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Abstract: To examine the mechanism of enzymatic acyl transfers fsaritrophenyl acetate (PNPA), isotope
effects were measured for the reaction of PNPA with chymotrypsin, carbonic anhydrase, papaspengdius

acid protease. The isotope effects were measured a-tleuterium Pk), carbonyl carbongk), carbonyl

oxygen Ekearony), leaving group phenolic oxygefflyg), and leaving group nitrogef®) positions. Pk ranged

from 0.982+ 0.002 to 0.999+ 0.002. % ranged from 1.028 0.002 to 1.036+ 0.002. *&carhonyi ranged

from 1.0064+ 0.0003 to 1.007 0.001. 8 ranged from 1.143 0.0002 to 1.33Gt 0.0007. 5%k ranged

from 0.9997+ 0.0007 to 1.001H 0.0002. Uncatalyzed acyl transfer from PNPA to oxygen and sulfur
nucleophiles proceeds by a concerted mechanism. All of the enzymatic reactions showed isotope effects
consistent with a concerted mechanism like that seen in uncatalyzed aqueous reactions, but exhibited smaller
inverseS-deuterium isotope effects than seen in the nonenzymatic aqueous reactions. This phenomenon may
be explained by greater hydrogen bonding or electrostatic interaction with the ester carbonyl group in enzymatic
transition states relative to nonenzymatic aqueous transition states. Quantum mechanical calculations were
used to estimate the magnitude of changes in hyperconjugation-akdbGnd order due to protonation of a
carbonyl oxygen.

Introduction a a) P(V/K)

A major contribution to enzymatic catalysis is the selective ?Ha 18v/K
stabilization of transition states. Kinetic isotope effects can be—o® b) "(VIK)
illuminate how an enzyme changes the electronic and nuclear | d ¢) "8(V/K)carbonyi

structure of the enzymatic transition state relative to nonenzy-
matic transition states in solution. Here we apply a system for
accurately and precisely measuring isotope effects in several
positions for the acyl transfer from-nitrophenyl acetate to
observe enzyme induced changes in transition state force fields.
By comparing the isotope effects on enzyme-catalyzed reactions
with previously measured isotope effects of similar nonenzy- °NO, e) S(V/IK)
matic reactions in solutiohwe may gain insight into mecha-  Figyre 1. The p-nitrophenyl acetate substrate showing the positions
nisms of enzymatic catalysis. The isotope effects measured inwnere isotope effects were measured.
this study, shown graphically in Figure 1, were those at the ) o o
B-deuterium position in the acyl groupk), the carbonyl carbon yersy.2 Previous work in this laboratory has shown that kinetic
atom 3), the carbonyl oxygen®camony), leaving group isotope effects for acyl transfers fromnitrophenyl acetate
phenolic oxygen ¥k,), and leaving group nitrogent%) (PNPA) to oxygen and sulfur nucleophiles support a concerted
positions. The isotope effects were measured by the competitiveMechanisnt. In contrast, by extension of the evidence from
method and are therefore effects'#K. Thus for each of the  1SOtopic exchange offO from water into nonactivated esters
enzymes examined the isotope effects are sensitive only to theln favor of stable intermediates, enzyme-catalyzed acyl transfers
transition state for the acyl transfer from the PNPA substrate, from PNPA and other activated esters have been postulated to
even though hydrolysis of an acyl enzyme intermediate is the Proceed via stable tetrahedral intermedidtels the present
rate-limiting step forVimay in the mechanisms of some of the WOrk, kinetic isotope effects were measured to test the hypoth-
enzymes examined. esis that oxyanion binding sites of enzymes could change the
The existence of concerted acyl transfer from esters with good '€@ction mechanism by binding to and stabilizing a tetrahedral

(i.e., aryl) leaving groups has been a matter of some contro- INtermediate, resulting in a change to a stepwise mechanism

i . for this activated ester.
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Figure 2. Diagrammatic representation of the preparation of the
mixture used to measuf€O, 1°C, andS-deuterium isotope effects in
PNPA (in this examplé8k,) with the remote label method, where the
nitrogen atom in the nitro group serves as the remote label.

mixture

99.63%

pB-Deuterium isotope effects are particularly useful in analyz-
ing reactions of carbonyl compounds. The invgtsgeuterium
isotope effects associated with nucleophilic addition to a
carbonyl carbon are due to a loss of hyperconjugation and a
stiffening of thes-CH bonds! There is a smaller contribution
to the isotope effect from restricted methyl rotatfonThe
equilibrium isotope effect of 0.87 per three deuteriums for
acetaldehyde hydration may be taken to be the maximum effect
on rehybridization of the carbonyl groGpHyperconjugation
arises through orbital overlap and electron donation fromusthe
CH bonding orbital to the carbonyt* antibonding orbital. A
hybridization change due to nucleophilic addition to the carbonyl
group will destroy this hyperconjugation and cause an inverse
isotope effect, while an electrophilic interaction with the
carbonyl oxygen should increase the Lewis acidity of the
carbonylz* orbital, increase hyperconjugation, and lead to a
normal 3-deuterium isotope effect. Hyperconjugation effects
are often attributed to changes in positive charge on the carbonyl
carbon; this is an incomplete description of the phenoménon.
The extent of orbital overlap and the populations of the bonding
and antibonding orbitals should also be considered. These
factors may become relevant for geometrically constrained

Hess et al.

