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A computational study of the glycylserine
hydrolysis at physiological pH: a zwitterionic
versus anionic mechanism†

Tzvetan T. Mihaylov,* Tatjana N. Parac-Vogt and Kristine Pierloot

The hydrolysis of GlySer at physiological pH was investigated by modeling the most feasible reaction

mechanisms in aqueous phase at the MP2/6-311+(2df,2p)//SMD-M06/6-311+(2df,2p) level of the theory.

To refine the energies of the most relevant transition states along the reaction paths the cluster-conti-

nuum concept was adopted. The hydrolytic process could proceed through two competitive mechanisms

involving either the zwitterionic or the anionic form of GlySer. The calculations suggest that at physiologi-

cal pH the actual mechanism is most probably mixed, anionic–zwitterionic. In this reaction scheme the

first stage of N→O acyl transfer involves the anionic form whereas the second stage, during which the

resultant ester is hydrolyzed, most likely involves the zwitterionic ester form of GlySer. The energy

requirement for the first reaction stage is estimated to be slightly lower than for the second one. The cal-

culated activation parameters (e.g. ΔG# = 27.8 kcal mol−1) for the nucleophilic addition of a water mole-

cule to the ester carbonyl group of the zwitterionic ester are in good agreement with the experimentally

determined values at pD 7.4 (ΔG# = 28.7 kcal mol−1).

Introduction

Several classes of intrinsically reactive proteins are known to
cleave an internal peptide bond as part of their cellular func-
tion, without the need for an auxiliary enzyme or cofactor.1

Typical examples of such proteins are the intein domain in
protein splicing,2 the pyruvoyl-dependent enzymes,3 the hedge-
hog domain,4 the N-terminal nucleophile (Ntn) hydrolases,5

the nucleoporins,6 and the SEA domain.7 Despite the diverse
biological functions of these proteins, the self-cleaving pro-
cesses are in all of them initiated by an N→O or N→S acyl shift
(transfer) of a peptide bond involving the amino group of a
serine (Ser), threonine (Thr) or cysteine (Cys) residue.1 The
mechanism of this rearrangement involves the intramolecular
nucleophilic attack by an –OH or –SH group, present in the
side chain of such a residue, on the adjacent amide carbon of
the protein backbone, resulting in a transient oxazolidine or
thiazolidine ring intermediate. The latter breaks down into a
(thio)ester which is further resolved by a subsequent reaction
that differs between different autoproteolytic systems.8 Under
physiological conditions the equilibrium of an N→X (X = O, S)
acyl shift lies in favor of the amide bond, thus limiting the

peptide bond cleavages.9 However, the protein environment
around the scissile bond may significantly influence this
process by promoting the formation of a (thio)ester through
deprotonation of the nucleophilic –XH group,2,10 stabilization
of the transient ring intermediate via an oxyanion hole,10a,11

protonation of the leaving amino group,10b,c or ground-state
destabilization of the scissile peptide bond through con-
formational strain.7,12

Several theoretical studies have already revealed important
insights into the self-catalyzed N→X acyl shift mechanism in
proteins. They are mainly devoted to protein splicing and SEA
domain autoproteolysis, where the process is accelerated
either through deprotonation of the nucleophilic –XH group/
protonation of the leaving amino group10b or through confor-
mational strain of the peptide bond.7b,13 In contrast, the mole-
cular mechanism of the N→X acyl shift initiated peptide bond
cleavage of systems where the aforementioned catalytic factors
are absent has not yet been investigated. The main advantage
of studying the self-cleaving process in such catalytic systems
is that it will provide the opportunity to extract essential
mechanistic insights about the hydrolytic process, not being
influenced by the protein environment surrounding the scis-
sile peptide bond in a protein.

