydrogen bonding. Sincehydrogens (only three in each of the six glucose units of
at least one hydrogen must be transferred in the catalytic triad a-cyclodextrin), and they would therefore appear to be attractive,
mechanism of Scheme 1, the former explanation seems the moresimple models that might provide further insight into proton
likely.226 The medium effect ofb = 0.84 onV, represents a  inventories on enzyme-substrate complex formation. The
small aggregate loosening of bonds to a number of hydrogenscomplex betweem-cyclodextrin andp-nitrophenoxide ion is
as the system progresses from the enzyme substrate compleamong the strongest formed, and we consequently chose to
to the transition state; these hydrogens could be in the complexinvestigate this system.
itself or in its solvation shell. The larger medium effect®df The overall solvent isotope effect on this association reaction
= 1.65 on Vp/Ky, on the other hand, represents a larger proved to be rather weak{§{sdo/(Kasgn = 1.294 0.01, which
aggregate tightening of bonds to a number of hydrogens puts this system into a region where the difference between
anywhere in the system in the process starting with free enzymevarious proton inventory models is very small. The data are
and substrate. consequently not very diagnostic, but they nevertheless do
It is instructive to separate out from the medium effect on conform to a simple medium effect expression well and give
Vm/Km that on the first step of this process, association of the the resultd = 1.294 0.01. This medium effect is in the same
enzyme and substrate to form the enzyme-substrate complexdirection,® > 1, as that found for complex formation between
This may be done by taking the ratio of medium effects on subtilisin and its hydrolysis substrate and is consequently
Vm/Kym andVp, as was done above in deciding between models consistent with the explanation offered above for that effect:
2 and 3, or by fitting isotope effects onKl directly, whose as complex formation occurs and solvation is replaced by
result was also summarized above. The weighted average ofinteractions between cyclodextrin apghitrophenoxide ion, the
the two methods give® = 1.84+ 0.03. Medium effects may = more loosely bound solvating water molecules are converted
now be assigned to individual parts of the acylation stage of to more tightly bound bulk water. The smaller magnitude of

the enzymatic reaction, as shown in eq 9. the cyclodextrin medium effect is also consistent with the result
for subtilisin in that cyclodextrin and its substrate are smaller

$=1.84 o =0.84 ilisi -

E+S E-S E-S 9) than the subtilisin system and have fewer exchangeable hydro

gens and solvating water molecules. Thus, although the present
The considerable tightening produced by enzymemplex solvent isotope effects on cyclodextirritrophenoxide com-

formation can thus be seen to be offset by a smaller looseningP!€x formation do not provide a detailed proton inventory
upon progress of this complex to the transition state. analysis, they r!evertheless do support .the' conclusion reached
It is likely that solvating water molecules make a significant above that medium effects have a decisive influence on solvent

contribution to the greater than unity character of the medium 1S0tope effects in the subtilisin system.
effect on 1Ky, @ = 1.84. Most substances are less soluble in Conclusions
D,0 than in BO%*2%which means that the waters solvating
them havep < 1. If this is true of the substrate and the active
site of the enzyme in the present system, then, as the enzym
and substrate associate to form the enzysdstrate complex,
their solvating waters will be transformed into bulk solvent with
¢ = 1.00. The change from < 1 to¢ = 1.00 will then make
a greater than unity contribution tb on the enzyme substrate
association step.

Cyclodextrin Proton Inventory. Cyclodextrins are cyclic
glucopyranosides with central cavitie®active sites*-that

We have found that removing a hydrogen-bonding interaction
in the oxyanion hole of subtilisin has no detectable influence
%n solvent isotope effects for a hydrolysis reaction catalyzed
by this enzyme but that curvature in proton inventories for this
system stems from medium effects. Medium effects also can
account for the curvature of a proton inventory for a reaction
catalyzed by methyl chymotrypsin that had previously been
attributed to oxyanion hole interactions. This suggests that
oxyanion hole interactions are not strong enough to influence

imic th talvii i f Kabl proton inventories but that medium effects, which so far have
mimic 0 € catalylic action of Someé enzymes remarkably o.qieq Jittle attention in proton inventory studies, can play
closely®® They operate, like enzymes, by first forming catatyst decisive roles

substrate complexes, and in suitable systems association con-
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