Finnigan Delta E isotope ratio mass spectrometer to deterfile
N mass ratios.

Preparation of [*5N,1-13C]PNPA. [1-*3Clacetyl chloride (61uL,
0.86 mmol) was added to 3 mL of chloroform and 100 mg (0.7 mmol)
of [**N]-p-nitrophenol, followed by 87.8 mg (0.7 mmol) of 4-(di-
methylamino)pyridine. Afte3 h atroom temperature, the mixture was
partitioned between 0.05 N HCI and methylene chloride. The aqueous
layer was washed again with methylene chloride, the combined organic
layers were dried over magnesium sulfate, and the solvent was removed
by rotary evaporation. The product was purified by flash chromatog-
raphy, with elution by equal parts methylene chloride/cyclohexane, and
recrystallized from hexanes. Analysis by mass spectrometry showed
it to consist of 97%'°N,'3C compound, with the remaindémN,*?C.

Kinetic Isotope Effect Determinations. General Methods. Reac-
tions were performed with 50 mL of 2 mM PNPA solution, to which
buffer and the appropriate enzyme were added. After partial reaction,
reactions were stopped and, if necessary, the bulk of the protein was
removed as detailed below. Separationpafitrophenol and PNPA
was accomplished by washing twice with 40 mL of chloroform or
methylene chloride. Control experiments showed thapthérophe-
nolate and remaining PNPA were quantitatively separated when the
pH was above 9.0. The residual PNPA in the organic phase was
completely hydrolyzed by treatment with 50 mL of 100 mM NaOH
followed by removal of the organic solvent by rotary evaporation.

The resulting agueoys-nitrophenolate solutions were acidified to
below pH 4 wit 5 M hydrochloric acid and the-nitrophenol was
extracted into three 50 mL volumes of ether. The ether layers were
combined and dried over magnesium sulfate. The ether was evaporated
and thep-nitrophenol was purified by vacuum sublimation at 9D
for 15 min. Molecular nitrogen was isolated from nitrophenol by
combustion and subjected to isotope ratio analysis as previously
described.

General Conditions for Isotope Effect Reactions. The reactions
were found to be dependent on enzyme concentrations and independent
of buffer concentration. The concentration of PNPA was 2 mM in

systems or otherwise unstable configurations such as transitiongzch reaction. All reactions were carried out at°®t  Sufficient

states. A useful way to model these effects is with the natural
bonding orbital (NBO) and natural resonance theory (NRT)
algorithms of Weinhold et . We present calculations of the
extent of hyperconjugation in acetaldehyde to estimate the
magnitude of hyperconjugation.

Experimental Section

Natural abundance PNPA was purchased from Aldrich and recrystal-
lized from hexanes before use. Chymotrypsin A (bovine pancreas) was
from Boehringer Mannheim. Papain, carbonic anhydrase, Asid
pergillusacid protease were from Sigma. iG] acetyl chloride (99%)
was from Aldrich. [N,phenolict®O]PNPA, [N, carbonyteO]PNPA,
[—D3,*N]PNPA, and [*N]JPNPA were prepared as previously de-
scribed!

Remote Labeled PNPA. PNPA was synthesized with*aN label
in the nitro group as a reporter for*0, 1°C, or deuterium isotope
effect. In this method the aforementioned doubly labeled substrate is
mixed with F“N]JPNPA (that is, containing nitrogen depleted*fN).
Figure 2 shows a schematic representation of this process for the
measurement of the isotope effé®f;. The mixing ratio was adjusted
so that the nitrogen was at natural abundance in order to minimize
error due to contamination by air and maximize the sensitivity for
measurement of isotope effects. The secondary nitrogen isotope effect
were measured with use of the natural abundance compound. All
isotope effects were measured by the competitive method, using a

(4) Kresge, A. J.; Nowlan, VTetrahedron Lett1971 4297-4300.

(5) Huskey, W. PJ. Phys. Chem1992 96, 1263-1265.

(6) Hogg, J. L.; Rodgers, J.; Kovach, I.; Schowen, RJLAm Chem
Soc 1980 102 79-85.

(7) Kovach, I. M.; Hogg, J. L.; Raben, T.; Halbert, K.; Rodgers, J.;
Schowen, R. LJ. Am Chem Soc 1980 102 1991-1999.

(8) Foster, J. P.; Weinhold, . Am. Chem. Sod98Q 102 7211~
7218. Reed, Alan E.; Curtiss, Larry A.; Weinhold, Ehem. Re. 1988
88, 899-926. Glendening, E. D.; Badenhoop, J. K.; Weinhold].FComput.
Chem.In press.
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quantities of enzyme were used so that uncatalyzed hydrolysis of PNPA
was less than 1% of the enzymatic rate.

