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at the C(2)-O(3) bond of the metallocycle to yield carbonyl
and carbonate containing fragments prior to product forma-
tion. Likewise, the report by Aresta et al.,? that Ni-
(PCy3)»(CO,) upon decomposition affords carbonyl and
carbonate species, may reflect a mechanism like that of
Scheme 1.
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Detection of Covalent Intermediates by Nucleophile
Trapping in the Hydrolysis of Phenyl
Tetrahydrofurfuryl Sulfite Catalyzed by Pepsin

Sir:
From a consideration of both kinetic studies and chemi-
cal modification data, the mechanism illustrated in Scheme

I involving the formation of an anhydride intermediate, V,
has been proposed for the pepsin-catalyzed hydrolysis of

Scheme 1. Proposed Mechanism for the Pepsin-catalyzed Hydrolysis
of Sulfite Esters
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Table I, Hydroxamate Incorporation and Remaining Catalytic
Activity in the Pepsin-Catalyzed Hydrolysis of Phenyl
Tetrahydrofurfuryl Sulfite in the Presence of Hydroxylamine?®

Remaining
pepsin Mol of

Mole ratio of PTFS to No. of activity hydroxamate/
pepsin incubations?® % mol of pepsin

2.5 1 81.9 1.2

2.2 2 61.2 33

5.0 1 59.5 1.4

5.0 2 52.0 3.8

9.2 1 57.2 1.4

11.7 9 53.3 3.2

4 Solutions containing porcine pepsin (Worthington PM 8HA and
PM 2LB) were purified by passing them through a column of Sepha-
dex G-25 which had been equilibrated with 0.0 M 2-(N-morpholi-
no)ethanesulfonic acid (MES) buffer, pH 5.3. Phenyl tetrahydrofurfu-
ryl sulfite (PTFS) in CH3CN was added to the pepsin solution contain-
ing 0.01 M hydroxylamine (pH 5.3), and the resultant solution was
equilibrated for 30 min at room temperature. Control experiments for
the measurement of pepsin activity were carried out in parallel in the
presence of CH3CN only. Experiments on the incubation of hydroxyl-
amine with pepsin in the absence of the sulfite ester revealed no signifi-
cant incorporation of hydroxylamine during time periods comparable
to those employed for the experiments summarized in this table, # Ad-
ditional substrate was added at 30-min intervals for multiple incuba-
tion experiments. At the end of the experiments the enzyme solution
was dialyzed against 3 1. of 0.01 M sodium acetate buffer, pH 4.0, for
72 h with five changes. Hydroxamic acid was quantitatively analyzed
by the method of F. Bergmann and R. Segal, Biochem. J., 62, 542
(1956). Pepsin activity was determined by the hemoglobin assay meth-
od described by R. B. Chow and B. Kassell, J. Biol. Chem., 243, 1718
(1968).

sulfite esters.'2 Recently, it has been demonstrated that in
the hydrolysis of sulfite esters mediated by model carboxyl-
ate catalysts mixed anhydride intermediates can be detect-
ed by the use of nucleophile trapping agents.? This finding
encouraged us to test the application of this approach to the
elucidation of the mechanism of the pepsin-catalyzed hy-
drolysis of sulfite esters. We now wish to report that with
the use of hydroxylamine as a trapping agent we have been
able to obtain the first direct evidence for the intermediacy
of mixed anhydrides in the pepsin-catalyzed hydrolysis of
sulfite ester and to identify the active site carboxyl groups
involved in the formation of the anhydrides.

