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Figure 1. Plot of log k vs. ot for the ethanolysis of substituted

aryldimethylcarbinyl, 1-arylcyclopentyl, and 2-aryl-exo-norbornyl
chlorides.

enormous range of electron demand—from the highly
stabilized 2-anisylnorbornyl derivative to the much
more electron-demanding 2-p-nitrophenylnorbornyl de-
rivative.

The existence of = participation in the norbornyl
system is clearly indicated by Wiley’s results with 37,6’-
dimethoxy-exo-benznorbornyl tosylate!* and by
Tanida’s elegant studies with substituted 7-benznor-
bornyl tosylates.'* However, all of our attempts to
confirm the frequently postulated ¢ participation in
saturated norbornyl derivatives not undergoing rear-
rangement to more stable structures have uniformly
yielded negative answers. At the present time we know
of no experiment which provides independent confirma-
tion for the proposal that the high exo/endo rate ratios
in saturated norbornyl derivatives are due to ¢ partici-
pation. Accordingly, we are abandoning further
efforts along this line!® and are turning our attention
to exploration of steric hindrance to ionization as a
possible explanation for the behavior of norbornyl
derivatives.

(13) G. A, Wiley, reported in A. Streitwieser, Jr., “Molecular Orbital
Theory for Organic Chemists,” John Wiley and Sons, Inc., New York,
N. Y., 1961, pp 390-391.

(14) H. Tanida, T. Tsuji, and H. Ishitobi, J. 4m. Chem. Soc., 86,
4904 (1964).

(15) Schleyer has informed us that he is examining norbornyl deriva-
tives containing methyl and methoxy substituents in the 6 position in a
further effort to obtain evidence for the postulated 2,6 bridging in the
transition state for solvolysis of such derivatives.
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The Kinetics of the Pepsin-Catalyzed Hydrolysis of
N-Acetyl-L-phenylalanyl-L-tyrosine Methy] Ester!
Sir:

Previous work has established that pepsin catalyses
the hydrolysis of N-acyl L-dipeptides®~* and N-
acyl L-tripeptide esters.® The N-acyl dipeptides con-
tain a free C-terminal carboxyl group which ionizes in
the low pH region of pepsin activity and the N-acyl
tripeptide esters all contained a positively charged
histidine moiety. Baker® showed that N-acetyl-L-
phenylalanyl-L-tyrosine was hydrolyzed by pepsin
to give N-acetyl-L-phenylalanine and tyrosine. There-
fore, we have studied the pH dependence of the pepsin-
catalyzed hydrolysis of a neutral substrate, N-acetyl-L-
phenylalanyl-L-tyrosine methyl ester. This eliminates
correcting the pH-rate profile (Figure 1) for the ioni-
zation of the substrate. The observed pK, values of
the catalytically important groups as obtained from
such a pH-rate profile are a direct measure of those
functioning on the enzyme.
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Figure 1. The pepsin-catalyzed hydrolysis of N-acetyl-L-phenyl-

alanyl-L-tyrosine methyl ester in water (O) and in deuterium oxide
(@) at 25.0° in 3.16 % dioxane.

Figure 1 shows the bell-shaped pH-rate profiles
for the pepsin-catalyzed hydrolysis of N-acetyl-L-
phenylalanyl-L-tyrosine methyl ester in water and deu-
terium oxide containing 3.16 7 dioxane.”® The pK,’s
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(7) Kinetic runs were obtained by using the spectrophotometric
method of Silver2 by measuring initial rates at 237 mu and plotting the
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Chem. Soc., 56, 658 (1934). (Eo = 1.5 X 105 M; So= 0.26 — 1.10
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for the catalytically important groups for the hydroly-
sis in water are 1.62 and 3.48; for the same reaction
in deuterium oxide, 1.92 and 4.01.° The pK,’s deter-
mined in deuterium oxide are increased 0.3-0.5 pK,
unit as compared to those in water.'® The observa-
tion of bell-shaped pH-rate profiles for pepsin-cata-
lyzed hydrolyses has been observed by other investi-
gators. Fruton and Bergmann!! reported bell-shaped
curves for the per cent hydrolysis in 24 hr vs. pH for
the pepsin-catalyzed hydrolysis of CBZ-L-glutamyl-L-
tyrosine and CBZ-L-glutamyl-L-phenylalanine. The
pH maximum for these negatively charged substrates
are 4 and 4.5, respectively. More recently, Inouye, ef
al.,’ found bell-shaped pH-activity curves for positively
charged tripeptides to exhibit maximum activity around
pH 4. The maximum rate constant for the pepsin-
catalyzed hydrolysis of our neutral substrate occurs
at a lower pH, 2.55. This shows that charged sub-
strates can significantly affect the pK,’s of the groups
on the enzyme responsible for catalytic activity. How-
ever, it is still not clear whether charged substrates can
significantly affect the enzyme specificity.

