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Abstract 

A common feature of several classes of intrinsically reactive proteins with diverse biological 

functions is that they undergo self-catalyzed reactions initiated by an N→O or N→S acyl shift 

of a peptide bond adjacent to a serine, threonine or cysteine residue. In this study we examine 

the N→O acyl shift initiated peptide bond hydrolysis at the serine residue on a model 

compound, glycylserine (GlySer), by means of DFT and ab initio methods. In the most 

favorable rate-determining transition state the serine –COO
-
 group acts as a general base to 

accept a proton from the attacking –OH function, resulting in oxyoxazolidine ring closure. 

The calculated activation energy (29.4 kcal/mol) is in excellent agreement with the 

experimental value, 29.4 kcal/mol, determined by 
1
H NMR measurements. A reaction 

mechanism for the entire process of GlySer dipeptide hydrolysis is also proposed. In the case 

of proteins we found that, when no other groups that may act as a general base are available, 

the N→O acyl shift mechanism might instead involve a water-assisted proton transfer from 

the attacking serine –OH group to the amide oxygen. However, the calculated energy barrier 

for this process is relatively high (33.6 kcal/mol), thus indicating that in absence of catalytic 

factors the peptide bond adjacent to serine is no longer a weak point in the protein backbone. 

An analogous rearrangement involving the amide N-protonated form rather than the principle 

zwitterion form of GlySer was also considered, as a model for the previously proposed 

mechanism of SEA domain autoproteolysis. The calculated activation energy, 14.3 kcal/mol, 

is significantly lower than the experimental value reported for SEA (~21 kcal/mol), but is still 

in better agreement as compared to earlier theoretical attempts. 
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Introduction 

Uncatalyzed hydrolysis of peptide bonds is an extremely slow reaction that proceeds with a 

half-life of about 600 years at 25 °C and neutral pH.
[1]

 In contrast to the evolutionary selection 

for chemically stable peptides, there are several classes of intrinsically reactive proteins that 

cleave the internal peptide bond as part of their cellular function, without the need of an 

auxiliary enzyme or cofactor.
[2]

 Typical examples of self-cleaving proteins are the intein 

domain in protein splicing,
[3]

 the pyruvoyl-dependent enzymes
[4]

, the hedgehog domain,
[5]

 the 

N-terminal nucleophile (Ntn) hydrolases,
[6]

 the nucleoporins
[7]

, and the SEA (sea urchin 

sperm protein, enterokinase, and agrin) domain.
[8]

 Although the biological functions of these 

proteins are diverse, there are striking similarities between them when it comes to the 

mechanism of autoproteolysis. In all of them, the self-catalyzed reactions are initiated by an 

N→O or N→S acyl shift (also called acyl transfer, migration, or rearrangement) converting 

the scissile peptide bond to a (thio)ester.
[2]

 The mechanism of this process involves the 

intramolecular nucleophilic attack by an –OH or –SH group of a serine (Ser), threonine (Thr) 

or cysteine (Cys) residue at the adjacent amide carbon of the protein backbone, generating an 

oxyoxazolidine or an oxythiazolidine anion intermediate, respectively. This transient species 

collapses to a linear (thio)ester which is further resolved by a subsequent reaction that differs 

between autoproteolytic systems (Figure 1).
[9]

 At 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.
[10]

 However, the protein environment around the scissile bond may significantly 

influence this process. Several factors accelerating the formation of a (thio)ester have been 

identified in self-cleaving proteins: deprotonation of the nucleophilic -XH group;
[3, 11]

 

stabilization of the transient tetrahedral intermediate via an oxyanion hole;
[11a, 12]

 protonation 

of the leaving amino group;
[11b, 11c]

 and ground-state destabilization of the scissile peptide 

bond through conformational strain.
[8, 13]

  

 

 

 

Figure 1. General scheme of peptide bond hydrolysis initiated by an N→X acyl shift (X = O, 

S). 

 

 

 To understand the extent to which catalysis is required for the self-cleavage of proteins 

Lewis and Wolfenden examined the hydrolysis of two model compounds, N-acetylserine and 

N-acetylcysteine, where the aforementioned rate enhancing factors are absent.
[14]

 They found 

that, as compared to the rate of hydrolysis of N-acetylalanine in neutral solution at 25 ˚C, the 

–SH group of N-acetylcysteine and the –OH group of N-acetylserine enhance the rate of their 

hydrolysis by a factor of 70 and 12 respectively.
[14]

 In our previous studies, the degree of 

peptide bond hydrolysis of a series of dipeptides was determined at 60 ˚C and neutral pH.
[15]

 

Among all peptides examined, those with a Ser or Thr residue at the C-terminus were most 

rapidly hydrolyzed (Cys-containing dipeptides were not examined). These results clearly 
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demonstrate that the peptide bond upstream to Ser (Thr) and Cys residues are inherently 

susceptible to decomposition in physiological conditions. 