Reactions with Chymotrypsin. Lyophilized enzyme (75 mg) was
added to 52.5 mL of 2 mM PNPA with 50 mM HEPES, pH 7.0. After
1 half-life of approximately 90 min, the reaction was stopped by raising
the pH to 9.0 with 1 M CHES, pH 10, and extraction of PNPA with
chloroform. The aqueous samples were heated t6C78r 10 min,
and 10 g of hydrated magnesium sulfate was added. The samples were
cooled on ice and centrifuged for 5 min at 3000 g to remove the
precipitated protein.

Because of the relatively large quantity of enzyme needed, an
inactivation study was done to ensure that the reaction was catalyzed
by the chymotrypsin active siteN-Tosylphenylalanine chloromethyl
ketone (TPCK) (25@&L of 23 mM) in acetonitrile or acetonitrile alone
was added to separate 20 mL solutions of chymotrypsin (1 mg/mL).
Enzymatic activity was assayed with use of acetyltryptophan ethyl ester.
After 2.5 h, activity was reduced by greater than 95% in the sample
treated with TPCK as compared to untreated enzyme. Hydrolysis of
PNPA at pH 9 showed a similar ratio of rates with treated versus
uninhibited chymotrypsin.

Reactions with Carbonic Anhydrase. Five milliliters of carbonic
anhydrase solution (0.5 mg/mL) was added to 52.5 mL of 2 mM PNPA
and 50 mM CHES, pH 9.0. The reaction half-life was 10 min. The
reaction was stopped by separation with methylene chloride and both
aqueous and organic layers were filtered with Whatman #1 filter paper.

Reactions with Papain. Enzyme solution (2.5 mL, 28 mg/mL) was
added to 52.5 mL of 2 mM PNPA with 0.5 mM dithiothreitol, 0.5 mM
EDTA, and 50 mM MES buffer, pH 6.0. The reaction was stopped
by addition of 4 mL of 20% acetic acid after a half-life of 3 h. The
nitrophenol and residual PNPA were extracted by washing three times
with 50 mL of ether. The ether was removed by rotary evaporation,
and the residue was resuspended in 50 mL of 200 mM CHES, pH 9.5.

(9) Hengge, A. C.; Edens, W. A,; Elsing, H.J.Am. Chem. So0d.994
116, 5045-5049.
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Table 1.

Isotope Effects for Acyl Transfers from PNPA
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enzyme/nucleophile %

18k|g

18|<carb0nyl

Pka

13k

1.001% 0.0002
1.00850.0002
0.9987/0.0007
1.001% 0.0001

chymotrypsin

carbonic anhydrase
aspergillus acid protease
papain

1.0204t 0.0003
1.0255k 0.0007
1.0141 0.0002
1.033@: 0.0007

1.0065E 0.0001
1.0075E 0.0004
1.00# 0.001

1.0064t 0.0003

0.982+ 0.002
0.999t 0.002
0.986+ 0.002
0.9946: 0.0005

1.03G+ 0.002
1.028+ 0.002
1.036+ 0.002
1.034+ 0.002

(F3C)2CHO_ b
3-mercapt0pr0piona‘te

1.0010+ 0.0002
1.0003=+ 0.0001

1.021Gt 0.0003
1.0172 0.0009

1.0065t 0.0001
1.011%# 0.0004

0.948t 0.003
0.9765- 0.0006

1.0294t 0.001
1.0343: 0.001

a|sotope effects resulting from substitution of all thfg@dydrogen atoms by deuteriufiMeasured previously.

The nitrophenolate and PNPA were then immediately separated by 1.25
partitioning with 50 mL of methylene chloride. The reaction rate was

found to depend linearly on the enzyme concentration, and no significant

reaction was observed for a control experiment containing PNPA, MES 14 o
buffer, dithiothreitol, and EDTA.

Reactions with AspergillusAcid Protease. Enzyme (35 mg) was C
added to 53 mL of PNPA with 57 mM formate buffer, pH 3. This pH
was chosen to ensure that no catalysis by adventitious contaminating V/K
proteases occurred. The half-life of the reaction was about 7 h. 7 .1
Methylene chloride was used for the separation of product and residual ( X 10" min™")
substrate. 0.5

The pH dependence &f/K for the aspergillusacid protease was
determined by producing LineweaveBurk plots at a range of pH
values from 2.6 to 6.9 with PNPA concentrations of from 0.7 to 2.6 0.25 O O
mM at 23°C. The buffers used were formate, acetate, MES, and (m}

HEPES at concentrations of 100 mM. Reactions were initiated by
addition of 100uL of an 8.5 mg/mL solution of the enzyme.