The pepsin-catalyzed hydrolysis of our substrate,
within experimental error, exhibits no deuterium oxide
solvent isotope effect; km,o(lim)/kp,o(lim) = 1.05 =
0.30. This implies that there is no proton transfer in
the rate-determining step of the reaction. This is the
first proteolytic enzyme hydrolysis reaction which pro-
ceeds with no deuterium oxide solvent effect. The deu-
terium oxide solvent isotope effect observed for other
proteolytic enzymes such as a-chymotrypsin is in the
range of 2-3.12

There is compelling evidence reported by Neumann
and co-workers!!4 that both the acyl and amine half
of the dipeptide are covalently bound to the enzyme
during the pepsin-catalyzed hydrolysis of a dipeptide.
Since covalently bound pepsin-amino acid intermedi-
ates have been implicated, we wanted to determine the
meaning of our K, as obtained under turnover condi-
tions. Zerner and Bender!s found for a-chymotrypsin-
catalyzed hydrolyses that K, for an L-amide was only
used throughout this study. The buffers employed for the reported pH
range were 0.10 N hydrochloric acid, 0.10 N phosphoric acid-potassium
dihydrogen phosphate, and 0.10 N acetic acid-sodium acetate, all at
an ionic strength of 0.10 M. The Ae for the reaction was found to be
slightly pH dependent varying from 248 at pH 1.10 to 289 at pH $.0.
The solid curves are theoretical curves calculated from the equation
keat = keae(lim)/(1 + H+/Ki + K/H*). The enzyme concentration was
based on a molar absorptivity of 50,900 A 1. mole-! cm~-t at 278 mu:
G. Perlmann, J. Biol, Chem., 241, 153 (1966). The substrate was ob-
tained from Cyclo Chemical Corp. and recrystallized from ethyl ace-
tate-petroleum ether (bp 38-52°); mp 125-126°. Anal. Calcd for
CuHuN:05: C, 6548, H, 6.29; N, 7.29. Found: C, 65.48; H,
6.40; N, 6.98.

(8) Both Baker® and Silver, et al.,,? found that the pepsin-catalyzed
hydrolysis of N-acetyl-L-phenylalanyl-L-tyrosine follows first-order
kinetics at pH 2.00. However, we find that the hydrolysis of the cor-
responding methyl ester follows first-order kinetics only to ca. 707
reaction at pH 2.10. This result is in accord with the suggestion of
Inouye, et al.,s that the presence of an a-carboxylate group adjacent to
the point of peptide cleavage inhibits the hydrolysis, whereas no similar
inhibition would be expected for our neutral substrate.
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N. Y., 1964, p 116.
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J., 73, 33 (1959).

(14) N. Sharon, V. Grisaro, and H. Neumann, Arch. Biochem. Bio-
phys., 97, 219 (1962).
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Table I. Comparison of the Inhibition Constant, K, for
N-Acetyl-p-phenylalanyl-p-tyrosine Methyl Esters,® with the
Michaelis Constant, Ky, for N-Acetyl-L-phenylalanyl-L-tyrosine
Methyl Ester

pH:
405 310 210 1.10
K, p-p compound, mM 2.49 312 1.92 233
Ky, L~L compound, mM 1.52 316 2.35 1.25

s This material was obtained from Cyclo Chemical Corp. and
recrystallized from ethyl acetate-petroleum ether, mp 114-115°.
This material exhibited no reaction with the enzyme. ¢ Inhibition
constants were obtained from measurements of initial rates for sub-
strate hydrolyses in solutions containing a fixed concentration of
inhibitor: [I) = 0.80 mM.

twice K; for the corresponding D-amide, a competitive
inhibitor. These authors use this comparison as part
of their evidence that acylation is the rate-limiting step
for the hydrolysis of amides.

Table I shows asimilar comparison for pepsin where K,,
for the L-L substrate is equal, within the experimental
error, to the Kj for the corresponding b-D inhibitor.

On the basis of a bell-shaped pH-rate profile, no
deuterium oxide solvent isotope effect, and the equality
of K; and K, we propose the following scheme where
the active center of pepsin contains two important
carboxyl groups which react to form a catalytically
important anhydride.

EH, —= EH,-S

e dm e

EH — EH-S —= Exg-S —> products

= =

E —E-S

The absence of a deuterium oxide solvent isotope
effect supports and is consistent with the original pro-
posal of Bender and Kézdy!® that an anhydride (E s ng—S)
is the catalytically active species of pepsin.”” The an-
hydride reacts with the dipeptide in a rate-limiting four-
center type reaction to give the acylated and aminated
pepsin which rapidly reacts with water to give products
and regenerate the free enzyme. !8
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(18) Many workers in this field. including F. A. Bovey and S. S.
Yanari, Enzymes, 4, 63 (1960), and more recently Jackson, et al.,® have
suggested that a protonated carbonyl group on the enzyme is impor-
tant for cleavage of the peptide linkage of the substrate. However, one
would expect that the participation by one or more protonated carboxyl
groups in the rate-determining step would involve a proton transfer.
Therefore, a deuterium oxide solvent isotope effect would be expected.
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