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absence of -OH groups in the polymer suggest that
it may involve hydrogen transfer, e.g.,
R—0—0—H + CH,—CHCH; —>
R—0—0- + CH—CH (9)
sHs
such a scheme yields, as an over-all rate expression
—d[M] ki[P])‘/e
a - k”[MW’< A
The 3/2-order reaction in respect to monomer
agrees with the data on individual runs (Figs. 2
and 3) but not with the plots of Fig. 3. Contribu-
tions from an initiation process of higher order in
monomer would improve the agreement, z.e., from
a termolecular initiation reaction.®!
Another alternative would be through the intro-
duction of a second termination process

(10)

k !
P. + M — polymer (8f)

This leads as a limiting value, to a rate expression

—d[M] kiks )*/z
dt b an

although the calculations in our discussion of the
transfer reaction based upon P and the known
relation between polymerization rate and the rate
of reaction 8e show that normal termination by
polymer chain coupling must necessarily account for
at least 25-509 of all the termination reactions in
our kinetic runs. Reaction 8f merits further dis-
cussion. At first it may appear unlikely that, in a
system where chain transfer occurs only once in
every several hundred chain propagation steps, the
concentration of P- radicals will be high enough to
figure in the termination process. However, studies
of the polymerization of styrene in the presence of
oxygen, which leads to the formation of a linear
polyperoxide by the sequence

= kp[M]?

(31) Recent evidence indicates that the thermal initiation of styrene
polymerization is itself a termolecular process, ¢f. F. R. Mayo, THis
JournaL, 75, 6133 (1953).
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~M: + O, —> ~M—0—0-. (122)
~M—0—0: + M —» ~M—0—0—M- (12b)

shows a pronounced drop in over-all rate of styrene
disappearance as the amount of oxygen in the
polymer increases.?? This, in turn, suggests that
reactions of the type of 8d above are slow compared
with ordinary chain propagation, i.e.,

Ep > ke

Further, termination reactions between unlike
radicals often show enhanced rates; but, even tak-
ing both of these factors into consideration, it
seems unlikely that reaction 8f can account for more
than a portion of the chain terminations.

Intrusion of 8f into the kinetic scheme would also
alter the picture of the peroxide transfer reactiomn,
since now every transfer results in the termination
of two chains. Accordingly transfer constants
measured by either of the methods discussed would
be too large by a factor of two if every transfer
were to end a chain and, in practice, may be some-
what high.

Since peroxide decomposition occurs by two
different processes related to monomer consump-
tion, which is already complex, it is probably best
treated as in the preceding section without attempt-
ing to derive time-dependent kinetic expressions,
particularly since significant quantities apparently
disappear by other processes—either polar or
radical—which are not taken into account in our
reaction scheme. In fact, it is doubtful if any of
the empirical expressions for hydroperoxide dis-
appearance in the presence of olefins are of much
theoretical significance at this time.

Acknowledgment.—The authors wish to thank
E. I. du Pont de Nemours and Co. for a grant to
Columbia University, a portion of which was used
to support this investigation.

(32) S. Medvedev and P. Zeitlin, Acta Physicochim. U.R.S.S., 20,
3 (1945).

NEw Yorxg, N. VY,

[CONTRIBUTION FROM THE DEPARTMENT OF BIOCHEMISTRY, COLLEGE OF PHYSICIANS AND SURGEONS, CoLUMBIA UNIVERSITY]
Enzyme-catalyzed Exchange of Oxygen Atoms between Water and Carboxylate Ion!