Data Analysis. The kinetic isotope effects were calculated using 0 T T T T
the isotopic ratios from the product at partial reacti®g)( from the 2 3 4 5 6 7
remaining substrateR{), and from the isotopic ratio in the starting pH
material Ro). Equation 1 was used to calculate the observed isotope rigre 3. V/K pH profile for the reaction oAspergillusacid protease
effect from the isotopic ratios of the product and starting material at \yith PNPA.
known fractions of reactiorf, Equation 2 was used to calculate the
observed isotope effect from the isotopic ratios of residual substrate
and the starting material.

0.75

The VIK pH rate profile for Aspergillus acid protease
catalyzed hydrolysis of PNPA is shown in Figure 3. Although
the maximumV/K is higher than that for amide hydrolysis
(approximately 3), the enzyme is active at pH 2.

Some parameters from the quantum mechanical calculations
which are relevant to hyperconjugation are listed in Tables 2

The oxygen-18-deuterium, and carbon-13 isotope effects were and 3. Figure 5 shows contour plots of the overlap between
measured by using mixed double-labeled substrates. These experimentene of the hyperconjugative hydrogens andstherbital. The
yield an observed isotope effect which is the product of the effect due greater orbital overlap in the protonated acetaldehyde than in

to the nitrogen-15 and that due to the oxygen-18, carbon-13, or three gcetaldehyde is quantified as the overlap inte@@Hz*CO0
deuteriums. The observed isotope effects from these experiments werg, Tgple 3.

corrected for the nitrogen-15 effect and for the incomplete levels of 50 i05 attempts to use ab initio calculations to optimize
isotopic incorporation in the starting material as previously desctbed.

Calculations. Geometry optimizations and electronic structure the geometne_s of the prodqcts resulting from the addl_tlon of
computations were performed with GAUSSIAN92 or GAMESS at the Nydrogen sulfide to formamide and to formaldehyde failed to
RHF/6-31G* level. Natural bond orbitals, natural bond orders, and locate stable species such as those that result from addition of
perturbation energies and resonance contributions were calculated withhydroxide!2 A similar phenomenon was observed in this work
the NBO and NRT programié. For the acetaldehyde/ammonium ion  for the acetaldehyde adduct of methanethiolate ion, which has
complex, the ammonium was constrained to be tetrahedral and the non-a higher K than hydrogen sulfide. To examine the role of
hydrogen-bonded hydrogens were constrained to be equidistant. sulfur d-orbitals in an addition complex, the carbaulfur bond
distance was constrained to 1.65 A (the- @ distance for the
hydroxide adduct plus the difference in the covalent radii of

The measured isotope effects and their standard errors aredoxygen and sulfur) and the geometry was optimized to the
presented in Table 1. At least six independent determinations6-31+G* level. No oxygen-sulfur bond order was found and
of each isotope effect were carried out. TH®, -deuterium, no significant d-orbital occupation occurred.
and3C isotope effects have been corrected for ¢ effect ) _
and for incomplete isotopic incorporation. Table 1 lists the Discussion
isotope effects for the enzyme catalyzed reactions and those |, 3 relevant previous study isotope effects were measured
for two previously determined nonenzymatic aqueous reactionsfor the aqueous acyl transfer reactions of PNPA with several
for comparison. nucleophiles. The data were used to distinguish between a two-
step mechanism, proceeding by way of a tetrahedral intermedi-
ate, and a concerted mechanism, where nucleophilic attack and

isotope effect= log(1 — f)/log(1 — f(R,/R,)) (2)

isotope effect= log(1 — f)/log((1 — f)(R/R,)) (2)

Results

(10) Caldwell, S. R.; Raushel, F. M.; Weiss, P. M.; Cleland, W. W.
Biochemistry1991, 30, 7444-7450.

(11) NBO 4.0: Gledening, E. D.; Badenhoop, J. K.; Reed, A. E;
Carpenter, J. E.; Weinhold, F. Theoretical Chemistry Institute, University
of Wisconsin, Madison, WI, 1996.

(12) Howard, A. E.; Kollman, P. AJ. Am. Chem. So&988 110, 7195~
7200.
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Table 2. 6-314+G* RHF Energies for 6-3+G* Optimized assumption regarding the partitioning of a postulated tetrahedral
Geometries intermediate. The enzymes in this study all possess nucleophiles
having K values well above the solutionKp (7.1) of the
leaving group. Unless the enzymes raise tKg yalues of the
leaving group of the substrate (which would be anticatalytic),
tetrahedral intermediates in the enzymatic reactions of PNPA
ought to partition forward to products, and the isotope effects
will then reflect formation of the intermediate.