Glycylserine (GlySer) by itself is the simplest serine contain-
ing dipeptide that undergoes an N→O acyl shift initiated self-
cleavage of the peptide bond, analogous to the one in proteins,
and therefore a very suitable model system for such a study.
The N→O acyl shift mechanism in GlySer is strongly supported
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by the fact that peptide bond hydrolysis is much faster in the
GlySer sequence than in the SerGly one.14 A logical explanation
for this phenomenon could be found in the aforementioned
mechanism: the intramolecular attack of the Ser –OH group
on the amide carbon is likely in GlySer but unlikely in SerGly,
because in the first case it gives rise to a five-membered ring
transition state while in the latter case it leads to an unfavor-
able four-membered ring transition state.

We have recently reported a mechanistic study on the
hydrolysis mechanisms of the zwitterionic form of GlySer,
where special attention was paid to the possible N→O acyl
shift pathways which could be relevant for proteins.15 The
theoretically predicted activation energy for the hydrolysis of
the GlySer zwitterion (ZW) was found to be in excellent agree-
ment with the experimental results obtained at pD 5.4. Inter-
estingly, a comparison between the experimental activation
parameters estimated at pD 5.4 and at pD 7.4 revealed that
despite the close similarity between the activation Gibbs ener-
gies, the activation entropies and enthalpies exhibit significant
differences. These results strongly suggest that the mechanism
of the rate-limiting step at pH 5.4 and at neutral pH might be
thoroughly different. At pH 5.4 only the ZW is supposed to be
present in the reaction solution since the isoelectric point of
GlySer (5.68) is very close to this pH value. This is not the case,
however, at physiological pH. The pKa value of the GlySer
amino group is 8.2816 which means that at pH 7.4, according
to the Henderson–Hasselbalch equation, this dipeptide should
exist as a mixture of about 89% ZW and 11% anion (A). Hence,
the rate of GlySer hydrolysis at physiological pH (or in slightly
basic solution) might be influenced by A through competition
with the ZW mechanism. This possibility, however, has been
essentially unexplored in previous work. Therefore, in the
present paper we set out to obtain detailed insight into the
hydrolysis process at physiological pH by modeling the most
feasible reaction mechanisms involving both A and ZW.

Computational details

The hydrolysis mechanism of both the anionic and zwitter-
ionic forms of GlySer was modeled in aqueous solution by
explicit consideration of a limited number of water molecules,
directly interacting with the solute, and implicit treatment of
the rest of the solvent with continuum solvation. Such a
cluster-continuum approach allows one to reveal the role of
the solvent in the reaction mechanisms pointed out as impor-
tant in previous experimental studies on similar systems.17 Its
efficiency has been shown in a number of studies for both
organic and organometallic reactions in solution.18 According
to the cluster-continuum model proposed by Pliego et al.,19 for
chemical reactions, the number of explicit solvent molecules
(n) in the transition state has to be varied in order to attain the
lowest possible activation energy. Following this strategy, we
performed extensive molecular modeling of transition states
(TS) with up to three water molecules. For practical reasons,
however, this procedure was applied only for the most relevant

TSs whereas the rest of the reaction mechanisms were
modeled with one explicit solvent molecule. In all cases, the
arrangement of the water molecules in each TS·nH2O cluster
presented in the paper is determined by a systematic search
and optimization of many different models so as to ensure
maximum system stabilization.

All molecular geometries were optimized with the M06
functional20 and 6-311+G(2df,2p) basis sets, conjugated with
an SMD21 continuum solvation model. To confirm the charac-
ter of the stationary points on the potential energy surface
(PES), vibrational frequency calculations at the same level of
theory were carried out. Intrinsic reaction coordinate (IRC) cal-
culations were also performed to verify the expected connec-
tions between TSs and local minima on the PES. The M06
electronic energies were further adjusted by single-point calcu-
lations with the MP2 method. This strategy was previously
found by us to be most accurate in predicting the activation
free energy of the GlySer zwitterion hydrolysis.15

The free energy profile of the reactions studied is evaluated
as described below. The aqueous phase free energy of a
stationary point X, along the reaction, may be expressed as the
sum of its gas-phase free energy G0(X) and the free energy of
solvation ΔG*solv(X).

