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Abstract

The thiolysis mechanism of benzylpenicillin has been determined by '"H NMR and HPLC. The degradation of ben-
zylpenicillin was accelerated when the thiol used presented a [3-group capable of acting as a general acid catalyst, such as
a-monothioglycerol, 2-mercaptoethanol and mercaptoethylamine. With these thiols, after the formation of the thioester, an
intramolecular acyl transfer reaction occurs at a pH far below the pK, of the group acting as a general acid catalyst, which
shows that the proton transfer has already occurred, probably in a concerted mechanism with the nucleophilic attack. Rate
constants were calculated. The system can be taken as a simple model of the general acid catalyst in serine and cysteine

proteases. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chemical reactivity of 3-lactam antibiotics has been
extensively studied due to the extraordinary impor-
tance of these compounds as antibacterial agents [1,2].
The carbonyl carbon of (-lactam ring shows a high
susceptibility towards nucleophilic reagents. The nu-
cleophilic substitution at the carbonyl center is an acyl
transfer process involving covalent bond formation be-
tween the carbonyl carbon and the nucleophile and
C-N bond fission of the B-lactam ring. This reaction
goes through the reversible formation of a tetrahedral
intermediate [3,4].

Kinetic studies on that kind of reactions show
the formation of tetrahedral intermediate as being
the rate-limiting step in hydroxylic hydrolysis of
B-lactams [5-7]. In alcoholysis [8] and aminolysis
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[9] the rate-limiting step is the breakdown of such
tetrahedral intermediate.

Alkaline hydrolysis of P-lactam antibiotics has
been taken as a measure of their reactivity against the
penicillin binding proteins (their target enzymes) and
B-lactamases (their inhibitory enzymes) [10,11]. For
this reason the alkaline hydrolysis has been more thor-
oughly studied than the other nucleophilic reactions
in antibiotics [3-7,12—-14].

In a previous work, we studied the thiolysis of ben-
zylpenicillin using thiols of different basicity [15]. Re-
sults indicated that, as in alcoholysis and aminolysis,
breakdown of tetrahedral intermediate was the rate-
limiting step. Results suggest the existence of an intra-
molecular acid catalysis when thiols used as reagents
bear (3-groups capable of acting as proton donors.

In this paper, we investigate in detail that aspect
of thiolysis. Thiols with different (3-groups have
been used in order to check the presence of the
intramolecular acid catalysis. The mechanisms of for-
mation and breakdown of the thio—acyl intermediate
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are studied and the corresponding associated rate
constants related to the influence of that proton donor
[B-group are determined.

The thiolysis reaction of B-lactams is of interest
because of the potential of these compounds to inhibit
cysteine proteases. Furthermore the basic aspects of
this chemical mechanism could be considered as a
simple model of the mechanism of some proteases
(serine, cysteine and aspartic proteases) which catalyse
fission of C-N bond in protein’s amide linkage [16]
and B-lactamases which perform the same function in
B-lactam structures [17].

2. Experimental section

2.1. Materials

Thiols (a-monothioglycerol, 1-mercapto-2-
propanol, 3-mercaptopropanol, 2-mercaptoethanol,
mercaptoethylamine) were purchased from Sigma
and used without further purification. Benzylpeni-
cillin (potassium salt) was of general reagent grade
and other materials of AnalaR grade. Freshly boiled
deionised water was used throughout and the ionic
strength maintained at 0.5 moldm™3 with potassium
chloride. Deuterium oxide (99.9% D) was obtained
from Sigma. The thiol buffers were prepared by
partial neutralisation just prior to the kinetic run.

2.2. HPLC

Shimadzu-LC-9A chromatograph with a Rheodyne
7125 universal injector and a Shimadzu-SPD-M6A
UV-VIS photodiode array detector were used for the
HPLC experiments. The column was a Spherisorb
ODS-25 x 0.46cm x 5 pm; eluent 0.1 moldm—3
NH4OAc/MeCN  88:12; flow rate 1.2mlmin~!.
Reaction conditions, such as temperature and pD
where chosen in order to obtain adequate reaction
times.

Hydrolysis reactions were studied using this tech-
nique due to the low rate constants of the hydrolysis
reactions compared with the rate constants of the
thiolysis of benzylpenicillin. The kinetics of those
reactions were studied by following the decrease in
HPLC peak areas for benzylpenicillin at 225-228 nm
and at the desired temperature using carbonates

(I = 0.5moldm™?) as buffer at the same pD as the
thiolysis reaction. The buffer solutions were preincu-
bated at constant temperature prior to the kinetic run.

2.3. NMR spectroscopy

The NMR spectra were obtained on Bruker
AMX-300 spectrometer. Sample tube diameter, 5 mm.
3-(Trimethylsilyl)-1-propane-sulfonic acid (DSS) was
used as internal reference. Chemical shift values (§)
are given in ppm. Coupling constants are in Hertz.

Benzylpenicillin (33 mg) was dissolved in 1ml
of thiol buffer (mercaptoethanol, pD = 10.1 or
a-monothioglycerol, pD = 9.60) and ionic strength of
0.5 mol dm™3. Progress of the reaction was monitored
by '"H NMR at 20°C.