1% Isotope Effects. The carbonyl carbon isotope effects are
primary ones, and will have contributions from bond formation
and cleavage, from rehybridization, and from reaction coordinate
effects, and so cannot be confidently analyzed in terms of
specific bonding changes in the transition state. The large
magnitude of this isotope effect makes it sensitive to the degree
to which the acyl transfer step is rate-limiting f/gfK. To the
extent that another step such as substrate binding or a confor-
mational change may be partially rate limiting, the isotope
effects will be suppressed, and will not reflect the true structure
of the transition state. The uncatalyzed reaction in solution
should exhibit the full intrinsic isotope effects, and the large
magnitude of thé3 isotope effects indicates that chemistry is
rate determining, as opposed to some other effect such as
desolvation or diffusion. The similarity of th&k values for
the enzymatic and for the uncatalyzed reactions demonstrates
that for the enzymatic reactions studied the acyl transfer step is

name structure no. RHF energy fully rate limiting.
acetaldehyde 1 —152.921 120 996 Chymotrypsin and Carbonic Anhydrase. The 8, and
acetaldehyde/Nt 2 —209.489 820 263 8K armonyl isotope effects are similar to those observed in the
protonated acetaldehyde 3 —153.226 853 407 aqueous reaction with the anion of hexafluoro-2-propanol,
hydroxide adduct 4 —228.348 763 817 suggesting that the concerted nature of the acyl transfers from
:‘nygﬁi;iyogggﬁtc?dehyde 2 _gégggg ggg Zig PNPA appears to be maintained in the enzyme-catalyzed

—267. : o

methanethiolate adduct 7 590,001 311 023 reactions. The'8kgy values of 1.020 and 1.026 for the two

enzymes may be compared to the corresponding equilibrium
isotope effect for PNPA hydrolysis of 1.0281 and indicate a
leaving group departure occur in the same step. In a tetrahedralarge degree of bond breaking to the leaving group in the
mechanism if the nucleophile has a significantly high€x fhan enzymatic transition states. TH& arony isotope effects of
the leaving group, the intermediate will partition essentially 1.0065 and 1.0075 are lower than the estimated equilibrium
completely forward to products. In this case the isotope effects isotope effect of 1.03 for formation of a tetrahedral intermedi-
will reflect the first step of the mechanism, formation of the até!® or the measured kinetic isotope effect of 1.024 for
tetrahedral intermediate. The major change undergone in themethanolysis of phenyl benzodtesuggesting that the oxyanion
substrate in this step is loss of the carbonybond, and the hole does not add enough stabilization to the tetrahedral species
bond to the leaving group is little affected. In a concerted to change the mechanism to a stepwise reaction.
mechanism, by contrast, bond cleavage to the leaving group However, in both the chymotrypsin and carbonic anhydrase
occurs in the transition state and will be reflected in the isotope reactions thﬁ_deu[erium isotope effects are substantially less
effects. The data were most consistent with a concerted jnverse than their values in uncatalyzed reactions, such as that
mechanism, with bond cleavage to the leaving group ap- with the anion of hexafluoro-2-propanol (0.948). This isotope
proximately two-thirds complete in the transition state. The effect measures the loss of hyperconjugation as tﬁegg’lbonw
data also indicated partial loss of the carbomyond, indicating  carbon in the substrate becomes partially rehybridized in the
that the transition states have some tetrahedral chafacter.  partially tetrahedral transition state. The enzymatic results
To interpret the enzymatic isotope effects in terms of a suggest that the oxyanion hole in chymotrypsin and the zinc
tetrahedral versus a concerted mechanism, one must make acation in carbonic anhydrase polarize the carbonyl bond in the

Table 3. RHF 6-31G* NBO and NRT Calculations of Hyperconjugation in Acetaldehyde, Protonated Acetaldehyde, and the Acetaldehyde/
Ammonia Complex

% p hybrid* pert. overlap ave CH % polarization
structure of 6 CObond(s)  energy integraf bond ordet % resonance of #* bond
acetaldehyde H 71.8 23.49 0.1946 0.9847 3.98 83.44
acetaldehyde/Nit 69.9 15.68 0.2129 0.9887 2.46 74.8
acetaldehyde 67.7 12.19 0.2021 0.9910 2.14 69.06
deprotonated hydrate of acetaldehyde 76.8,71.2 9NA  NAS 0.9922 0.51
hydrated acetaldehyde 77.7,77.7 NA NAJ 0.9936 0.33

aThe percent of p orbital character of the hybrid orbital at the carbonyl caPbidme energy change on deletion of the z* orbital overlap.
¢ The overlap integraléCH|7z*COUmeasures the extend of orbital overlap betweersthads* orbitals.  The average natural bond order for the
three methyl CH bonds.The percentage of the contribution of the resonance forms with broken methyl CH bonds using natural resonance theory.
f100c,]2 wherec, is the weight given to the carbon atom in forming tiieNBO. ¢ Not applicable.
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NO,

A

Figure 4. The magnitudes of the isotope effeétk and &y will be
affected by the relative contributions of the resonance forms shown
(other resonance forms contribute, but only two are shown for purposes
of illustration). In A, the full*8%q isotope effect resulting from bond
cleavage at oxygen will be expressed, afdwill be minimal as no
charge is delocalized into the aromatic ring. Contributions from forms
such as B will lower*®ky due to compensatory-€0 bond formation

and will give rise to larger*k effects due to bonding changes at
nitrogen.

transition state sufficiently to maintain more of the hypercon-
jugation present in the substrate, particularly in the carbonic