By RoNALD BENTLEY? AND D. RITTENBERG?
RECEIVED APRIL 14, 1954

The hydrolysis of acetylcholine and ethyl acetate catalyzed by acetylcholinesterase, and the alkaline hydrolysis of acetyl-
choline have been shown to involve splitting of the ~-CO-O- bond. Acetylcholinesterase has been found to catalyze the
exchange reaction between the oxygen atoms of fatty acids and water: RCO,%H 4+ 2H,0!® = RCO*; H 4+ 2H,01%, The
extent of the exchange is greatest with acetic acid, diminishes with propionic and formic acid, and is least pronounced with
butyric acid. Similarly, two lipase preparations have been shown to catalyze the same general reaction, but in this case the
extent of exchange was greatest with butyric acid. The nature of the activation process involved in esterase action is dis-

cussed in relation to these results.

Although enzyme action is generally interpreted
in terms of a reactive enzyme-substrate complex,
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little is known of the process leading to formation
of the initial complex. In an investigation of the
nature of this activation process, Sprinson and Rit-
tenberg* observed that chymotrypsin brought about
the exchange of the carboxyl oxygen atoms of car-
bobenzyloxy-L-phenylalanine with the oxygen at-
oms of the solvent, water. The exchange did not
take place in the absence of the enzyme. Similarly,
(4) D. B. Sprinson and D. Rittenberg, Nasure, 167, 484 (1951).
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when L-leucine containing N¥ and D in the a-
position was incubated with a pig heart prepa-
ration (containing transaminase) the recovered
leucine was found to have lost 989, of the
deuterium but no N'®. It was suggested that such
reactions, occurring under conditions where the
usual reaction associated with the enzyine did not
take place, should be called virtual reactions. A
similar chymotrypsin-catalyzed reaction, between
water and acetyl-3,5-dibromo-L-tyrosine was re-
ported by Doherty and Vaslow.? Stein and Kosh-
land® have described an exchange of oxygen atoms
between KH,PO, and H,O® catalyzed by alkaline
phosphatase.

The reactions brought about by acetylcholin-
esterase have been extensively studied” and Wilson?®
has shown that acetylcholinesterase catalyzed the
hydrolysis of thiolacetic acid; he suggested that
in a medium of H,O®® the enzyme would bring O
exchange in acetic acid.

We here report on the ability of acetylcholin-
esterase and of two lipases to catalyze exchange
reactions between some carboxylic acids and
H,08,

Experimental

Acetylcholinesterase.—The following enzyme prepara-
tions were used: A highly active preparation of acetyl-
cholinesterase (4 g. of acetylcholine hydrolyzed per hr. per
ml.) was supplied to us by Dr. Nachmansohr. We are
indebted to him for this kindness. Thirty ml. of the enzyme
solution was treated with 3 ml. of 0.05 M phosphate buffer,
pH 8, and then dialyzed overnight against 0.05 M phos-
phate buffer, pH 8, at 4°. After further dialysis against
distilled water at 4° the solution was lyophilized to yield
134 mg. of a white, flaky material.

Lipases.—Two preparations were obtained through the
kindness of Dr. Kaunitz, designated as lipase A and B.
Lipase A, originally obtained from Wilson and Co., was
quoted as having a pH optimum of 8 and a temperature op-
timum of 40°. Lipase B, a Rohm and Haas product (lipase
Bf, 1\7'2 2) had pH optimum of 6 and temperature optimum
of 37°.

Reaction nixtures were prepared by evaporating an ap-
propriate buffer solution (usually 5-10 ml.) to dryness.
Final traces of water were removed in high vacuum and the
residue redissolved in H,O®* (unless otherwise stated 1.27
atom per cent. excess O, usually 2-3 ml.)? The sodium
salt of the fatty acid and the enzyme preparation were
added and the mixture was incubated under the desired
conditions. The reaction was stopped by rapid chilling and
addition of 0.5 ml. of ice-cold 5 N sulfuric acid. Water and
free fatty acid were separated from inorganic salts by dis-
tillation in vacuum in a closed system, using a receiver cooled
in ethanol-CQ,. The silver salt of the fatty acid was pre-
pared and decarboxylated for mass-spectrometric analysis
as previously described.® Pilot experiments demonstrated
that silver propionate and silver n-butyrate were decar-
boxylated smoothly and at a lower temperature than was
needed for silver acetate. The decarboxylation was carried
out in one leg of a vacuum tube of the type described by
Sprinson and Rittenberg.!
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Results!?

