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to give ii and either a sequential or concerted ring opening concomitant with
the loss of a second molecule of methanol. In contrast, simple alkoxyfurans
are known to hydrolyze by a process involving 1,4 addition of water: J. E.
Garst, J. Org. Chem., 39, 2920 (1974).

Although the conversion of 8b to 11b appears in a formal sense to be in
violation of “Baldwin's rules", it has recently been pointed out that these
rules do not necessarily obtain with oxygen nucleophiles under acid catalysis:
J. E. Baldwin, R. C. Thomas, L. |. Kruse, and L. Silberman, J. Org. Chem.,
42, 3846 (1977).
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Carboxypeptidase A Catalyzed Enolization of a
Ketonic Substrate. A New Stereochemical Probe for
an Enzyme-Bound Nucleophile

Sir:

We report here our discovery that carboxypeptidase A
(CPA) catalyzes stereospecifically the exchange of hydrogens
present in an activated methylene group of a ketonic substrate
with those of the aqueous solvent. Hydrolytic reactions at the
active site of CPA have been postulated!:2 to involve either
nucleophilic attack by the y-carboxylate group of Glu-270 or
attack by water aided by this residue acting as a general base.
The active site Zn(II) ion, which is essential to enzymic ac-
tivity, is believed to assist the hydrolytic process by polarizing
the substrate’s carbonyl group. As illustrated, eq 1 and 2 in
Scheme I, if a methylene analogue of a peptide or ester sub-
strate were bound in the active site in a mdnner similar to that
of the hydrolytically labile compound, then hydrogen ab-
straction from the methylene group of this ketone might be
catalyzed by the aforementioned functional residues. Ac-
cording to this proposal, either the y-carboxylate group of
Glu-270 or a water molecule assisted by this residue might
extract a proton from the methylene group of the ketonic
substrate to produce an enolate anion which could be stabilized
by the Zn(II) ion with its positive charge.

In order to test the hypothesis of Scheme I, we have exam-
ined the possibility that hydrogen-deuterium exchange at the
methylene group of 3-p-methoxybenzoyl-2-benzylpropionic
acid-3,3-d5 (1-d;) might be catalyzed by CPA,. This com-
pound is an analogue of two categories of CPA substrates,
N-acyl-L-phenylalanines or O-acyl-1-3-phenyllactates. De-
carboxylation at 180 °C of the malonic acid derivative pre-
pared by condensation of a-bromo-p-methoxyacetophenone

Scheme |
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Figure 1. Time dependence of the signal intensity of the H, proton: (@)
(R)-(—)-1-d> (2.0 X 1073 M), CPA, (9.5 X 1073 M); (O) (S)-(+)-1-d;
(2.0 X 1073 M), CPA, (9.5 X 105 M); (&) (R)-(—)-1-d; (2.0 X 103
M), CPA, (5.0 X 1075 M), dl-benzylsuccinic acid (3.2 X 1073 M),

(Aldrich) and diethyl benzylmalonate led to the synthesis of
1. Anal. Caled for CgH,304: C, 72.46; H, 6.08. Found: C,
72.50; H, 6.30. Deuterium was introduced into the methylene
group at the 3 position of 1 by hydrogen-deuterium exchange
in alkaline deuterium oxide solution (0.5 M NaOD, 12 h, 23
°C).

Resolution of 1-d; was accomplished by repeated recrys-
tallization from ethyl ether of the salt formed with enantio-
merically pure methylbenzylamine (Aldrich). The enantio-
mers, (+)-1-d,, mp 91.0-92.5 °C, &®3p 19.9° (¢ 11.35, ethyl
acetate) and (—)-1-d5, mp 90.5-91.5 °C, o35 —19.3° (¢ 10.0,
ethyl acetate) were obtained using (+)- and (—)-methylben-
zylamine, respectively.

Hydrogen-deuterium exchange was initiated by adding 1-d>
to CPA, solutions.? By observation of the signal intensity of
the 'H NMR spectrum, incorporation of protons into the
methylene group could be followed. At 270 MHz, the di-
astereotopic protons on the methylene group of 1 appear sep-
arately at 2.98 ppm (H,) and 3.33 ppm (Hy).* Under the
neutral pH conditions usually optimal for the hydrolytic action
of CPA, (0.05 M Tris-HCI, 0.5 M NaCl, pH 7.5),% exchange
at the H, position could readily be observed in the case of
(-)-1.67

Figure 1 shows the time course of the increase of the H,
signal in (—=)-1 under the above-mentioned conditions. The
introduction of hydrogen from the solvent follows apparent
first-order kinetics. At a CPA, concentration of 9.5 X 1073
M, the observed kopsq Was found to be 1.75 X 10~3s~1. In
contrast, under these conditions (+)-1 did not exhibit any
appreciable exchange.® This difference is consistent with the
hypothesis that the exchange reaction is catalyzed in the
asymmetric environment of the active site. As a test of the
nature of the exchange process, 3.2 X 1073 M dl-benzylsuc-
cinic acid was added and it was found that the exchange at the
H, position of (—)-1 was greatly retarded (Figure 1). Since
dl-benzylsuccinic acid is a potent competitive inhibitor of the
hydrolytic action of CPA (K = 1.1 X 107% M).8 the inhibition
seen for the exchange reaction at the H, position provides
strong evidence that the latter process occurs at the active
site.