J. Am. Chem. Soc., Vol. 120, No. 12,21/88

the transition state of phenolate attack but a charge of e0l%
for the corresponding addition of thiolates. Hupe and Jencks
presented two explanations for the differences between nucleo-
philic attack with oxygen and sulfur: back-bonding between a
lone pair of the carbonyl oxygen and the d orbitals of the sulfur
atom, or greater rehybridization around the carbonyl carbon for
the thiolate reactions. Destruction of back-bonding by enzy-
matic hydrogen bonding to the carbonyl oxygen would explain
why the isotope effects which describe the transition state for
acyl transfer from PNPA to papain more closely resemble the
isotope effects for the chymotrypsin-catalyzed reaction than the
nonenzymatic reaction with methyl 3-mercaptopropionate.
However, the NBO calculations presented here show no
indication of any back-bonding interaction in the gas-phase
addition of methanethiolate to acetaldehyde nor any charge
reduction on the oxyanion.

The hypothesis of greater rehybridization in transition states
of thiolate addition relative to phenoxide addition is consistent

anhydrase reaction. This is also consistent with the differenceswith the increased magnitude Bkearbonyifor the nonenzymatic

in the% and'&y isotope effects in these reactions. The greater
positive character of the carbonyl carbon in the transition state

acyl transfers to methyl 3-mercaptopropionate compared with
those observed for phenolate, but may contradict the less inverse

of the carbonic anhydrase reaction stabilizes the resonance fornPk for thiolate addition. Greater understanding of nonenzymatic

of the nitrophenolate leaving group with the charge on the
phenolic oxygen atom. This results in a reduction of the charge
delocalized into the aromatic ring (thus lowerig) and
lessening G-C bond order between oxygen and the ring carbon
atom (thus increasingkg); see Figure 4.

Papain. Previous evidence indicates that the papain-

reactions will help in the interpretation of the enzymatic
mechanisms.

AspergillusAcid Protease. The &4 and% isotope effects
are reduced (the latter to essentially unity) in this reaction,
compared to the aqueous acyl transfer from PNPA to oxygen
nucleophiles such as the anion of hexafluoro-2-propanol. This

catalyzed reaction of PNPA occurs by the same mechanism aspattern is consistent with protonation of the leaving group in

for specific substrate®. The isotope effects for the papain-
catalyzed reaction differ from previously determined effects for
methyl 3-mercaptopropionate attack in water. THaronyl
effect is 1.0064 for papain vs 1.0117 for the reaction with the
aqueous thiolate, and tHékg values are 1.0330 and 1.0172,
respectively. The oxyanion hole of papain may favor a more

the transition state, which is reasonable given the pH of the
reaction. The magnitudes of these isotope effects are similar
to previous observations of reduced pheni@ and®N kinetic
isotope effects for reactions in which protonation is concurrent
with nitrophenol expulsion: the aqueous hydrolysis mwf
nitrophenyl phosphate monoanfoand protein-tyrosine phos-

associative transition state over the expanded transition statephatase catalyzegunitrophenyl phosphate hydrolysié. These

seen in the nonenzymatic reactions with thioldtdmjt the
reaction remains concerted. Significant differences were found
in the isotope effects for the uncatalyzed attack of thiolate versus
oxyanion nucleophiles on PNPA.However, the present data
show that the transition state for the reaction of papain with
PNPA more closely resembles those for enzymatic oxygen
nucleophiles than the nonenzymatic acyl transfer to thiolates,
and indicate much more similar transition state structures for

reactions have transition states with a large degree of bond
cleavage to the leaving group and concurrent protonation, and
thus the same is implied in the acid protease reaction. Since
bond cleavage to the leaving group remains significant, and
Bcarbonyt Pk, and®k remain very similar to the other reactions,

a concerted acyl transfer is implicated in this reaction as well.

Hyperconjugation. All four enzymes studied exhibitggiD
kinetic isotope effects which are much less inverse than for

the serine and cysteine proteases than for the correspondingimilar nonenzymatic reactions in water. A possible explanation

oxygen versus sulfur nucleophilic acylation reactions in solution.
Previous studies indicate that the nucleophile in the papain-
catalyzed hydrolysis of PNPA is a thiolate, as is the case with
specific substrate's.

Hupe and Jenck&have studied and discussed the differences
between oxygen and sulfur nucleophiles in acyl transfer
reactions from esters. Equilibrium constants for addition of thiol

nucleophiles are about 1000 times larger than those for alcohols,

Thiolates are 10 times more nucleophilic than phenolates of
similar pK,toward PNPA, and thg,,cof 0.27 for thiolate anions

is smaller than the,, of 0.68 for phenolate nucleophiles. By
using estimates of the “effective charge” at the transition state

is that the oxyanion hole or other polarizing group is involved
in an electrophilic interaction with the carbonyl oxygen. This
hydrogen bonding will lead to increased hyperconjugation in
the initial enzyme-substrate complex. While there will be less
hyperconjugation in the subsequent transition state, the resulting
degree of hyperconjugation may not be very different from that
in the free substrate. This would result in a diminution of the
S-deuterium isotope effects, which is what is observed in each
of the enzymatic reactions, particularly in the case of carbonic
anhydrase (Table 1).