Mechanism of Hydrolysis of Acetylcholine.—In
preliminary experiments, the hydrolysis of acetyl-
choline in H;0'® was carried out with alkali and
acetylcholinesterase, to establish the validity of the
technique. Since acid hydrolysis proceeds only
slowly (at pH 3.6 and 100° the extent of hydrolysis
of acetylcholine is only 8.9 per cent. in 9 hours'?),
this was not attempted in HyO¥® because of the rapid,
acid-catalyzed exchange reaction of acetic acid.?

(a) Alkaline Hydrolysis.—Acetylcholine chlo-
ride (100 mg.) and sodium hydroxide (59.9 mg.) in
2 ml. of HyO!® were kept for ten minutes at room
temperature; atom per cent. excess O in isolated
silver acetate, 0.62; per cent. of oxygen atoms de-
rived from water = 49,

(b) Enzymatic Hydrolysis.—Acetylcholine chlo-
ride (200 mg.) and a dried buffer mixture, pH 7,
(prepared by evaporation of 10 ml. of a 0.13 A/
phosphate buffer) were dissolved in 2 ml. of HyO%,
acetylcholinesterase (0.5 mg.) (the dried residue
obtained by lyophilization of 0.5 ml. of a dilute
preparation) was added and the mixture incubated
for 90 minutes at 35°; atom per cent. excess O
of recovered silver acetate, 0.62; per cent. of oxygen
atoms derived from water = 51. In another ex-
periment, acetylcholine chloride (200 mg.) and dried
buffer mixture, pH 9.5 (prepared by evaporation of
10 ml. of a 0.2 M borate buffer) were dissolved in 2
ml. of H,O, Acetylcholinesterase (0.2 ml. of the
original preparation) was added and the mixture
incubated for one hour at 35°; atom per cent. ex-
cess O, 0.53; per cent. of oxygen atoms derived
from water = 46.

Mechanism of Enzymatic Hydrolysis of Ethyl
Acetate.—Ten ml. of a 0.05 M phosphate buffer,
pH 7, was evaporated to dryness, redissolved in
2 ml. of H,O® and 0.17 ml. of ethyl acetate and ace-
tylcholinesterase (0.3 mil. of the original prepara-
tion) added. After incubation for 1 hour at 37°,
volatile materials were distilled off ¢ wvacuo, the
residue was acidified with 0.5 ml. of 0.5 IV sulfuric
acid and silver acetate prepared in the usual way
(16.1 mg.); atom per cent. excess O, 0.60; per
cent. of oxygen atoms derived from water = 52.

Exchange with Sodium Acetate.—One experi-
ment will be described in detail, in particular to
emphasize that the enzyme (acetylcholinesterase)
remained active throughout such experiments.
Two portions (5 ml.) of 0.05 M phosphate buffer,
pH 5.5, were dried in the usual way. One portion
was dissolved in H;O®*® (3 ml.); anhydrous sodium
acetate (75 mg.) and lyophilized acetylcholines-
terase (27.4 mg.) were then added. The solution
now had pH 6.0. The second portion, to serve as
a control, was made up similarly but without the
addition of enzyme. After 18 hours at room tem-
perature (20°), 0.2 ml. of the mixture to which
acetylcholinesterase had been added was removed.
This was diluted to 1.0 ml. with water, and added
to a solution of acetylcholine chloride (100 mg.) in
9 ml. of 0.05 M/ phosphate buffer, pH 6.5; 0.5-ml.