GaqðXÞ ¼ G 0ðXÞ þ ΔG*solvðXÞ ð1Þ

To calculate the first term in eqn (1) the zero-point
vibrational energies, thermal corrections and entropy terms
were derived from the M06 frequency calculations at the
aqueous phase optimized geometries, using the standard rigid
rotor-harmonic oscillator approximation. Recent investigations
have shown that using partition functions computed for mole-
cules optimized in solution is a correct and useful approach
for averaging over solute degrees of freedom when computing
free energies of solutes in solution.22 The energy shift due to
the hydration (the second term in eqn (1)) is calculated by
means of the SMD solvation model. As the G0(X) values are
computed with respect to a standard state of 1 atm (denoted
by the superscript “0”), whereas the continuum solvation
models like SMD usually deliver hydration free energies which
refer to a standard state of 1 M21 (denoted by the superscript
“*”) a correction term, ΔG0→*, should be included in eqn (1).
A discussion about the standard state corrections could
be found in ref. 23–25.

ΔG0!* ¼ � TΔS0!* ¼ �RT ln
V*
V0

� �
P;T

¼ �RT ln
1 L

24:46 L

� �

¼RT ln 24:46ð Þ ¼ 1:89 kcal=mol T ¼ 298:15 Kð Þ
ð2Þ

Similar energy contributions must also be included if sol-
vated molecules reside in a different standard state than 1 M,
e.g., water molecules solvated by water, which has a standard
state concentration of 55.34 M.
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ΔG0!conc: ¼ � TΔS0!conc: ¼ �RT ln
V conc:

V0

� �
P;T

¼ � RT ln
ð1=55:34Þ L

1 L

� �

¼RT ln 55:34ð Þ ¼ 2:38 kcal=mol T ¼ 298:15 Kð Þ

ð3Þ

Thus, at a standard state of 1 M, taking the energy of the
infinitely separated reactants (GlySer and nH2O) as a reference,
the relative aqueous-phase Gibbs energy of X, microsolvated by
n water molecules, could be expressed as

ΔG*aqðXðH2OÞnÞ ¼ GaqðXðH2OÞnÞ � GaqðGlySerÞ
� nðGaqðH2OÞ þ ΔG 0!conc: þ ΔG0!*Þ ð4Þ

Eqn (4) was used throughout this report to evaluate the free
energy profile of the reactions studied. All calculations were
performed with the Gaussian 0926 suite of programs.

Results and discussion

The reaction of GlySer hydrolysis consists of two stages, which
will be discussed separately below. In the first reaction stage
the scissile peptide bond interconverts into an ester via an
N→O acyl shift mechanism. The resultant ester is then hydro-
lyzed, in the second stage, to give the reaction products Gly
and Ser.

N→O acyl shift mechanism

The discussion below will be based mainly on the N→O acyl
shift mechanism proposed for the GlySer anion A. As men-
tioned in the introductory part, the same mechanism for the
zwitterion ZW was thoroughly discussed in our previous
work.15 Therefore, it will be briefly presented here only for the
sake of comparison. However, as could be expected both
mechanisms are quite similar. As shown for ZW the highest
energy barrier that limits the N→O acyl transfer corresponds
to the Ser –OH nucleophilic attack on the amide carbon. It has
been found that the energy requirement for this attack mostly
depends on the (aqueous phase) basicity of the assisting
atomic site that abstracts the –OH proton during the
addition.15 As the –NH2 nitrogen is the strongest internal
proton acceptor of A, it may be safely assumed that this group
should play an active role here. Therefore, we have modeled
possible TSs where the Ser –OH attack on the amide carbon is
accompanied by a proton transfer (PT) from –OH to the –NH2

group, by gradually changing the number of explicit solvent
molecules, n, in the TS. The results are presented in Fig. 1.
The proposed N→O acyl shift mechanisms in A and in ZW as
well as the corresponding reaction energy profiles are given in
Fig. 2 and 3.