For proteins, nucleophilic attack by an -XH group on the amide carbon is generally 

accepted to initiate autoproteolysis. However, the molecular hydrolysis mechanism of small 

model compounds, such as N-acetylated amino acids or dipeptides, is still controversial. For 

N-acetylated Ser and Cys it has been suggested that the rate-enhancing effect of the -XH 

group arises from its ability to act as an intramolecular general acid-base catalyst for 

hydrolysis (the deprotonated –XH group assisting the addition of a water molecule on the 

amide carbon), rather than as a nucleophilic catalyst.
[14]

 Hence, it was assumed that the 

specific protein environment of the scissile peptide bond should play a decisive role, 

redirecting the actions of the side chains to nucleophilic attack.
[14]

 This suggestion seems 

reasonable in the case of acetylcysteine (pKa(SH) = 9.52
[16]

), where the concentration of 

deprotonated (-S
-
) form at neutral pH could be sufficient to tip the balance from a nucleophilic 

to a general base mechanism. However, it is hardly acceptable in the case of acetylserine, 

since the alcoholic hydroxy group of serine is such a weak acid (pKa(OH) = 14.4
[17]

) that it 

does not undergo dissociation at neutral pH. A general base mechanism also cannot explain 

the fact that peptide bond hydrolysis is much faster for GlySer than for SerGly.
[15]

 A 

reasonable explanation of this phenomenon can be provided, however, by a nucleophilic 

mechanism. Indeed, intramolecular attack of the Ser hydroxy group on the amide carbon is 

possible in GlySer, giving rise to a five-membered ring transition state. Such an attack is, 

however, impossible in SerGly, because it would in this case lead to an unfavorable four-

membered ring transition state. 

An N→O acyl shift mechanism (Figure 1) has also been suggested for the hydrolysis 

of dipeptides with a Ser residue at the C-terminus, which is promoted by metal cations
[18]

 

(Zn
2+

, Ni
2+

, and Cd
2+

 salts) as well as by oxometalate anions
[15]

 (H2VO4
-
, MoO4

2-
) at neutral 

pH. In both cases, the hydrolytic effect of the metal has been attributed to its ability to 

coordinate the peptide carbonyl O-atom, thus enhancing the susceptibility of the amide C-

atom toward internal nucleophilic attack by the -OH group of the Ser residue. DFT 

calculations support this hypothesis,
[15b]

 but a thorough theoretical investigation of the 

hydrolysis mechanism has so far not been performed. 

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 group
[11b]

 or 

through conformational strain of the peptide bond.
[8b, 19]

 In contrast, the molecular mechanism 

of the uncatalyzed peptide bond cleavage (via an N→X acyl shift) of small exemplary model 

compounds, such as Ser(Thr)- or Cys-containing dipeptides, has so far not yet been 

investigated. 

To examine the inherent hydrolytic ability of serine-containing peptides, we have 

performed a detailed mechanistic study of the spontaneous hydrolysis of GlySer in neutral 

aqueous solution by means of DFT and ab initio methods. The role of the solvent in this 

process is elucidated by considering the “most important” water molecules explicitly, and 

adopting a cluster-continuum model. We hope that this work will also serve as a valuable 

basis for a better understanding of more complicated cases, such as the metal and oxoanion 

promoted hydrolysis of serine-containing dipeptides. 

 

Computational methods 

The reaction mechanism of GlySer hydrolysis in neutral aqueous solution was modeled by 

explicit inclusion of water molecules in the vicinity of the peptide and implicit treatment of 
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the rest of the solvent with a continuum solvation model (i.e. a mixed cluster-continuum 

treatment). Such an approach has been shown to be appropriate for studying organic and 

organometallic reactions in solution. Many examples were collected in a recently published 

review of Sunoj and Anand.
[20]

 Experimental evidence revealing the important role of the 

water media in reactions analogous to the N→O acyl shift in GlySer were previously 

reported.
[21]

 

According to the cluster-continuum concept, the number of explicit solvent molecules 

(n) in the transition state (TS) has to be varied in order to minimize the activation energy of a 

chemical reaction.
[22]

 Following this strategy, extensive molecular modeling of transition 

states, with n ranging from 0 to 4 was carried out. Because of the increasing conformational 

freedom of the system when increasing n, this computationally expensive procedure was 

applied only for the rate-limiting TSs of the corresponding reaction channels and the rest of 

the reaction processes were modeled with one explicit water molecule. However, all of the 

presented and compared TS structures in this work are the lowest energy structures found for 

the given TS mechanism and n. The arrangement of the water molecules in every lowest 

energy TS.nH2O cluster is the result of a systematic search and optimization of many different 

models. 