The expected hydrolysis product, SR-, 6R-benzyl-
penicilloic acid was synthesised enzymatically. Ben-
zylpenicillin (110 mg) was dissolved in 5ml of D,O
to which 200ml of a solution of Enterobacter clo-
cae P99 B-lactamase was added. The reaction was
followed by UV and '"H NMR and after 2h ben-
zylpenicillin was no longer detected and the solution
was lyophilised. The subsequent degradation of 5R-,
6R-benzylpenicilloic acid (37 mg) dissolved in 1ml
of thiol buffer of mercaptoethanol (pD = 10.1) or
a-monothioglycerol (pD = 9.60) was followed by 'H
NMR at 20°C.

2.3.1. Benzylpenicillin (1)

'H NMR (300 MHz, DSS) 8: 1.48 (s, 3H, 2-a-CH3),
1.58 (s, 3H, 2-B-CH3), 3.68 (s, 2H, PhCH>), 4.24 (s,
1H, 3-H), 5.45 (d, 1H, 6-H, Je5 3.9), 5.52 (d, 1H, 5H,
Js6 3.9), 7.4 (m, SH, Ph).

2.3.2. 5R-, 6R-monothioglycerol
benzylpenicilloate (2)

'HNMR (300 MHz, DSS) §: 1.22 (s, 3H, 2-a-CH3),
1.53 (s, 3H, 2-B-CH3), 3.46 (s, 1H, 3-H), 3.85 (s, 2H,
PhCH>), 4.61 (d, 1H, 5-H, Js¢ 6.7), 5.14 (d, 1H, 6-H,
J6.5 6.7), 7.4 (m, SH, Ph). Rest of signals buried under
thiol buffer signals.

2.3.3. 5R-, 6R-mercaptoethanol
benzylpenicilloate (3)

'H NMR (300 MHz, DSS) §: 1.23 (s, 3H, 2-a-CH3),
1.56 (s, 3H, 2-B-CH3), 3.45 (s, 1H, 3-H), 3.71 (s, 2H,
PhCH,), 4.64 (d, 1H, 5-H, J5¢4 6.6), 5.15 (d, 1H, 6-H,



A. Llinds et al./Journal of Molecular Catalysis A: Chemical 175 (2001) 3—-16 5

Je.5 6.6), 7.4 (m, SH, Ph). Rest of signals buried under
thiol buffer signals.

2.3.4. 5R-, 6R-benzylpenicilloic acid (6)

'"H NMR (300 MHz, DSS) 8: 1.20 (s, 3H, 2-a-CH3),
1.49 (s, 3H, 2-B-CH3), 3.40 (s, 1H, 3-H), 3.70 (s, 2H,
PhCH,), 4.21 (d, 1H, 5-H, Js56 6), 5.02 (d, 1H, 6-H,
Js6.5 6), 7.4 (m, SH, Ph).

2.3.5. 5S8-, 6R-benzylpenicilloic acid (7)

"H NMR (300 MHz, DSS) §: 1.02 (s, 3H, 2-a-CH3),
1.55 (s, 3H, 2-B-CHa), 3.39 (s, 1H, 3-H), 3.79 (s, 2H,
PhCH,»), 4.77 (d, 1H, 6-H, Js 5 3.3), 5.05 (d, 1H, 5-H,
Js6 3.3), 7.4 (m, 5H, Ph).

2.4. Determination of dissociation constants

The apparent pK,’s values of a-monothioglycerol
and mercaptoethylamine were determined potentio-
metrically in D,O and H;O at an ionic strength of
0.5 moldm™3.

The calculated a-monothioglycerol pK, value at
20°C in D0 was 10.1 £ 0.1 and for mercaptoethy-
lamine at 20°C the calculated pK;’s were 8.7£0.1 and
11.6+0.1in D20, and 8.4+£0.1 and 1140.1 in H,O.

2.5. Determination of free thiol content

Aliquots of the reaction mixture ([thiol] =
0.5moldm—3, [PenG] = 1.1 x 10~2 moldm—3) were
diluted 500 times and then assayed for free thiol con-
tent by using the method of Ellmann [18]. A stock so-
lution of 5,5’-dithiobis(2-nitrobenzoic acid), DTNB,
41.3mg in 10ml of 0.1 moldm™> phosphate buffer
pH = 7, was prepared and stored in dark. Samples of
the diluted reaction (100 wl) were withdrawn at dif-
ferent times, mixed with 2.5ml of phosphate buffer
pH = 8 and 40l of stock DTNB solution added.
After 2min the absorbance at 412 nm was measured
against a blank solution lacking thiol. A new blank
was prepared for every measurement.