The hyperconjugation effect is due to orbital overlap between
the CHo and carbonylz* orbitals. The Lewis acidity of the

from Bransted studies, Hupe and Jencks determined that theres* orbital will be increased through hydrogen bonding or

is an “effective charge” of~1.1 on the carbonyl oxygen for

(13) O'Leary, M. H.; Marlier, J. FJ. Am Chem Soc 1979 101, 3300
3306.

(14) Mitton, C. G.; Schowen, R. LTetrahedron Lett1968 55, 5803
5806.

(15) de Jersey, Biochemistryl97Q 9, 1761-1767.

(16) Hupe, D. J.; Jencks, W. B. Am. Chem. Sod 977, 99, 451-464.

electrophilic interaction and hyperconjugation will be increased.
Another way of viewing this is that the carbon lobes of ttte
orbital will increase in size as the orbital is polarized toward
the oxygen. If the transition state lies on the pathway to a stable

(17) Hengge, A. C.; Sowa, G. A.; Wu, L.; Zhang,Biochemistry1995
34, 13982-13987.



2708 J. Am. Chem. Soc., Vol. 120, No. 12, 1998 Hess et al.

tetrahedral intermediate, then by the Hammond postulate it
should resemble that intermediate and have neafygbrid-
ization at the carbonyl carbon. Such a transition state would
have minimal hyperconjugation due to the lack of arbital
acceptor, and interactions of the carbonyl oxygen would have
only a small effect on hyperconjugation. However, if the
reaction is concerted, as the isotope effects suggest, the carbonyl
group will have morer character in the transition state and
electrostatic interaction with the carbonyl will increase hyper-
conjugation. Using this hypothesis, one may predict that the
stepwise cleavage of less activated esters will show isotope
effects more inverse than the ones seen here. Indeed, the
deacylation of chymotrypsin acyl-enzyme hag#® Kkinetic
isotope effect of 0.94- 0.0118

To estimate the magnitude of bond order changes and
energetic contributions from the hyperconjugation interaction,
gas-phase ab initio calculations were performed on acetaldehyde,
protonated acetaldehyde, a complex of acetaldehyde hydrogen
bonded to ammonium ion, acetaldehyde hydrate, and the
hydroxide adduct of acetaldehyde (i.e., deprotonated acetalde-
hyde hydrate). The Natural Bonding Orbital method of Wein-
hold et al. uses ab initio electron density to find a set of bond
orbitals which best describes the molecule. The program also
computes perturbation energies for orbital interactions such as
the donation of electrons from bonding to antibonding orbitals.
The Natural Resonance Theory calculation assigns weights to
various resonance forms of the molecule. These programs are
uniquely suited to the modeling of hyperconjugation.

Perturbation analysis of natural bond orbital electron denor
acceptor interactions shows that h€H — z* CO interaction
is the hyperconjugative interaction that has the greatest increase
upon polarization of the carbonyl group. Other less important
delocalizations are the CH — o* CO andx — o* interactions.
The two CH bond orbitals oriented anti to the carbonyl group
interact twice as strongly with the carbonyt orbital when
acetaldehyde is protonated or complexed with ammonia (Table
2). Protonation of or hydrogen bonding to the carbonyl oxygen
of acetaldehyde increases the perturbation energy of {0El L .
to #* CO interaction. The contour plot of the orbital overlap
in Figure 5 shows greater overlap in the protonated acetaldehyde. - )
Natural Resonance Theory analysis shows that the resonance
form in which these CH bonds are broken increases in weight Figure 5. Contour plots showing overlap of Cld and CO z*
from 0.9% in the hemiacetal to 1.8% in acetaldehyde to 3.1% g;?:atT“r:z' E’g”dc'i’i‘g ?;ﬁ;taﬁé;—heeﬁggfe(g tfr:grﬁa?hee'sﬁaé"lrgfgtﬁmzed
g‘orlia?irgrzgogﬁhcgrgﬂeéoig?ng.2(;/&'2; tg:cfer;)tsoengtne dd C;gec;les'acetaldehyderf Theg bottom diggram represents the 6-31G* gp?imized