(12) Where the percentage of oxygen atoms derived {rom the solvent
has been calculated, suitable corrections have been made for any dilit-

tion with exchangeable oxygen atoms, or by addition of normul water.
(13) 18, Hofmaun, Hely. Chim. Acta, 13, 138 (1630).
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portions were withdrawn immediately and at ten-
minute intervals, added to 209, trichloroacetic acid
(1 ml.) and made up to a volume of 10 ml. One-
ml. portions were used for acetylcholine analysis
by the method of Hestrin.'* The activity of the
remaining enzyme was such that after 30 minutes,
no acetylcholine remained in the mixture as shown
by the following figures: Calculated for the original
volume of test solution the observed values ex-
pressed as mg. of acetylcholine were: #o, 81; #o,
34; fm, 12; 23, 0. Isotope analysis of silver acetate
isolated from the bulk of the solution and from the
control experiment gave the following results

1.19
0.02

i.e., under these conditions the reaction was 949
complete for the exchange of both oxygen atoms.

Effect of Time on the Reaction.—A second experi-
ment was carried out under the same experimental
conditions as in the previous case, except that the
time of incubation was reduced to 4 hours; atom
per cent. excess 018 0.45; per cent. exchange, 35.

Effect of pH on the Reaction.—The experimental
conditions and the results obtained in studying the
influence of pH on the enzyme-catalyzed exchange
reaction are given in Table I.

Acetylcholinesterase expt., atom per cent. excess Ol8
Control experiment, atom per cent. excess O1#

TABLE I

ErrEcT OF pH oN THE ENzYME CATALYZED EXCHANGE OF
OXYGEN ATOMS BETWEEN ACETATE AND WATER

Atom %,
excess Q18
. Enzyme Sodium in silver
Experi- soln., acetate, acetate Exchange,
ment pHa ml.b mg. isolated %
1 6.0 2 50 0.18 14
2 7.1 2 50 .10 7.9
3 8.0 2 50 .08 6.3

8 5 ml. of the buffer was evaporated to dryness and the
residue dissolved in the enzyme solution taken for each ex-
periment. The following buffer mixtures were used:
water, 20 ml.; 0.2 M potassium acid phosphate, 5 ml.;
0.2 N NaOH—Expt. no. 1, 0.2 ml.; no. 2, 3.0 ml.; no. 3,
4.1 ml.; the pH given is that of the solution after addition
of the sodium acetate. ® The solution was prepared by
dissolving acetylcholinesterase (22.5 mg.) in H,O® (6.2
ml.). Incubation of the reaction mixtures was carried out
at 21° for 2 hours.

Effect of Varying Amount of Enzyme,—The effect
of varying enzyme concentrations is shown in
Table II.

TaBLE 11
ErFFECT oF CONCENTRATION OF ENZYME ON REACTION BE-
TWEEN ACETIC AcID AND H,0O1B

The reaction was carried out for 3 hours at 20° at pH 6.0.
Atom % excess Cor. for

Experi- Enzyme O!8 in isolated control,
ment? powder, mg. silver acetate atom %, excess

A, 0 0.059 C.

A, 1 .071 0.012

A, 2 .083 .024

A, 4 .135 .076

As 6.5 .181 .122

B, 0 .051 ...

B; 4.0 .115 .064

B; 24, .446 .395

@ Different enzyme preparations were used in experiments
A and B.

(14) S. Hestrin, J. Biol. Chem., 180, 249 (1949),
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Effect on Other Fatty Acids.—In these experi-
ments in which formate, propionate and butyrate
were investigated the reaction mixtures were pre-
pared from dried phosphate buffer, pH 5.5 (0.05
M, 5 ml), 0.6 mM of the sodium salt of the fatty
acid, and 2 ml. of a solution of acetylcholinesterase
(29.8 mg.) in H,O® (6.2 ml.). The mixtures were
incubated at 21°.