Binding of both (+)-1 and (—=)-1 at the active site was ex-
amined in a study of inhibitory effects of these compounds on
the hydrolysis of O-(irans-p-chlorocinnamoyl)-1-3-phenyl-
lactate. At pH 7.5 (0.05 M Tris-HC], 0.5 M NaCl, 25 °C), the
inhibition constants (K;) estimated were 4.9 X 10~ M and 1.1
X 104 M, respectively.

The difference between the two enantiomers of 1 in the rate
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of exchange at the H, position must be due to an important
difference in the geometry of the enzyme-substrate complexes.
We believe that the enantiomer having the configuration
similar to that of a native peptide substrate is incorporated
properly into the active site so that its 3-methylene group may
be within reach of the catalytic groups of the enzyme (see
Scheme I). On this basis, (—)-1 has been assigned the R con-
figuration and (+)-1 the S configuration.

In contrast to what was observed for the H, position, no
significant exchange at the Hy, site was observed for either of
the enantiomers of 1. This observation suggests that the ex-
change reaction at the H, position in (R)-(—)-1 proceeds
highly stereospecifically with retention of configuration at the
methylene carbon. It is improbable that complete inversion
would be taking place because in this case both the H, and H,,
positions would have undergone exchange by the end of the
reaction. Therefore, we envision that H,, which faces basic
group(s) in the active site, is predominantly abstracted and that
the enolate intermediate formed is reprotonated on the same
side with respect to its olefinic plane.

Turning to the kinetics of the exchange process, the reaction
which we have observed can be treated as illustrated in eq 3.
If we assume that the K, value for 1-d is the same as that for
1-d,, where 1-d corresponds to 1 containing one deuterium at
the methylene position, it can be easily shown that the rate
expression for the exchange reaction is that given in eq 4. As
predicted by eq 4, we have found that the exchange reaction
follows an apparent first-order rate law and that the observed
first-order rate constant, k.us4, sShows the expected inverse
dependence on the initial substrate concentration up to sub-
strate concentrations as high as 4.5 X 1073 M. From the slope
of a plot® of kopsa vs. 1/[1-d2]initials the kcar value for the ex-
change of deuterium for hydrogen at the H, position of (—)-
1-d; is calculated to be 3.7 X 10~4s~! at pH 7.5. We have not
been able to as yet obtain accurate measurements of the K,
value in exchange experiments. However, it may be reasonable
to estimate K, from the value of K; measured for the inhibition
by (—)-1 of the CPA, catalyzed hydrolysis of O-(srans-p-
chlorocinnamoyl)-L-B-phenyllactute (see above). Using the
assumption that K = Kj, kca/Km for exchange at the H,
position of 1-d; is estimated to be 3.4 M~1s~! at pH 7.5, 25.0
°C. A direct comparison of the enzyme’s catalytic effect on the
proton-abstraction reaction with the behavior of a suitable
model system is not feasible at the present time. However, if
one considers the catalytic effect of acetate on hydrogen-
deuterium exchange in acetone, for example, the second-order
rate constant kgac- 18 2.5 X 1077 M~ s—1 at 25.0 °C.10.11
Since the pK, for the ionization of the y-carboxylic acid group
of Glu-270 is thought to be in the vicinity of 6.5 and since 8p
= (.88 for carboxylate ion catalyzed exchange in the case of
acetone,!2 one can estimate that a model for the carboxylate
component of the CPA active site would give catalysis of ex-
change with a rate constant of ~10=4-10=5 M~! s~ On this
basis we estimate that CPA,, catalyzes the hydrogen-deute-
rium exchange reaction of 1 at least 104-10° times more ef-
fectively than an uppropriate carboxylate ion model system
would.

kea

E + 1-d; =*E-1-d; —>E + 1-d (3)

Km
_ _ealBal[1-do] @
[1-d2]initial + Knm
In this communication we have demonstrated that the active
site of a hydrolytic enzyme is capable of catalyzing stereo-
specifically an enolization reaction. Compared with enzymic
hydrolytic reactions which can involve the formation of several
intermediates (e.g., tetrahedral adducts and an anhydride in
the case of CPA catalysis), the enolization of a ketonic sub-
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strate is a relatively simple process. The study of such enoli-
zation reactions at the active sites of enzymes involved in acyl
and phosphoryl transfer may allow us to examine the catalytic
properties of enzyme-bound nucleophilic groups without
having to consider the complications of the formation and
breakdown of a multiplicity of intermediates along the reaction
pathway. Studies of this type are underway in our laborato-

Ty.
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Synthesis of Phytuberin!
Sir:

Phytuberin? (1a) is a novel sesquiterpene qualified as a
representative phytoalexin? together with rishitin® in the genus
Solanum and characterized structurally by the presence of two
fused hydrofuran rings. The proposed biogenesis2?> suggested
that the ring system in 1a would be formed via oxidative
cleavage of a C-1-C-2 bond of a hypothetical intermediate
with an eudesmane skeleton. We describe herein a stereose-
lective synthesis of 1a, which in its critical stages mimics the

1la R=Ac
1b R=H

© 1978 American Chemical Society