In the ZW form the first TS of addition, zw-TS1-1 (Fig. 1), is
stabilized by one water molecule hydrogen bonded to both the
alcoholate oxygen and a –NH3

+ hydrogen. Here, the nucleophi-
lic attack of the Serine –OH is accompanied by a PT of the OH
proton to the carboxyl group (this process is denoted as
channel A1 in our previous study15). Although the latter

process is already accomplished in the TS (O–H distance =
0.99 Å), IRC calculations pointed out that the PT and the
nucleophilic attack are concerted. In the A form, however, the
PT occurs from the –OH to the –NH2 group, and IRC calcu-
lations indicate that the PT precedes the nucleophilic attack.
As shown in Fig. 2, starting from the reactant complex (a-RC-2)
the reaction system passes through a TS, corresponding to the
–OH proton abstraction by the amino nitrogen (a-TS1_1-2), to
reach an intermediate structure with a bare O-nucleophile
(a-I1_1-2). In the next TS, a-TS1-2, the –O− attacks the amide
carbon at a distance of 1.87 Å (1.88 in ZW) to form a five-
member oxyoxazolidine ring intermediate (a-I1-2). Two solvent
molecules stabilize the a-TS1-2 structure: one is H-bonded to
the alcoholate oxygen and the second is H-bonded to both the
amino and the carboxylate groups. Although the a-I1_1-2 struc-
ture was located as a minimum on the PES it is not a
minimum on the free energy surface (FES). Hence, the PT and
the nucleophilic O-attack are in fact concerted after all. The
calculated free energy barrier for this process is 27.0 kcal
mol−1, which is 2.4 kcal mol−1 lower than for the ZW
(29.4 kcal mol−1).

These are, in fact, the highest barriers along the N→O acyl
shift reaction. The following TSs in the reaction stage have
relatively lower energy requirements. Therefore, their free ener-
gies were not refined through variation of n.

In order to collapse the oxyoxazolidine intermediate to a
linear ester, with the release of a new –NH2 terminus, the ring
nitrogen needs to be protonated whereas the lateral (out of the
ring) oxygen cannot bare a proton. By modeling different poss-
ible rearrangements it has been found that the lowest energy
path on FES for a ring opening passes through two PTs,

Fig. 1 Molecular structures (obtained from M06) of the lowest energy
transition states for intramolecular nucleophilic attack by the Ser –OH
group on the amide carbon. Energy (MP2, in brackets) is in kcal mol−1,
interatomic distances are in Å. Alternative, higher-energy structures with
a different number of H2O are given in the ESI, Fig. S1.†
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designated as PT1 and PT2 in Fig. 2 and 3. PT1 (a-TS2-1) is an
H+ transfer from the terminal amino group, protonated in the
first reaction step, to the lateral oxygen atom. According to the
free energy calculations PT1 proceeds spontaneously (ΔG*,≠aq of
a-I2-1 is slightly higher than a-TS2-1, see Fig. 3). The proton is
then transferred in the subsequent PT2 (a-TS3-1) to the ring
nitrogen through the medium of a solvent water molecule. The
transition state of PT2 has a relative energy of 26.2 kcal mol−1

as compared to the initial reactants. The resulting intermedi-
ate (a-I5-1, at 19.7 kcal mol−1, in which a net PT from the
–NH3

+ group to the ring nitrogen has occurred) does not
decompose spontaneously. Instead, it needs to overcome a
barrier of ∼3 kcal mol−1 to reach the ester form. In the ZW the
lateral oxygen spontaneously abstracts a proton from the
–COOH group, which becomes protonated in the first addition
step (zw-I1-1). As such, the lowest energy path here proceeds
through a different mechanism. PT1 (zw-Ts2-1) now involves a

PT from the terminal –NH3
+ group to the ring nitrogen via a

bridging water molecule, while the NH3
+ form is recovered in

the subsequent PT2 by means of a direct PT from the lateral
–OH to the amino nitrogen. The energy requirements for both
PT1 and PT2 in ZW were calculated to be 22.7 kcal mol−1. Also
in this case the resulting intermediate (zw-I5-1) needs to over-
come an extra barrier (∼4 kcal mol−1) to reach the ester form.