- . . rotonated acetaldehyde. The three atoms are one of the anti hyper-

orbitals increase as expected. Avergge bond order is decrease@onjug(,jlting hydrogens and the two carbon atoms. The oxygen atom is
from 0.9939 in the hydrate, 0.9911 in acetaldehyde to 0.9867 |gcated out of the plane of the page as is the orientation ofrthe
in the ammonium ion complex and 0.9847 in the protonated qrpital.
form. Electrophilic interaction with the carbonyl group increases
the p character of the carbon side of the CO hybrid bond orbitals of 1.22 and 1.32 per three deuteriums for hydrogen bonding to
from 67.7% for acetaldehyde to 71.8% for the protonated form; ammonium ion and for full protonation, respectively. The
the increased Lewis acidity of the orbital in the protonated  isotope effects on the enzymatic reactions may be thought of
and hydrogen bonded form contributes more hyperconjugation @s being the product of the inverse isotope effect arising from
than is lost due to changes in bonding and geometry associatediucleophilic attack (with associated loss of hyperconjugation)

with this rehybridization. and the normal isotope effect (0.948) arising from hydrogen
If the isotope effect is linearly related to changes in the bonding to the carbonyl oxygen atom. Assuming that the former
average GH bond order, as suggested by Hogg et%then contribution is similar to the isotope effect for the attack of the

an isotope effect may be estimated from the present bond orderanion of hexafluoro-2-propanol in solution, then in the chy-
computations. Using 0.87 for the equilibrium isotope effect on motrypsin reaction the observed isotope effect of 0.982 is
hydration of acetaldehyde and the calculated average bondreduced from the solution value by a normal isotope effect of

orders for acetaldehyde and its hydrate yields isotope effects1.036, which presumably arises from hydrogen bonding. This
enzyme-induced reduction of tifeD kinetic isotope effect is

1Oélg)4§éei”' R. L.; Elrod, P.; Schowen, R. I Am. Chem. S0d.983 on the order of 16 % of the isotope effect for ammonium ion
(19) Hogg, J. L.; Rodgers, J.; Kovach, I.; Schowen, R1.LAm Chem complexation to acetaldehyde. It would not be unreasonable

Soc 198Q 102, 79-85. to suggest that two hydrogen bonds from the oxyanion hole of
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an enzyme could together contribute this fraction of the 9‘ H
polarizing effect of complexation with ammonium ion in the H-G—CHy ~ ~— H—(f"c_Hz
gas phase. In the case of carbonic anhydrase, the enzyme- OH OH

induced reduction in thg-D kinetic isotope effect amounts to  Figure 6. Representation of a minor tautomer of the deprotonated
about 22% of the isotope effect for ammonium ion complex- hydrate of acetaldehyde.
ation.

The calculategB-deuterium isotope effect of 1.32 for three
deuterium atoms on protonation of acetaldehyde may be
compared with the recently calculated isotope effect of 0.97
per deuterium for deprotonation of protonated acetone. This
calculation was done with force constants generated from MP2/
6-31G* optimized geometries and corresponds to an isotope
effect of 1.19 for six deuteriun®. The natural bond orbitals
are a linear combination of the two hybrid orbitals*¢° =
CaPc + CoPo), and 100k, 2 is a useful measure of the polarization
of the orbital and is an important predictor of the extent of
hyperconjugation. This value increases from 69.06% in ac-

etaldehyde, to 74.8% irj the ammonium ion-acetaldehyde Enzyme-catalyzed PNPA hydrolysis proceeds by the same
complex, and to 83.44% in fully protonated acetaldehyde.  ¢oncerted mechanism as the uncatalyzed reaction. The transition
Using deprotonation of the hydrate as a model of the anionic giate has some tetrahedral character, but maintains partial
tetrahedral species demonstrates that the enzymatic contrlbutlorbarbonw x bonding. The decrease in magnitude of the
to Pk cannot be explained by hydrogen bonding to an intermedi- g_geyterium isotope effect for enzyme-catalyzed reactions
ate in which the carbonyl carbon is singly bonded to the ionized yg|ative to similar nonenzymatic reactions appears to be due to
oxygen. Adding a proton to the oxygen of the tetrahedral ,qarization of the carbonyl group at the enzymatic active sites.
intermediate model increases the average CH bond prder frompmodel calculations for hydrogen bonding to acetaldehyde
0.9922 to 0.9936 and predicts that hydrogen bonding by an gemonstrate the nature and maximum magnitude of the enzyme-
enzyme to such an intermediate would m&kemore inverse  jnqyced effect and show that the phenomenon of decreased
than for a corresponding solution reaction. Our observation of B-deuterium isotope effects is unique to a transition state with

a less inversé&k for the enzyme-catalyzed reactions relative to significant carbonyk bonding and may be unique to concerted
the nonenzymatic reactions supports the hypothesis of aenzymatic acyl transfers from esters.

concerted acyl transfer from PNPA in both nonenzymatic and
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hydrogens and a formal negative charge is placed on the methyl

Although there appears to be hydrogen bonding or electro-
static interaction between the enzyme and the carbonyl oxygen,
the kcaonyiValues are not noticeably altered from the nonen-
zymatic phenolate reaction. The hydrogen-bonding interactions
are presumably entirely electrostatic and do not result in a
measurablé®O isotope effect. Negligibl&®O effects resulting
from electrostatic interactions have been seen previously for
Mg?" coordination to the oxygen of ATP.

Conclusions

(20) Alston, W. C.; Haley, K.; Kanski, R.; Murray, C. J.; Pranata].J. (21) Jones, J. P.; Weiss, P. M.; Cleland, W. Biochemistry1991, 30,
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