3. Results and discussion

The kinetics of the degradation of benzylpenicillin
(in aqueous solutions) with thiols were studied using

HPLC and '"H NMR using the thiol both as a reagent
and buffer. A major problem of studying the reactions
of thiols is their ready oxidation to disulphides, partic-
ularly in alkaline solution. Disulphide formation was
monitored by measuring the loss of thiol using DTNB
under the same conditions used to follow the kinetics
of benzylpenicillin with thiol aqueous solution. For
a-monothioglycerol, i.e. the loss of thiol after 4 days
was 4% at 20°C and 12% at 30°C, while for mercap-
toethylamine the loss of thiol was 80% after 6 h. Doing
the experiments in flame-sealed ampoules under Ar-
gon solved this problem and formation of disulphide
bridges was kept to a minimum.

Fig. 1 shows the evolution of the 'H NMR spectra
with time for the thiolysis of benzylpenicillin using
a-monothioglycerol by 'H NMR at 20°C and pD =
9.6. The first spectrum (4 min after the initiation of
the reaction) shows signals of benzylpenicillin (1).
After 20 min, signals corresponding to the thioester
(2), benzylpenicillin (1) and SR-, 6R-benzylpenicilloic
acid are present (6). After 3h, all the signals cor-
responding to the benzylpenicillin and the thioester
have disappeared. At this time, the main product is
5R-, 6R-benzylpenicilloic acid (6). After 160h the
main product is 5S-, 6R-benzylpenicilloic acid (7),
with the 5R-, 6R-epimer, in a ratio of ca. 7:1. Signals
at 3.10 and 4 ppm correspond to the dimerisation of
a-monothioglycerol via disulphide bridges formation,
as discussed later on.

The 'H NMR spectrum over the range 4.3-5.5 ppm
for the a-monothioglycerol thiolysis of benzylpeni-
cillin at 20°C is shown in Fig. 2. Signals at 5.15 and
4.60 ppm correspond to H5 and H6 of the thioester,
with a coupling constant of 6.7 Hz. The H6 signal at
4.6 ppm actually appears as two doublets which are
attributed to diastereoisomers of the thioester, arising
from the chirality of the a-monothioglycerol and the
fact that the racemic thiol was used, rather than cou-
pling to the 6-acylamido NH. This assignment was
confirmed by decoupling experiments. Similar be-
haviour was observed with other racemic thiols such
as l-mercapto-2-propanol (two doublets at 4.6 ppm
but only one at 5.1 ppm). With non-chiral thiols such
as 2-mercaptoethanol a simple doublet was seen
for H6.

As the reaction develops another set of signals ap-
pear at 5.1 ppm (a new doublet) and at 4.58 ppm (two
new doublets). The intensity of these new signals
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Fig. 1. Evolution of 'H NMR spectra of the thiolysis of benzylpenicillin by a-monothioglycerol with time at pD = 9.6 and T = 20°C.
Numbers correspond to structures of Scheme 1.
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Fig. 2. Evolution of 'H NMR spectra of the degradation of the SR-, 6R-monothioglycerol benzylpenicilloate with time at pD = 9.6 and
T = 20°C. Magnified area between 4.3 and 5.5 ppm. Numbers correspond to structures of Scheme 1.
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increases as the former ones, corresponding to the
thioesters decrease. This can be explained by in-
tramolecular alcoholysis to give S- to O-acyl transfer
[19-24]. At the pD of this reaction is 9.6, direct alco-
holysis by the hydroxyl group of a-monothioglycerol
is not expected to occur. In the thioester, the
B-hydroxyl group is suitably placed to attack the
carbonyl of the thioester, through the formation of
a five-membered ring intermediate, to give the mer-
captoglycerate ester (Scheme 1). The mercaptoglyc-
erate ester can suffer a rearrangement giving 5R-,
6R-benzylpenicilloic acid and an oxidised form of
the thiol, which cannot act as a nucleophile again.
5R-, 6R-benzylpenicilloic acid slowly epimerises to
the more stable form 5S-, 6R-benzylpenicilloic acid.
There is no evidence that epimerisation occurs at C6
at the thioester or the ester state.

The 'H NMR spectrum over the range 1.2—1.7 ppm
is shown in Fig. 3. The signal at 1.53 ppm, corre-
sponding to the 2-B-CHj3 of the thioester, becomes
broader as the reaction develops and the thioester

undergoes intramolecular rearrangement to the ester.
This effect is not observed on the signal correspond-
ing to the 2-a-CH3 (1.2ppm) and probably results
from the closer proximity of the 2-3-CHj3 to the
groups attached to C6.

The reaction pathway outlined in Scheme 1 may
be used to explain the observations. Thiols facilitate
hydrolysis by nucleophilic catalysis involving the for-
mation of a penicilloyl thioester (2). If the thiol con-
tains an alcohol group in the 3-position (as in the case
of the a-monothioglycerol or 2-mercaptoethanol),
the thioester undergoes a S- to O-acyl transfer
via an intramolecular alcoholysis to give the ester
(4) which intramolecularly rearranges to give ben-
zylpenicilloic acid (6). The hydrolysis product 5R-,
6R-benzylpenicilloic acid (6) slowly epimerises to the
more stable 5S-, 6R-benzylpenicilloic acid (7) as pre-
viously shown. These thiols therefore do not follow
the general reaction mechanism previously described
[15] where the thioesters formed are hydrolysed giv-
ing the expected 5R-, 6R-benzylpenicilloic acid.