In Table I the results obtained by incubating various
amounts of phenyl tetrahydrofurfuryl sulfite (PTFS) with
pepsin in the presence of 0.01 M hydroxylamine at pH 5.3
are given. At a molar ratio of PTFS/pepsin = 2.5 in a sin-
gle incubation experiment about 20% of the peptic activity
was lost and concomitantly 1 mol of hydroxamate per mole
of pepsin was found. This observation is consistent with the
scheme of eq 1 in which the potent nucleophile hydroxyl-
amine is postulated to attack the mixed anhydride interme-
diate V. With increases in the number of incubations per-
formed with PTFS or increases in the concentration of
PTEFS, the peptic activity was seen to decrease and there
was an increase in the number of enzyme-bound hydroxa-
mate groups produced, up to a maximum value of 3-4 mol
per mole of pepsin.
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Previously, many investigators have reported evidence
from chemical modification studies with various esterifying
agents that there are at least two catalytically essential as-
partate $-carboxyl groups in the active site of pepsin.4-8
Additionally, Erlanger et al.? and Gross and Morell'© have
demonstrated that an aspartate 8-carboxyl group which is
not crucial for catalysis is esterified by p-bromophenacyl
bromide. It was, of course, of interest to determine the rela-
tionship of the carboxyl groups involved in hydroxamate
formation to those identified as important residues in the
esterification experiments. Therefore, following the proce-
dure of Gross and Morell,!° the hydroxamate-containing
pepsin species obtained in the hydroxylamine-trapping ex-
periments illustrated in Table I were subjected to Lossen re-
arrangement, followed by acid hydrolysis. With all samples
studied, the amino acid analyses performed on the hydroly-
zates revealed that only 2,3-diaminopropionic acid was
formed. No 2,4-diaminobutyric acid was detected. Thus,
the PTFS-pepsin intermediates trapped with hydroxyl-
amine must have been formed at the B-carboxyl groups of
aspartate residues.

Having demonstrated the nature of the groups involved
in anhydride formation in the pepsin-catalyzed hydrolysis
of PTFS, we wished to identify the particular residues tak-
ing part in catalysis. In a typical experiment a solution of
the hydroxamate-containing pepsin (3.3 mol of hydroxa-
mate per mole of pepsin) obtained from two incubations of
PTFS with pepsin (mole ratios PTFS to pepsin in each in-
cubation = 2.2, see Table I) was digested by native pepsin
at pH 3.5, subjected to gel filtration through Sephadex
G-25, high voltage electrophoresis (3000 V at pH values of
3.5 and 6.5), and descending paper chromatography (zer-
butyl alcohol:methyl ethyl ketone:water, 2:2:1 by volume).
Three hydroxamate-containing peptides and their amino
acid compositions were determined. One peptide contained
Aspy, Thry, Ser, Gly;, Val,, lle,, Phe;. This amino acid
analysis is consistent with the composition of a fragment of
pepsin (Val-29 — Ser-35) containing the active site residue
Asp-32, the group modified by 1,2-epoxy-3-(p-nitrophenox-
y)propane.”#:!! The second peptide had the composition
Aspy, Thry, Ser), Gly;, Ala;, Glu,, Val,, Iley, Leu; which
seems to correspond to a fragment of pepsin (Gly-208 —
Leu-220)!2 containing the active site residue Asp-215, the
group modified by diazocarbonyl reagents.4#-6!! The third
peptide was a large one, and we still do not know its loca-
tion in the amino acid sequence of pepsin.

Three principal conclusions can be drawn from our ex-
periments. (1) The detection of hydroxamate formation in
the pepsin-catalyzed hydrolysis of PTFS in the presence of
hydroxylamine provides the first direct demonstration that
anhydrides are intermediates in the hydrolysis reactions of
sulfite esters. This finding is in good agreement with cir-
cumstantial evidence that acyl enzymes (anhydrides) may
be intermediates in at least some pepsin-catalyzed transpep-
tidation reactions.!3-14 (2) The correspondence of two of the
aspartate residues involved in hydroxamate formation to
those (Asp-32 and Asp-2135), the esterification of which is
known to inactivate pepsin as a peptidase, not only shows
that these residues are indeed direct participants in the hy-
drolysis of sulfite esters but also gives strong support to the
hypothesis that the active site of pepsin as a sulfite esterase
overlaps with that for its action as peptidase. (3) Finally,
the observation that as many as 3-4 mol of hydroxamate
can be incorporated per mole of pepsin shows that anhy-
dride formation can occur at several carboxyl groups in
pepsin-catalyzed sulfite ester hydrolysis. This is consistent
with the earlier discovery that pepsin esterified either at
Asp-32 or at Asp-215 can function as a catalytically active
species toward sulfite esters.?
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A major question which remains is to determine why pep-
sin in which hydroxamate groups have been introduced at
the active site carboxyl groups can still act quite effectively
as a catalyst for the hydrolysis of hemoglobin (see Table I).
Two alternative explanations are either that a carboxyl
group other than the 8-carboxyls of Asp-32 or Asp-215 can
participate in the peptidase action of pepsin or that the hy-
droxamate groups themselves are catalytically active. Ex-
periments are now in progress in our laboratory to resolve
this problem.