 The molecular geometries of all species modeled here were optimized in solution 

without constraints using the M06 functional
[23]

 and making use of 6-311+G(2df,2p) basis 

sets, conjugated with an SMD
[24]

 continuum solvation model. The same basis sets were also 

employed in single point energy calculations with the post-HF method MP2 and its spin-

component-scaled version SCS-MP2,
[25]

 as well as with the double-hybrid functionals 

mPW2PLYP-D
[26]

 and B2PLYP-D
[27]

, incorporating an empirical dispersion correction.
[28]

 To 

confirm the character of all first-order saddle points and local minima on the potential energy 

surfaces (PESs) vibrational frequency calculations were carried out. Intrinsic reaction 

coordinate (IRC) calculations were performed to verify the expected connections between the 

first-order saddle points and local minima on the PES. 

To calculate the Gibbs free energy of each species in solution the zero-point 

vibrational energy, thermal correction and entropy term were obtained from the aqueous 

phase M06 frequency calculations by using the standard rigid rotor-harmonic oscillator 

approximation without scaling. In most previous theoretical studies, frequency calculations on 

gas phase optimized structures were adopted for the evaluation of free energies.
[29]

 However, 

the zwitterion form, which is the major form of the amino acids in neutral aqueous solution, is 

not stable in gas phase and most of the transition states and intermediate structures studied 

here cannot be located via gas phase calculations (or at least would require a large number of 

explicit solvent molecules in gas phase) because of the loss of bulk solvent effects. Direct 

calculations of the Gibbs energy in solution were also performed in other recent studies, and 

were shown to be a practical approach which usually yields reasonably accurate results.
[30]

 

The correctness of this approach, however, has been questioned by Ho et al.
[31]

 As a response, 

Ribeiro et al. have shown in their study that using partition functions computed for molecules 

optimized in solution is a correct and useful approach for averaging over solute degrees of 

freedom when computing free energies of solutes in solution, and moreover, it is 

recommended for cases where liquid and gas-phase solute structures differ appreciably or 

when stationary points present in liquid solution do not exist in gas phase.
[32]

  

The free energy of an arbitrary compound X in aqueous phase may be expressed as a 

sum of its gas-phase free energy   ( ) and the free energy of hydration       
 ( ). 



5 
 

   ( )   
 ( )        

 ( )        (1) 

Since the   ( ) values are usually calculated with respect to a standard state of 1 atm 

(denoted by the superscript “
0
”), as is the case here, whereas the SMD hydration free energies 

refer to a standard state of 1 M
[24]

 (denoted by the superscript “*”), a correction term       
    (     ) should be added to the calculated free energy to convert to a standard state of 1 

M.  

   
 ( )     ( )    

            (2) 

At 298.15 K,       is 1.89 kcal/mol. The standard state concentration of H2O in the liquid 

phase is 55.34 M. In order to account for this an additional concentration correction term 

RTln([H2O]), corresponding to the free energy change of 1 mol of H2O gas from the 55.34 M 

liquid state to the 1 M standard state in solution, should be included in the calculation of the 

standard free energy of H2O in the aqueous phase. At 298.15 K, RTln([H2O]) = 2.38 kcal/mol. 

For more details the reader is referred to Ref. [33] and [34]. Thus, at a standard state of 1 M, 

taking the energy of the separated reactants (GlySer and n.H2O) as a reference the relative 

aqueous-phase Gibbs energy of a stationary point X (involved in the reaction of GlySer 

hydrolysis) microsolvated by n water molecules,     
 ( (   ) ), could be expressed as 

    
 ( (   ) )     ( (   ) )     (      )   (   (   )      ([   ])    

   ) 

            (3) 

The reaction free energy of GlySer hydrolysis in neutral aqueous solution is calculated 

according to the equation 

          
     (   )     (   )     (      )     (   )      ([   ])  (4) 

All calculations reported in this paper were performed with the program package 

Gaussian 09.
[35]

 

 

Experimental section 

The spontaneous hydrolysis of 2.0 mM solution of GlySer at pD 7.4 and pD 5.4 was 

followed at 60, 70, 80 and 90 ˚C. The observed rate constants (kobs) were calculated by 

integration of the 
1
H NMR signal of Gly, one of the hydrolysis products, at different time 

increments and by plotting its concentration as a function of time. The 
1
H NMR spectra were 

recorded with a Bruker Advance 400 spectrometer. Activation Gibbs function parameters 

(ΔG
≠
, ΔH

≠
 and ΔS

≠
) were obtained from the Arrhenius plot. 