4 1 4
N ’__ Time = 3 h.
6 6
7 _ Time = 80 min.
1 1
J\/LR Time = 50 min.
1 1
2 2
Time = 4 min.
1.65 = 1.5 ' 1.45 = 1.35 = 1.25 = ppm

Fig. 3. Evolution of '"H NMR spectra of the degradation of 5R-, 6R-monothioglycerol benzylpenicilloate with time at pD = 9.6 and
T = 20°C. Magnified area between 1.2 and 1.7 ppm. Numbers correspond to structures of Scheme 1.
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The hydrolysis constant, ky, of Scheme 1 was
determined by a separate experiment following the
degradation of benzylpenicillin in carbonates buffer,
pD = 9.60 and T = 20°C by '"H NMR. The iso-
merisation constants, k4 and ks were determined
directly from the isomerisation of the SR-, 6R-benzyl-
penicilloic acid (which was synthesised, isolated and
purified, using Enterobacter clocae P99 [3-lactamase)
in a-monothioglycerol and carbonates buffers, pD =
9.60 and T = 20°C. Kinetic constants obtained when
a-monothioglycerol was used as buffer were identical
to those obtained when carbonates were used as buffer,
proving that the reaction of epimerisation of the SR-,
6R-benzylpenicilloic acid is not a-monothioglycerol
catalysed. Adjusting the experimental data to the ki-
netic Scheme 1 all kinetic constants were determined.
The value of these rate constants k, k4 and ks were
identical to those obtained when these constants were
introduced as variables into the general scheme. Indi-
vidual rate constants were calculated using the soft-
ware program GIT [25,26], which performs numerical
integration of the differential equations correspond-
ing to a given kinetic scheme. The peak areas of the
NMR signals were transformed into concentration
values and introduced into the program GIT which

1E2 —

Concentration (M)

0 40 80
Time (min)

120 160 200

Concentration (M)

determines the best values of the rate constants to fit
the data.

Fig. 4 shows the concentration change of the thiol-
ysis products of benzylpenicillin with a-monothiogly-
cerol as the reaction develops. Dots are experimental
data obtained from the '"H NMR experiments. Exper-
imental data fit perfectly to the theoretical behaviour
shown by Scheme 1 (lines). The final rate constant val-
ues obtained were: k| = 1.7 x 103 mol—! dm3s~!,
ky = 8.6 x 1077s7! k3 = 2.7 x 107*s7!, ky =
43 x 1079571 and ks = 5.6 x 1077 s~ !. The rate
constant k3 is in fact an apparent rate constant.

The possibility of the thiolate anion acting as a gen-
eral base catalyst over a molecule of water was studied
and introduced into the general mechanism. The rate
constant for this catalysis was insignificant and taking
it into account in the general mechanism did not affect
to the rest of rate constants significantly.

The thiolysis of benzylpenicillin was also studied
with 2-mercaptoethanol by using 'H NMR technique
at 20°C and pD = 10.1, in order to characterise and
monitor the degradation products.

Fig. 5 shows the evolution of the 'H NMR spectra of
the thiolysis of benzylpenicillin by 2-mercaptoethanol
with time. The first spectrum (1 min after the initiation

1E-2

8E-3

4E-3

0E+0

0 10000 20000
Time (min)

30000

Fig. 4. Degradation of benzylpenicillin with a-monothioglycerol at pD = 9.6 and 20°C at different time scale: (a) 0-200min; (b)
0-30,000 min. Symbols correspond to: (@) benzylpenicillin; () benzylpenicilloyl thioester and ester; (A) 5R-, 6R-benzylpenicilloic acid;

(#-) 5S-, 6R-benzylpenicilloic acid.
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of the reaction) shows basically signals of benzylpeni-
cillin (1) and the buffer (2-mercaptoethanol) together
with some new increasing signals compatible with the
early formation of the thioester (3) (characteristic sig-
nals at 4.64 ppm (5-H) and 5.15 ppm (6-H), coupled
together with J = 6.6 Hz). The signals corresponding
to the thioester increase with time. As the reaction de-
velops (7 min) a new set of signals, corresponding to
the SR-, 6R-benzylpenicilloic acid (6), appear. Signals
corresponding to the thioester and benzylpenicillin de-
crease with time, while the signals corresponding to
the S5R-, 6R-benzylpenicilloic acid become more im-
portant (15 min). SR-, 6R-benzylpenicilloic acid starts
epimerising at the fifth position after long reaction
times.