In the case in which sodium formate was em-
ployed as the substrate, 20 ml. of 0.2 M phosphate
buffer, pH 5.4, was taken to dryness and the residue
dissolved in 8.2 ml. of H;O®, The solution was di-
vided into four equal portions and to the first were
added 50 mg. of anhydrous sodium acetate and 9.1
mg. of acetylcholinesterase; to the second 50 mg.
of anhydrous sodium acetate; to the third 50 mg.
of sodium formate and 9.1 mg. of acetylcholines-
terase; to the fourth 50 mg. of sodium formate. The
four samples were kept at 20°. From the first two,
silver acetate was isolated as described above. The
third and fourth samples were neutralized to phenol-
phthalein with 1 NV NaOH, evaporated to dryness
and the residue extracted with hot absolute ethanol.
The alcohol extract was evaporated to dryness and
kept in a vacuum desiccator over CaCl; for 24 hours.

The silver acetate was decarboxylated thermally
as described above. The sodium formate was mixed
with 200 mg. of dry AgCl in a platinum crucible
and rapidly pyrolyzed by the use of an induction

furnace.®® The results are given in Table III.
TaBLE II1
RATE OF ACTIVATION OF RELATED FATTY ACIDS BY ACETYL-
CHOLINESTERASE
Incu- Atom % Atom %  Rate
bation excess excess relative
time, 018 in 018 cor. to
Expt. Substrate hr. acid for control acetate
1 Acetate 3 0.26 0.26 100
Propionate 3 .12 .12 46
Butyrate 3 .02 .02 8
2 Acetate 20 .89 .78 100
Control without
enzyme 20 .11
Formate 20 .45 11 14
Control without
enzyme 20 .34

Experiments with Lipase Preparations.—The re-
sults of experiments carried out at pH 8 are shown
in Table IV and at pH 6.5 in Table V.

TaBLE IV

EXCHANGE REACTIONS CATALVZED BY LIPASE PREPARATIONS
AT pH 8

For each experiment 5 ml. portions of the following

buffer mixture were evaporated to dryness: 0.2 M potas-

sium hydrogen phosphate, 10 ml.; 0.2 N sodium hydroxide,

8.2 ml.; water, 40 ml. Tubes incubated at 37° for 15
hours.
Atom 9,
€xXcess
018 in
Expt. Substrate Enzyme H:018, recovered
no. mg. (mg.) ml, fatty acid
1 Na acetate (60) Lipase “A” (50) 2 0.03
2 Na acetate (60) Lipase “B” (50) 2 .09
3 Na acetate (580)  ............ 2 .04
4 Na butyrate (75) Lipase “A” (50) 2 .73

{15) This method for the decarboxylation of some classes of com-
pounds for O analysis will be deseribed in another paper.
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TaABLE V

ExCHANGE REACTIONS CATALVZED BY LIPASE PREPARA-
TIONS AT pH 6.5

For each experiment 5-ml. portions of the following
buffer mixture were evaporated to dryness: 0.2 M potas-
sium dihydrogen phosphate, 10 ml.; 0.2 N sodium hydrox-
ide, 1.2 ml.; water, 40 ml. Each tube contained sodium »-
butyrate (75 mg.), designated quantities of enzyme, and 2
ml. of HyO'"® (1.4 atom 9, excess). Incubation at 37° for 16

hours.
Atom 9 excess Q!¢
Expt. in recovered silver
no. Enzyme (mg.) n-butyrate
1 Lipase “‘A” (47.5) 0.93
2 Lipase “B” (53.4) .02
3 Control; no enzyme .05

Discussion

The alkali-catalyzed hydrolysis of acetylcholine
proceeds by acyl-oxygen fission as is the case for
the similar hydrolysis of other esters,!® and §8- and
y-butyrolactones."®*  Acetyl phosphate is also
split at the C-O linkage'® in alkaline solution. The
reaction involves nucleophilic attack on the car-
bonyl carbon atom and probably proceeds through
the intermediate (I).

i
(CHy): *NCH:CH,0. . .C—CH. ¢8)
OH-

The acetylcholinesterase-catalyzed hydrolysis of
both acetylcholine and ethyl acetate was also found
to proceed with acyl-oxygen fission.’* These
observations are therefore in agreement with the
hydrolytic mechanism first postulated by Wilson.2
Subsequent attack of the intermediate by nucleo-
philic reagents (e.g., HyO) completes the hydrolysis.
Substantially similar suggestions concerning the
mechanism of esterase action have been postulated
by other workers.21—23