Ester hydrolysis mechanism

The GlySer ester hydrolysis of both the A and ZW forms pro-
ceeds via a two-step process, involving the nucleophilic
addition of a water molecule to the ester carbonyl group and
the decomposition of the resulting tetrahedral intermediate to
the products. In our previous work,15 the corresponding tran-
sition states were modeled with one explicit water molecule
only. Here, the TS mechanisms/energies have been further
refined by a variation of n, as shown in Fig. 4. The proposed

Fig. 2 Proposed mechanisms for the N→O acyl transfer in A and ZW. Selected interatomic distances are given in Å. Тhe structures obtained by fol-
lowing intrinsic reaction coordinates are connected with a solid arrow. Conformational interconversions27 are indicated with a dashed arrow.
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molecular mechanisms of A and ZW ester hydrolysis are
depicted in Fig. 5 and the corresponding energy profiles are
plotted in Fig. 6.

As shown in Fig. 4, for both A and ZW the energy barrier
corresponding to the first step of addition minimizes at n = 1
(only the attacking water). Many different arrangements of the
solvent molecules around the solute were considered, but we
could not find any specific extra solute–solvent interactions
resulting in extra stabilization of the corresponding TSs. We
find that during the water addition process the amino group
that was released in the oxazolidine ring opening acts as a
general base to abstract a proton from the water molecule, and
the incipient hydroxide ion attacks the C-atom at a distance of
∼1.9 Å to form a new O–C bond in the resulting intermediate
(a-I8-1, zw-I8-1). A similar intramolecular base catalyzed hydro-
lytic mechanism has been previously proposed for ester com-
pounds of 2-aminobenzoic acid.28 The calculated TS free
energies for the water addition process of A and ZW are
31.8 kcal mol−1 (a-TS-wa-1) and 27.8 kcal mol−1 (zw-TS-wa-1)
respectively (with respect to the initial reactants). In the
second step, the tetrahedral intermediate breaks down to
release the Ser moiety. For this step, the most likely TS struc-
tures of ZW (zw-TS-d-1) and A (a-TS-d-2) involve one and two
solvent molecules respectively. In both cases the explicit water
molecules act to stabilize the activated complexes through H-
bonding with the alcoholate oxygen of the leaving Ser. Moving
downhill from this TS to the product complex, the alcoholate
oxygen of ZW abstracts a proton from the –NH3

+ group of Gly

to produce a zwitterionic Ser and a neutral Gly (zw-I10-1). The
Gly zwitterionic form could subsequently be recovered through
an intramolecular PT from the –COOH group to the amino
nitrogen. In the A form, however, such a proton abstraction is
not possible in the proposed reaction scheme and the TS of
decomposition collapses to a high energy product complex
consisting of an anionic Ser with a bare alcoholate oxygen and
neutral Gly (a-I10-2). The –O− oxygen of Ser could be further
protonated either by the Gly –COOH group (spontaneous PT)
or by the solvent. The estimated activation energies for the
second (decomposition) step of A and ZW forms are lower by
only 1.4 and 0.3 kcal mol−1 with respect to the TSs of the first
step. However, this is not surprising, as the Ser alkoxide ion
(as a strong base, pKa(Ser-OH) = 14.429) is known to be a poor
leaving group.

Proposed reaction path of GlySer hydrolysis at physiological
pH

At physiological pH, GlySer hydrolysis could, in principle,
proceed through two competitive mechanisms, involving
either a zwitterionic or an anionic species. According to our
calculations, activation energy of 29.4 kcal mol−1 is required to
initiate the N→O acyl transfer in the ZW, while the subsequent
ZW ester hydrolysis is slightly less energy intensive, with acti-
vation energy of 27.8 kcal mol−1. Hence, the N→O acyl shift, or
more precisely the Ser –OH attack on the amide C-atom,
should be considered as the rate-determining step of the
overall ZW hydrolysis. This scenario is relevant when only the

Fig. 3 Free energy profiles (kcal mol−1) of the N→O acyl transfer in A and ZW. The energy levels corresponding to structures successively obtained
by following the intrinsic reaction coordinate are connected with a solid line. The energy levels of structures linked through conformational inter-
conversion27 are connected with a dashed line. The water molecules in the structural formulas representing the reaction process of A are omitted
for simplicity. For more detailed structures we refer to Fig. 2.