 

Results and discussion 

The first part of the discussion elaborates on the possible mechanisms of the first step of the 

N→O acyl rearrangement, which is the bottleneck of the overall spontaneous GlySer 

hydrolysis in neutral aqueous solution. On the basis of energetic comparisons the most 

favorable pathway for the rate-limiting step is identified. In the second part, a detailed 

molecular mechanism of the entire process of hydrolysis is proposed and discussed. In the 

third part, selected transition states that could be relevant for the self-cleavage of serine-
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containing peptides are discussed, thus making a link between the model compound and the 

protein backbone. 

 

Intramolecular nucleophilic attack by the serine -OH group 

As expected and confirmed by the calculations, the nucleophilic attack initiating the N→O 

acyl rearrangement has the highest energy requirement, thus constituting the rate-limiting step 

of the overall GlySer hydrolysis. Therefore, our efforts to model different possible transition 

states and to minimize their free energies by gradually changing the number of explicit 

solvent molecules, were primarily focused on this part of the reaction. 

The nucleophilic addition of the alcoholate oxygen on the amide carbon, leading to the 

formation of a transient oxyoxazolidine ring, requires deprotonation of the serine –OH group. 

This process could take place in a stepwise manner or in a concerted manner. The most 

obvious atomic sites in the GlySer zwitterion (the predominant form of GlySer at neutral pH) 

that might serve as potential acceptors of the -OH proton are the carboxyl oxygens, the amide 

nitrogen and the amide oxygen. The corresponding reaction mechanisms are schematically 

presented in Figure 2, and denoted as Channel A, Channel B and Channel C respectively. 

 

 

Figure 2. Reaction channels for intramolecular nucleophilic attack by the serine –OH group 

on the amide carbon. Three possible GlySer starting structures are considered: the principle 

zwitterionic form, the amide N-protonated form and the amide O-protonated form. The last 

two forms are obtained from the principle zwitterion one through a PT from the –NH3
+
 group 

to the amide nitrogen or to the amide oxygen respectively. 

 

Besides the principle zwitterionic form, analogous reaction mechanisms were modeled 

by using two more GlySer isomers, the amide N-protonated form and the amide O-protonated 

form. In those cases we assume that an intramolecular proton transfer (PT) from the –NH3
+
 

group to the amide nitrogen or to the amide oxygen could precede the actual nucleophilic 

attack by the Ser –OH group. In the former case the calculated energy barrier related to the PT 

is 26.9 kcal/mol. The resultant amide N-protonated form is a high energy local minimum 

structure with a relative free energy (24.2 kcal/mol) that is only 2.7 kcal/mol below the energy 

barrier for its formation. In the latter case, the amide O-protonated form was located as 

minimum on the PES, but it is not a minimum on the free energy surface. Thus, it has a 

relative free energy of 10.5 kcal/mol, while an energy requirement of 9.8 kcal/mol is 

calculated for the PT. Therefore, the amide O-protonated form should not be considered as a 



7 
 

stable starting structure and the PT related to its formation should be viewed as an integral 

part of the TS of a –OH addition (see also Figure S1). 

Ultimately, as shown in Figure 2, several variants of channel A (A1, A2 and A3), 

channel B (B1 and B2) and channel C (C1 and C2) were examined. As an alternative to the 

proton accepting sides involved in these three channels the amide N-protonated form of 

GlySer has a free amino group which also could uptake a proton from the attacking OH 

nucleophile. This mechanism is referred to as channel D. Our calculations revealed that in all 

studied mechanisms the serine -OH deprotonation and the ring closure proceed in a concerted 

manner. Depending on the starting GlySer isomer and the reaction channel the TS of the 

addition reaction collapses in an oxyoxazolidine (A1), hydroxyoxazolidine (A3, C1), N-

protonated oxyoxazolidine (A2, B1, D) or N-protonated hydroxyoxazolidine (B2, C2) ring 

intermediate. 

Based on the arguments presented in the introductory part the general base mechanism 

of hydrolysis has been ruled out. Nevertheless, we have tried to model the transfer of a proton 

from the serine –OH group to the bulk solvent, thus baring the –O
-
 as a precondition of its 

general base activity. Even in models where the H3O
+
 ion was stabilized by three water 

molecules neither a transition state nor a stable intermediate, connected to such a TS, could be 

located on the PES. In the course of the optimization, the proton in all cases spontaneously 

moved back to the alcoholate oxygen of serine. 