In this case we observe the formation and evolu-
tion of the same kind of signals upfield, next to the
thiol ones (2.65-2.80 and 3.60-3.80 ppm), as in the
a-monothioglycerol case (2.70-3 and 3.75—4 ppm).
These compounds are assigned to different oxidised
forms of the thiol, and they do not present a free
thiol. Signals at 2.90 and 3.85ppm correspond to
the dimerisation of 2-mercaptoethanol via disul-
phide bridges formation. Experiments done using
2-mercaptoethanol (pD = 10.1, 20°C) on its own
(without benzylpenicillin) in carbonate buffer show
just one oxidation product corresponding to the for-
mation of the disulphide derivative. Several experi-
ments done using 2-mercaptoethanol just as reagent
(and not as buffer) show no recovery of the thiol. The
Ellmann’s test performed on flame-sealed ampoules
during the reaction show that the concentration of
free thiol (R-SH) decreased at the same rate as the
benzylpenicillin one (taking into account the loss
of thiol by disulphide formation). Several tests on
these isolated products lead us to think that these
products are formed by an intramolecular rearrange-
ment of the thioester giving ethylene sulphide which
readily can be oxidised to different degrees and hy-
drolysed. These products were assayed for free thiol
content by using the method of Ellmann giving a
negative test.

Scheme 1 can also account for the reaction
pathway for the thiolysis of benzylpenicillin using
2-mercaptoethanol. Individual rate constants were elu-
cidated by using the software program GIT [25,26]. In
order to obtain the best values for these constants, the
kinetic constant for the hydrolysis of benzylpenicillin

was calculated by HPLC from a separate experiment
using carbonates as buffer, in the same conditions that
in thiolysis experiments. The hydrolysis constant ob-
tained from this experiment was fixed in the general
scheme and the rest of constants were fitted to the
experimental data.

Fig. 6 shows the concentration change of the thiol-
ysis of benzylpenicillin with 2-mercaptoethanol as the
reaction develops. Experimental I'H NMR data (dots)
fits perfectly to the theoretical behaviour. Rate con-
stants obtained were: k| = 1.4 x 10~3 mol~! dm3 s 1,
ky = 2x 1076571 k3 = 1.28 x 107357, ky =
78 x 107 % and ks =9 x 1077 s~ L.

The possibility of having the thiolate anion acting
as a general base catalyst over a molecule of water was
again taken into account and introduced into the gen-
eral mechanism. Rate constant for this catalysis was
insignificant and the effect on the rest of the constants
negligible.

The faster degradation of the mercaptoethanol
benzylpenicilloate ester compared with the rate of
degradation of the monothioglycerol benzylpenicil-
loate ester could explain why the rearrangement was
detected when a-monothioglycerol was used but not
when it was 2-mercaptoethanol, even though this
reaction could occur through a five-membered ring
intermediate. In order to prove that the S- to O-acyl
transfer occurs via the B-hydroxyl group and not the
y one the thiolysis reaction of benzylpenicillin with
3-mercaptopropanol was followed. This thiol would
give a thioester which would require the terminal
alcohol to form a six-membered ring intermediate
for S- to O-acyl transfer to occur by intramolecular
alcoholysis and this is not seen. In addition to the
relatively favourable formation of a five-membered
ring, intramolecular attack by a (-hydroxy group
must also be controlled by other factors. The addi-
tional o’-hydroxymethyl substituent at the B-position
in the case of the a-monothioglycerol could enhance
the intramolecular reaction because of its effect on
the pK, of the B-hydroxyl and/or because of the
Thorpe-Ingold effect of alkyl substituents favouring
ring closure [27,28].

A final experiment was done in order to show
the kinetic effect of a B-proton transfer donor on
the degradation rate of penicillin. The mechanism
of thiolysis of benzylpenicillin has been investigated
using mercaptoethylamine under Argon by 'H NMR
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Fig. 6. Degradation of benzylpenicillin with 2-mercaptoethanol at pD = 10.1 and 20°C. Plots represent the reaction evolution with time
from ¢ = 0 to 300 min. Symbols correspond to: (@) benzylpenicillin; () benzylpenicilloyl thioester; (A) 5R-, 6R-benzylpenicilloic acid;
(#-) 5S-, 6R-benzylpenicilloic acid. Points represent experimental data. Lines represent the theoretical fit.

and HPLC in order to characterise and monitor the
degradation products.

The rate constants were calculated by HPLC at
20°C using carbonates as buffer and at pH = 9.80.
Mercaptoethylamine was used as reagent. Several
experiments were done following the decrease in the
peak areas for benzylpenicillin at 225-228 nm at dif-
ferent mercaptoethylamine concentrations, i.e. when
the relation between the mercaptoethylamine and the
benzylpenicillin concentrations was 1:1 the degrada-
tion of benzylpenicillin was complete, but when the
relation was 1:2, degradation of benzylpenicillin only
reached the 50% of completion, showing a “normal”
hydrolysis rate of degradation once the mercaptoethy-
lamine reacted. During these experiments the total
thiol concentration was followed by the Ellmann’s
method [18] showing a constant value identical to the
initial thiol concentration.