Organic & Biomolecular Chemistry Paper

This journal is © The Royal Society of Chemistry 2014 Org. Biomol. Chem., 2014, 12, 1395–1404 | 1399



ZW form of GlySer is present in the reaction solution, as is the
case at pD 5.4. At this pH, excellent agreement has been
found15 between the predicted and experimental activation
Gibbs function of GlySer hydrolysis by taking into account
only the reaction of the ZW form.

In the A form of GlySer, the –NH2 promoted intramolecular
Ser –OH addition on the amide carbon lowers the energy
barrier by 2.4 kcal mol−1 (to 27.0 kcal mol−1) as compared to
the –COO− promoted addition in the ZW form (29.4 kcal
mol−1). The activation energy associated with hydrolysis of the
resultant anionic ester (31.8 kcal mol−1) is found to be higher
by 4.8 kcal mol−1 than the barrier of the N→O acyl shift. It is
also 4.0 kcal mol−1 higher than the calculated barrier for ZW
ester hydrolysis. This means that if A would become the pre-
dominant form in the reaction medium the rate-limiting step
of the overall hydrolysis would rather be the nucleophilic
addition of a water molecule on the ester carbonyl group. In
order for A to become the major form, a pH higher than 10 is
required (pKa(–NH3

+) = 8.2816) where, however, the reaction is
largely dominated by the more efficient alkaline hydrolysis
mechanism (direct OH− attack on the ester C-atom). As is well
known, the rate constants of intramolecular –NH2 catalyzed

ester hydrolysis are pH-independent in the region from pH 4
to 8.5.28 At values higher than 8.5 the hydrolysis rate constant
starts to increase due to the OH− nucleophilic attack which

Fig. 4 Molecular structures of the lowest energy transition states of the
–NH2 catalyzed water addition and the Td-intermediate decomposition.
Energy (in brackets) is in kcal mol−1, interatomic distances are in Å.
Higher energy structures with different numbers of water molecules are
given in the ESI, Fig. S2.†

Fig. 5 Proposed ester hydrolysis mechanisms of A and ZW. Selected
interatomic distances are given in Å. Тhe structures obtained by follow-
ing intrinsic reaction coordinates are connected with a solid arrow. Con-
formational interconversions27 are indicated with a dashed arrow.
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requires a much lower activation energy. Moreover, the pre-
dicted rate-determining TS energy of 31.8 kcal mol−1 is signifi-
cantly higher than the experimental activation Gibbs function

determined at pD 7.4 (28.7 kcal mol−1).15 Therefore, it seems
evident to suggest that at physiological pH the GlySer ester
hydrolysis most probably does not involve the A form.

Separate tracing of the reaction paths involving either the A
or ZW form of GlySer only makes sense if one may assume
that two forms do not interconvert into each other during the
reaction course. At physiological pH, however, the initial A and
ZW forms coexist in equilibrium. In some of the reaction
intermediates the terminal Gly –NH2/–NH3 group is free and
thus able, in principle, to abstract/release a proton from/to the
water solvent under reaction conditions. Among these
intermediates, the ester form of GlySer is the most stable. This
ester has two amino groups belonging to the Gly and Ser
moieties respectively. Unfortunately, their pKa values have not
yet been reported, but one may expect the pKa value of the
Gly –NH3

+ to be very close to that of the original dipeptide.
Hence, it is reasonable to assume that at a slightly basic pH
the A and ZW ester forms could also coexist in equilibrium.
This then also means that the reaction system could find the
most favorable path for both the N→O acyl transfer and the
ester hydrolysis by switching between the A and the ZW
mechanisms.