Acknowledgment. The support of this research by Na-
tional Science Foundation Grants GB 39951X and BMS-
73-01508 is gratefully acknowledged.

References and Notes

(1) S. W. May and E. T. Kaiser, Biochemistry, 11, 592 (1972).

(2) Studies on the catalytic activity toward sulfite esters of pepsin modified
by a-diazo-p-bromoacetophenone or by 1,2-epoxy-3-p-nitropheno-
xy)propane suggest that only a single active site carboxylate group is
necessary for the enzymatic hydrolysis of sulfite esters. Thus, whether
acidic catalysis by a carboxyl group, as implied by structure Il in
Scheme |, is important is questionable. See H. J. Chen and E. T. Kaiser,
J. Am. Chem. Soc., 96, 625 (1974).

(3) L.-H. King and E. T. Kaiser, J. Am. Chem. Soc., 96, 1410 (1974).

(4) T. G. Rajagopalan, W. H. Stein, and S. Moore, J. Blol. Chem., 241, 4295

(1965).

B. F. Erlanger, S. M. Vratsanos, N. Wassermann, and A. G. Cooper, Bio-

chem. Biophys. Res. Commun., 28, 203 (1967).

(6) A.F.Paterson and J. R. Knowles, Eur. J. Biochem., 31, 510 (1972), and
references therein.

(7) J. Tang, J. Biol. Chem., 246, 4510 (1971).

(8) K. C. S. Chen and J. Tang, J. Biol. Chem., 247, 2566 (1972).

(9) B.F.Erlanger, S. M. Vratsanos, N. Wassermann, and A. G. Cooper, Bio-
chem. Biophys. Res. Commun., 23, 243 (1966).

(10) E. Gross and J. L. Morell, J. Biol. Chem., 241, 3638 (1966).

(11) P. Sepulveda, J. Marciniszyn, Jr., D. Liu, and J. Tang, J. Biol. Chem.,
250, 5082 (1975).

(12) Although this sequence contains a cysteine residue, and a cysteine
peak was observed in the amino acid analysis of the peptide fragment,
the peak height was too small for computation. (The color factor for
cysteine is one-half of those for other amino acids except proline.) The
analysis values obtained for serine and threonine were uncorrected
ones. Thus, this peptide fragment might be a somewhat longer chain
than that reported here.

(13) M. Takahashi, T. T. Wang, and T. Hofmann, Biochem. Biophys. Res.
Commun., 57, 39 (1974).

(14) M. Takahashi and T. Hofmann, Biochem. J., 147, 549 (1974).

Y. Nakagawa, L.-H. King Sun, E. T. Kaiser*

Departments of Chemistry and Biochemistry
University of Chicago

Chicago, Illinois 60637

Received January 5, 1976

5

Isotope Effects in Hydrophobic Binding Measured by
High-Pressure Liquid Chromatography!
Sir:

We wish to report the first isotopic separations by hydro-
phobic high-pressure liquid chromatography. Several deu-
terated substances are completely separated from the corre-
sponding protiated substances by this method. These results
are of interest in four ways: (1) The possibility of quantita-
tive analysis of isotopic content is demonstrated. (2) Exten-
sion to preparative-scale separation of isotopic species
seems feasible. (3) Isotope effects on binding can be mea-
sured accurately. (4) By study of isotope effects under dif-
ferent conditions, the nature of the hydrophobic effect may
be probed.

The ability to make such separations on a column only 30
cm long is related to the fact that the hydrophobic effect di-
rectly involves the CH(CD) bonds. Our results (Table I)
show isotope effects on binding which are greater than
unity, so that H is favored in the stationary phase relative to

Communications to the Editor