'"H NMR studies showed that no benzylpenicilloic
acids were formed during the course of this reac-
tion. The only final products were the amide and its

5-epimer, which were identified by '"H NMR and '3C
experiments but no attempt to isolate these products
was done. This data would explain why the total
thiol concentration is constant and equal to the initial
value. As soon as the thioester is formed (Scheme 2)
the terminal amine acts as a general acid catalyst
donating a proton to the leaving (-lactam nitrogen
which allows the tetrahedral intermediate to breaks
down and leaving the terminal amine deprotonated
ready to attack intramolecularly as a nucleophile the
thioester carbonyl via an acyl transfer S—-N reaction.
The resulting amide formed will give a positive test
in the Ellmann’s test. Although no benzylpenicilloic
acids were detected during the time that the reaction
was followed, the hydrolysis pathway for the degra-
dation of benzylpenicillin was taken into account and
introduced in the general scheme.

Individual rate constants were calculated as be-
fore, using the GIT program. As in the former ex-
periments with other thiols, the hydrolysis constant
was calculated in a separate experiment using the
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same conditions as used for the thiolysis experiments
([carbonates] = 0.2 mol dm 3, pH = 9.80 and 20°C).
This constant was introduced as a fixed value in the
kinetic scheme proposed (Scheme 2). The rate con-
stants obtained in all the experiments were almost
identical if ky (hydrolysis rate constant) was fixed or
not. The best rate constant values for the thiolysis of
benzylpenicillin by mercaptoethylamine were: k1 =
1.3 % 107 mol~'dm3s~! and k = 1.8 x 10705~ L.

The exact mechanism for the S—N transfer reaction
is not straight forward. It has been suggested that the
proton transfer is the rate-determining step in reactions
of this kind, as it occurs with simple proton transfer
reaction of carbon acids, but a concerted mechanism
is nowadays accepted [19,21-24,29].

Jencks and co-workers suggested the mechanism
shown in Scheme 3 for the S-N transfer reaction
[29]. According to this mechanism at basic pH the
protonation of /4 occurs through a water catalysed

o L
)Ke/\/ N, —— ><0- [A]

S It

—

S

reaction. Under conditions in which either of these
proton transfer steps are rate-determining the barrier
of the thioester formation from / is larger than that
for amide formation and no thioester is formed as a
product of thiazoline hydrolysis, as it occurs when
mercaptoethylamine is used.

In a previous paper [15] we reported the Bronsted
plot for the thiolysis degradation of benzylpenicillin,
together with the activation energy of this process.
The a-monothioglycerol presented a positive devia-
tion from the theoretical behaviour of the Bronsted
plot, indicating that the thiolysis of benzylpenicillin
by this thiol is accelerated.

The activation energy corresponding to the thiol-
ysis of benzylpenicillin by a-monothioglycerol has
a very low value (6.9 kcalmol™!) [15], compared
with the “normal” values for a nucleophilic attack
on penicillins (10-11kcalmol~! for hydrolysis [30],
15-16 kcalmol~! for aminolysis [31]), indicating

o
+
Hz_i_-s>< : _—_—_—-/'\N/\/SH
OH H

OH

+ I N

Scheme 3.
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that the transition state for this reaction is somehow
stabilised.

This rate enhancement of the degradation of peni-
cillins by polyhydric alcohols has been previously re-
ported by Yamada and co-workers [32]. In that paper
it was shown that the degradation of ampicillin was
accelerated only by polyhydric alcohols which have an
adjacent hydroxy group, while the rate constant was
not affected by monohydric alcohols such as ethanol,
propanol and others. These authors [32] suggested that
nucleophilic attack of a hydroxy anion on the -lactam
ring became easier as a result of a simultaneous hydro-
gen bonding among the two adjacent hydroxy groups
of alcohols and the amide carbonyl and the (3-lactam
carbonyl group of ampicillin. This hypothesis was
supported by an inhibition of this rate enhancement
when an aldehyde was added together with a polyhy-
dric alcohol. We observed the same rate enhancement
effect when a polyhydric alcohol was used, but the
formation of a simultaneous hydrogen bond among
the two adjacent alcohols would not explain the rate
enhancement observed when a protonated amine is
placed in a (3-position. It has been proved that the cat-
alytically form of an alcohol is the alkoxide anion [8],
therefore a rate enhancement should not be observed
using weak acidic alcohols such as ethanol or propanol
at pH = 9, but a rate enhancement is expected if the
pK, of an alcohol group is sensibly lower, as it occurs
when an adjacent alcohol is placed next to another,
in this case a little amount of alkoxide is formed and
alcoholysis takes place, accelerating the degradation
of penicillins when a polyhydric alcohol is used.

The fact that the rate accelerating effect of poly-
hydric alcohols on the ampicillin degradation is de-
pressed by the addition of aldehydes is not due to the
steric hindrance and resonance effect of Schiff’s base
formation between the a-amino group of ampicillin
and the aldehyde, as it was suggested by Yamada and
co-workers [32], but to the well known acetal forma-
tion between a polyhydric alcohol with an adjacent
hydroxy group and an aldehyde [33].