Given the above, our suggestion is that GlySer hydrolysis at
a physiological pH most likely proceeds via a mixed A–ZW
mechanism, with the first stage of the N→O acyl transfer invol-
ving the A form with an activation energy of 27.0 kcal mol−1

(a-TS1-2), whereas the second stage of ester hydrolysis should
involve the ZW form with an activation energy of 27.8 kcal
mol−1 (zw-TS-wa-1). As the computed activation Gibbs energies
for the two stages are almost equal, it is hard to judge which
of the two is rate-determining. Therefore, to support our
hypothesis and to identify the character of the rate-limiting
step we have compared the predicted activation enthalpies and
entropies with the experimentally obtained ones. Selected, cal-
culated and experimental data are given in Table 1. As conti-
nuum solvation models only provide free energies of solvation,

Fig. 6 Free energy profiles (kcal mol−1) of the proposed ester hydrolysis
mechanisms of A and ZW. Selected interatomic distances are given in Å.
The energy levels corresponding to structures successively obtained by
following the intrinsic reaction coordinate are connected with a solid
line. The energy levels of structures linked through conformational
interconversion27 are connected with a dashed line. The water mole-
cules in the structural formulas representing the reaction process of ZW
are omitted for simplicity. For more detailed structures we refer to Fig. 5.

Table 1 Calculated activation parameters (energies in kcal mol−1, entropy in cal mol−1 K−1) of the most relevant transition states along the reaction
of GlySer hydrolysis

n A/ZW Transition state ΔH≠ ΔΔG≠
solv ΔH≠

aq
a ΔS≠ ΔS*,≠ b ΔG*,≠aq

Ser –OH addition
1 ZW zw-TS1-1 −15.1 36.8 21.6 −40.2 −25.9 29.4
0 ZW zw-TS1c 2.7 25.6 28.3 −8.0 −8.0 30.7
2 A a-TS1-2 28.1 −14.0 14.1 −72.2 −43.5 27.0

Water addition
1 ZW zw-TS-wa-1 −5.9 25.0 19.2 −43.3 −29.0 27.8
1 A a-TS-wa-1 31.7 −8.0 23.7 −41.5 −27.2 31.8

Decomposition
2e ZW zw-TS-d-1 5.6 11.4 17.0 −63.7 −35.0 27.5
3e A a-TS-d-2 5.0 6.0 11.0 −108.1 −65.1 30.4

Experimentd

pD 5.4 25.6 −12.7 29.4
pD 7.4 20.7 −27.0 28.7

a This is not strictly speaking an aqueous phase activation enthalpy – it is the gas phase activation enthalpy, corrected by ΔΔG≠
solv.

bΔS*,≠ = ΔS≠
− n(ΔS0→* + S0→conc.). c TS structure without explicit waters shown in Fig. S1 in the ESI. d Experimental values are taken from ref. 15. eUnlike in
Fig. 4 (Decomposition), where n corresponds to the number of explicit water molecules microsolvating the solute, here n corresponds to the
number of water molecules used in the calculation of the relative to the initial reactants, TS energy contributions are according to eqn (4). Note
that in the decomposition step one water molecule is already part of the solute.
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not separate enthalpies and entropies, it is impossible to
reveal the contributions of the latter two. However, if one may
assume that the dominant effect of solvation is enthalpic, rela-
tive solvation free energies ΔΔG≠

solv may be used to obtain a
good estimate of the activation enthalpy in solution ΔH≠

aq from
the corresponding number in gas phase ΔH≠.30

As seen from Table 1, the calculated activation enthalpy
(19.2 kcal mol−1) and entropy (−29.0 cal mol−1 K−1) of the
–NH2 catalyzed water addition to the ester carbonyl group of
the ZW (zw-TS-d-1) are in very good agreement with the corres-
ponding experimental data at pD 7.4 (20.7 kcal mol−1 and
−27.0 cal mol−1 K−1 respectively). In contrast, the computed
values for the –NH2 promoted Ser –OH addition of A (a-TS1-2)
are significantly different from the experiment (14.1 kcal
mol−1 and −43.5 cal mol−1 K−1 respectively). Based on this,
one may conclude that the overall reaction rate of GlySer
hydrolysis at a physiological pH is most probably determined
by the hydrolysis of the ZW ester form.