Using amounts of enzyme which readily bring
about the hydrolysis of acetylcholine, only one oxy-
gen atom from the solvent water was introduced
into aceticacid. However, with much larger quan-
tities of enzyme it was possible to bring about a
complete exchange of the oxygen atoms of acetic
acid. Here we are not concerned with the hydroly-
sis which must introduce an atom of oxygen, but

(16) M. Polanyi and A, L. Szabo, Trans. Faraday Soc,, 80, 508
(1034).

(17) A. R. Olson and J. L. Hyde, TH1s JoUrNAL, 68, 2459 (1941).

(18) F. A. Long and L. Friedman, éb:d., 72, 3692 (1950).

(19) Similar results for acetylcholine have been reported in a note
by S. 8. Stein and D. E. Koshland, Arch, Biockem. Biophys., 48, 467
1953).

( (20; D. Nachmansohn and I. B, Wilson, Advances in Enzymology,
12, 259 (1951).

(21) D. E. Koshland, TH1S JoURNAL, T4, 2286 (1952).

(22) C. G. Swain and J. F. Brown, ibid., T4, 2538 (1952).

(23) O. Gawron, C. J. Grelecki and M. Duggan, Arch. Biochem.
Biophys., 44, 455 (1933).

RoNaLD BENTLEY AND D. RITTENBERG

Vol. 76

with the virtual reaction between acetic acid and
the solvent. This latter reaction will lead to ex-
change of both oxygen atoms in acetate ion, and
its occurrence confirms Wilson's prediction.?

Wilson concluded from his experiments with
thiolacetic acid that the substrate was the undisso-
ciated acid.® The increase of rate of the virtual
reaction as the pH is lowered (see Table I) similarly
suggests that it is undissociated acetic acid which
reacts with the enzyme. It is clear, however, that
the rate is determined by additional factors since
in passing from pH 8 to pH 6 the concentration of
free acid increased by a factor of 100 whereas the
reaction rate increased by little more than twofold.

The virtual reaction has all the characteristics of
an authentic enzyme reaction, since in addition to
the pH effect, the extent of exchange was propor-
tional to the concentration of enzyme and to time.
In one experiment, the action of acetylcholinester-
ase on acetic acid was investigated in D,O. No D
was introduced into the methyl group; apparently
no activation of this part of the molecule takes
place.

The same general activation of the carboxy! groups
of fatty acids is caused by the two lipases we have
studied. Lipase A is without action on acetate
though it rapidly activates butyrate; lipase B ac-
tivates acetate slightly but not butyrate (see Tables
IV and V). 1t is striking that the mere presence
of a -CH,-CHs group in passing from acetate
to butyrate confers on lipase A the ability to acti-
vate the carboxyl oxygen atoms. Itis difficult to be-
lieve that the usual van der Waals forces between
the —-CH,—CH,— group and the enzyme can account
for this great difference in the interaction of the
enzyme with acetate and butyrate, respectively.

As in the case of acetylcholinesterase, it appears
that we are dealing with a primary activation proc-
ess and that the nature of the enzyme-substrate
complex is very closely related not only for the hy-
drolytic and virtual reactions but also for the trans-
esterification reaction catalyzed by esterases?* and
for the enzymatic hydrolysis of acid anhydrides ob-
served by Wilson? and Bergmann, et al.®

In the case of lipases, little information is avail-
able about the nature of possible active sites, on
which the substrates are bound. In this connection
it may be significant that hog pancreatic lipase prep-
arations have been reported?” which lose activity
on dialysis; the activity could be restored by the
addition of r-histidine, maximum reactivation be-
ing obtained at a concentration of 0.1 M.

New Yorg, N. V.
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