In our case, the accelerating effect is even larger
due to the fact that the alcohol with a lower pK,
is placed next to the leaving group (tertiary amine)
of the tetrahedral intermediate, which will act as a
general base, accepting the proton from the alcohol
and stabilising the transition state, probably in a con-
certed mechanism. A kinetic isotopic effect has been

calculated in a previous work [15]. A value of 2.2
in this reaction suggests that a general acid catalysis
is taking place in the breakdown of the intermediate
by a proton transfer either from a water molecule or
from the alcohol to the nitrogen. If the proton trans-
fer comes from the (-alcohol, no accelerating effect
should be seen in the thiolysis rate constant when
the attacking nucleophile does not present a [3-proton
transfer donor, and its activation energy should be
higher, about the same order as the hydrolysis one.
In the case of methyl thioglycolate, which does not
present any group capable of donating a proton, no
accelerating effect is seen on the rate constant and its
activation energy presents an identical value as the hy-
drolysis one, both values are 10.4 kcal mol~!. By con-
trast, if the attacking thiolate has a [3-proton transfer
donor with a pK, higher than the a-monothioglycerol
one its rate enhancement should be less and its activa-
tion energy value should be in between the values of
the a-monothioglycerol and the methyl thioglycolate
ones. The reported activation energy value for the
2-mercaptoethanol is 8.2 kcal mol~! [15].

If this is true an opposite effect is expected if instead
of having a 3-proton donor, which is able to stabilise
the transition state, acting as a general acid catalyst, a
general base catalyst is placed in this position. This is
the case of 3-mercaptopropionic acid. In this case two
negative charges are developed in the transition state.
This would increase the activation energy of the pro-
cess and because the rate-limiting step of thiolysis was
proved to be the breakdown of the tetrahedral interme-
diate, which implies the protonation of the amine as a
leaving group. The subsequent rate constant should re-
flect this fact and therefore 3-mercaptopropionic acid
should have a negative deviation of the Bronsted plot,
as it is shown in a previous paper [15].

It has been previously shown that the rate constant
for the reaction of benzylpenicillin with the monoca-
tion of 1,2-diaminoethane is ca. 100-fold greater that
that predicted from the Bronsted plot for a monoamine
of the same basicity as 1,2-diaminoethane [9]. In
the case of aminoethanethiol, the rate enhancement
is ca. 1000-fold greater than that predicted from the
Bronsted plot for a thiol of the same basicity as
aminoethanethiol. This rate enhancement is due to
an intramolecular general acid catalysis caused by
the protonated amine which gives a proton to the
leaving negatively charged nitrogen stabilising in this
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way the transition state as described in Scheme 2.
The effect is analogous to that already mentioned of
a-monothioglycerol and 2-mercaptoethanol.

From these results seems to be clear that proton
donor groups suitable placed in a [3-position respect to
the nucleophile group facilitates breakdown of tetra-
hedral intermediate by proton transfer to the (3-lactam
nitrogen and considerably increases the rate constant
of lactam ring fission.

The mechanism of most of the proteases is based
on what has been called the Catalytic Triad [34-37] in
which one residue is acting as a nucleophile (serine,
cysteine), another residue is acting as a general base
catalyst (proton acceptor) and finally another residue
acts as a general acid transferring a proton to the amide
nitrogen of the tetrahedral intermediate. B-Lactamases
also show the same mechanistic basic trends. For ex-
ample, the proposed mechanism to class A includes
the Ser70 [17] acting as the nucleophile whose nucle-
ophilic character is increased by proton abstraction by
the carboxylic group of the Glul66 [38—41] or by the
free amine of the Lys74 [42,43]. Finally the break-
down of the tetrahedral intermediate is favoured by
the proton donation by Ser130 to 3-lactam nitrogen
and proton transfer from Lys74 to Ser130.

Although the exact mechanisms involved in cataly-
sis by individual enzymes can only be defined by di-
rect studies of the enzyme—substrate reactions, there
is no doubt that the elucidation of the general mecha-
nism of catalysis by enzymes can be enormously aided
by studies of the mechanisms of simple reactions in
solution. In this way, the system studied here could be
considered as a simple model of enzymes catalysing
C-N cleavage in amide or lactam linkages such as
proteases and 3-lactamases.

Acknowledgements

This work was financed by the Spanish Government
via DGICYT Project PB96-0596-C02-02.

References

[1] M. Salton, G.D. Shockman, B-Lactam Antibiotics: Mode of
Actions, New Developments and Future Prospects, Academic
Press, New York, 1981.

[2] JM. Frere, M. Nguyen-Disteche, J. Coyette, B. Joris, The
chemistry of B-lactam, in: M.I. Page, Blackie (Eds.), Mode
of Action: Interaction with the Penicillin Binding Proteins,
London, 1992, p. 148.

[3] M.I. Page, Adv. Phys. Org. Chem. 23 (1987) 165.

[4] J. Frau, J. Donoso, F. Muiioz, F. Garcia Blanco, Helv. Chim.
Acta 79 (1996) 353.

[5] P. Proctor, N.P. Gensmantel, M.I. Page, J. Chem. Soc., Perkin
Trans. 2 (1982) 1185.

[6] K. Bowden, K. Bromley, J. Chem. Soc., Perkin Trans. 2
(1990) 2111.

[7]1 J. Frau, J. Donoso, F. Muifioz, B. Vilanova, F. Garcia Blanco,
Helv. Chim. Acta 80 (1997) 739.