In order to gather more information about the thermodyn-
amics and kinetics of the ester hydrolysis process itself, so as
to be able to compare our results with analogous processes of
other ester compounds, the calculated energy profiles have to
be reevaluated with respect to the ester form rather than to the
initial reactants. The lowest energy ester conformations of A
and ZW were found to be the a-ester and zw-ester structures
depicted in Fig. 5. Their free energies were found to be higher
than those of the initial peptide forms by 7.0 kcal mol−1 for A
and 8.9 kcal mol−1 for ZW. When using these structures as the
reference the calculated energy barriers for –NH2 assisted
H2O addition at the ester CvO group in A and in ZW become
24.8 and 18.9 kcal mol−1 respectively. Rate constants
corresponding to activation Gibbs energies of 23–24 kcal
mol−1 have previously been reported for intramolecular –NH2

catalyzed hydrolysis of 2-aminobenzoic acid esters.28 That the
TS energy of ZW is significantly lower (by 5.9 kcal mol−1) than
for A might be attributed to the assistance of the Gly –NH3

+

group in stabilizing the activated complex through the for-
mation of a H⋯O hydrogen bond with the nascent OH−

nucleophile. The amino group is otherwise inactive in the
corresponding TS of A or even absent in the quoted 2-amino-
benzoic acid esters.

It is noteworthy that despite the excellent agreement
between the experimental activation Gibbs energy determined
at pD 5.4 and the calculated ΔG*,≠aq value for the Ser –OH
addition of ZW (zw-TS1-1) the predicted ΔH≠

aq and ΔS*,≠ terms
differ considerably from the experiment (Table 1). The entro-
pic cost of the actual transition state (−12.7 cal mol−1 K−1) is
smaller than the calculated value for the zw-TS1-1 model
(−25.9 cal mol−1 K−1) involving one explicit water molecule
and closer to that found for the TS model without explicit
water, zw-TS1. The latter, however, has a slightly higher
ΔG*,≠aq value of 30.7 kcal mol−1. Its molecular structure is
depicted in Fig. S1 in the ESI.† Thus, it might be suggested
that the –COO− catalyzed Ser –OH addition of ZW, which is
essentially a unimolecular reaction, might not necessarily
require the specific assistance of a solvent water molecule.

Conclusions

Based on our computations, we suggest that under a physio-
logical pH and in a slightly basic water environment GlySer
hydrolysis proceeds through a mixed mechanism involving
both the zwitterionic and anionic species. At this pH both
forms are assumed to readily interconvert into each other, as
they are in the peptide form and in the ester form. More
specifically, we suggest that the first reaction stage, the N→O
acyl shift, preferentially involves anionic GlySer whereas the
second stage, ester hydrolysis, most likely involves zwitterionic
GlySer. In the anionic form the Ser –OH nucleophilic addition
on the amide carbon is predicted to proceed more easily as
compared to the zwitterionic form. In A, it is catalyzed by the
Gly –NH2 group (ΔG*,≠aq = 27.0 kcal mol−1) while in ZW it is pro-
moted by the Ser –COO− group (ΔG*,≠aq = 29.4 kcal mol−1). In
contrast, the second hydrolytic stage is predicted to proceed
more easily through the zwitterionic form (ΔG*,≠aq = 27.8 kcal
mol−1) rather than via the anionic form (ΔG*,≠

aq = 31.8 kcal
mol−1). Therefore, we suspect that the anionic ester intermedi-
ate abstracts a proton from the solvent and that the actual
ester hydrolysis involves the zwitterionic species. In such a
mixed A–ZW reaction scheme the N→O acyl transfer has to
overcome a barrier of 27.0 kcal mol−1 (A) to give an ester inter-
mediate while the ester hydrolysis has to acquire 27.8 kcal
mol−1 (ZW) to give the products. Although the calculated
Gibbs energies are quite similar, a comparison between the
estimated and the experimental activation enthalpies and
entropies pointed out that the second stage, ester hydrolysis, is
a rate-determining step.
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