[8] M.A. Davis, P. Proctor, M.I. Page, J. Chem. Soc., Perkin
Trans. 2 (1991) 1213.

[9] J.J. Morris, MLI. Page, J. Chem. Soc., Perkin Trans. 2 (1980)
212.

[10] D.B. Boyd, R.B. Hermann, D.E. Presti, M.M. Marsh, J. Med.
Chem. 18 (1975) 408.

[11] J. Fischer, Antimicrobial Drug Resistence, Academic Press,
New York, 1984, p. 33.

[12] T. Yamana, A. Tsuji, J. Pharm. Sci. 65 (1976) 1563.

[13] A. Tsuji, E. Nakashima, Y. Deguchi, K. Nishide, T. Shimizu,
S. Horiuchi, K. Ishikawa, T. Yamana, J. Pharm. Sci. 70 (1981)
1120.

[14] A. Llinds, B. Vilanova, J. Frau, F. Muiioz, J. Donoso, M.L.
Page, J. Org. Chem. 63 (1998) 9052.

[15] A. Llinas, J. Donoso, B. Vilanova, J. Frau, F. Mufoz, M.I.
Page, J. Chem. Soc., Perkin Trans. 2 (2000) 1521.

[16] C. Walsh, Enzymatic Reaction Mechanism, Freeman, New
York, 1979.

[17] S.G. Waley, The Chemistry of B-lactams, in: M.I. Page,
Blackie (Eds.), B-Lactamase: Mechanism of Action, London,
1992, p. 198.

[18] G.L. Ellmann, Arch. Biochem. Biophys. 82 (1959) 70.

[19] M.J. Gregory, T.C. Bruice, J. Am. Chem. Soc. 89 (1967)
2121.

[20] R.E. Barnett, W.P. Jencks, J. Am. Chem. Soc. 91 (1969)
6758.

[21] J.L. Jensen, W.P. Jencks, J. Am. Chem. Soc. 101 (1979)
1476.

[22] A. Fersht, J. Am. Chem. Soc. 93 (1971) 3504.

[23] E.G. Sander, W.P. Jencks, J. Am. Chem. Soc. 90 (1968)
6154.

[24] W.P. Jencks, J. Carriuolo, J. Am. Chem. Soc. 82 (1960) 1778.

[25] R.N. Stabler, P. Chesick, Int. J. Chem. Kinet. 10 (1978) 461.

[26] F. Weigert, J. Comput. Chem. 11 (1987) 273.

[27] M.J. Gregory, T.C. Bruice, J. Am. Chem. Soc. 89 (1967)
4400.

[28] J.E. Dixon, T.C. Bruice, J. Am. Chem. Soc. 94 (1972) 2052.

[29] R.E. Barnett, W.P. Jencks, J. Am. Chem. Soc. 91 (1969) 2358.

[30] T. Yamana, A. Tsuji, Y. Mizukami, Chem. Pharm. Bull. 22
(1974) 1186.

[31] A. Tsuji, T. Yamana, E. Miyamoto, E. Kiya, J. Pharm.
Pharmacol. 27 (1975) 580.

[32] H. Fujiwara, S. Kawashima, Y. Yamada, Chem. Pharm. Bull.
33 (1985) 5458.



16 A. Llinds et al./Journal of Molecular Catalysis A: Chemical 175 (2001) 3-16

[33] E. Fischer, Ber. Dtsch. Chem. Ges. 28 (1895) 1145.

[34] K. Cho, Anal. Biochem. 164 (1987) 248.

[35] K.B. Brockehurst, E.S. Willenbrook, E. Salih, in: A. Neuber-
ger, K.B. Brocklehurst (Eds.), Hydrolytic Enzymes, New
Comprehensive Biochemistry, Vol. 16, Elsevier, Amsterdam,
1987.

[36] P. Campbell, N.Y. Nashed, B.A. Lapinskas, J. Gurriery, J.
Biol. Chem. 258 (1983) 59.

[37] B. Asboth, L. Polgar, Biochemistry 22 (1983) 117.

[38] O. Herzberg, J. Moult, Curr. Opin. Struct. Biol. 1 (1991)
946.

[39] C. Damblon, X. Raquet, L. Lu-Yun, J. Lamotte-Basseur, E.
Fonzé, P. Charlier, G.C.K. Roberts, J.-M. Frere, Proc. Natl.
Acad. Sci. U.S.A. 93 (1996) 1747.

[40] X. Raquet, V. Lounnas, J. Lamotte-Brasseur, J.-M. Frere, R.C.
Wade, Biophys. J. 73 (1997) 2416.

[41] A. Montagne, J. Lamotte-Brasseur, J.-M. Frére, Biochem. J.
330 (1998) 584.

[42] J. Strynadka, H. Adachi, S.E. Jensen, K. Johns, A. Sielecki,
C. Betzel, K. Sutoh, M.N.G. James, Nature 359 (1992) 700.

[43] J. Strynadka, R. Martin, S.E. Jensen, M. Gold, J.B. Jones,
Nature Struct. Biol. 3 (1996) 688.