Next, the four channels for nucleophilic attack, A, B, C, and D, will be discussed in 

detail. 

Channel A. Within this reaction mode three different possibilities, A1, A2 and A3, were 

examined. The corresponding lowest energy transition states, with the free energy of 

activation as a function of the number of water molecules (n) are depicted in Figure 3.  
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Figure 3. SMD-M06/6-311+G(2df,2p) optimized geometries and free energies of activation 

for the lowest energy transition states of intramolecular nucleophilic attack via A1, A2 and A3 

reaction channels. Energies (in brackets) are in kcal/mol, interatomic distances are in Å. 

 

The activation free energy for oxyoxazolidine ring closure through channel A1 reaches 

its minimum when the transition state is stabilized by one water molecule (TS-A1-1w). In the 

TS-A1-1w structure the serine –OH proton is already fully transferred to the carboxyl oxygen 

(O-H distance = 0.99Å) and the ring is yet to close (O-C distance = 1.88 Å). The process is 

assisted by hydrogen bonding of one water molecule to both the alcoholate oxygen and a -

NH3
+
 hydrogen. The calculated activation free energy of channel A1 is 33.0 kcal/mol with the 

M06 functional. In contrast, channels A2 and A3 (transition states TS-A2 and TS-A3, 

respectively) do not require specific assistance of solvent molecules. In the TS-A2 structure 

the H
+
 is found halfway between the two oxygens and the nascent –O

-
 attacks the amide 

carbon at a distance of 1.85 Å. This is not the case, however, for TS-A3 (channel A3), where 

the –OH proton is almost completely transferred to the adoptive oxygen (O-H distance = 

1.02Å). As mentioned above, the amide O-protonated isomer is not a minimum energy 

structure (on the basis of the free energy), such that its formation should be considered as an 

integral part of the transition state. Thus, in the end two proton transfers accompanied the ring 

closure via the A3 mechanism. Although the starting structures and the attacking distances are 

different, the free energies of activation of the A2 and A3 pathways are rather close, 40.6 and 

40.3 kcal/mol respectively. 

Optimized geometries of the higher energy transition states, not depicted in Figure 3, 

may be found in Figure S1 (in the Supporting information). 

Channel B. Within this reaction channel two types of transition states, TS-B1 and TS-B2, 

were modeled. Relevant transition state structures, energies and interatomic distances are 

given in Figure 4. Additional TS structures may be found in Figure S3. The intramolecular 

nucleophilic attack via the B1 mechanism requires a bridge consisting of two water 

molecules, (TS-B1-2w) mediating the PT from the serine -OH to the amide nitrogen. In TS-

B1-2w the new O-C bond is almost fully formed (O-C distance = 1.50 Å) and the -OH proton 

is already transferred to a bridging water to form a hydronium ion. The calculated activation 

energy for channel B1 is 41.9 kcal.mol. 
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Figure 4. SMD-M06/6-311+G(2df,2p) optimized geometries and free energies of activation 

for the lowest energy transition states of intramolecular nucleophilic attack via B1 and B2 

reaction channels. Energies (in brackets) are in kcal/mol, interatomic distances are in Å. For 

B1 we did not succeed in obtaining an appropriate transition state where a direct, rather than a 

water mediated, proton transfer takes place. 

 

For the B2 channel, we found a minimum in the activation energy when three water 

molecules participate in the PT process. Structure I-B2-3w in Figure 4 was found as local 

minimum on the PES connecting two TSs corresponding (i) to a PT from the serine –OH 

group to a neighboring water molecule (involved in a bridge) with a formation of H3O
+
 and 

(ii) to a PT from the resultant H3O
+
 to the amide nitrogen. However, according to the free 

energy calculations this intermediate lies higher than both the preceding and the sequel TS. 

Thus, the B2 channel must be considered as a complex concerted process starting with a PT 

from the -NH3
+
 group to the C=O oxygen, followed by a nucleophilic attack of the serine –

OH on the amide carbon with simultaneous formation of a hydronium ion, and finally the 

decomposition of this ion with a water mediated PT to the amide nitrogen. During this 

process, a third water molecule stabilizes the hydronium ion through the formation of a strong 

hydrogen bond (Hhydr∙∙∙Ow distance = 1.58 Å). The activation free energy for the B2 channel is 

found to be lower by 7.9 kcal/mol than for the B1 channel. 

Channel C. Within this reaction mode two pathways, C1 and C2, were considered. The 

lowest energy TS structures are depicted in Figure 5. The rest of the TSs modeled may be 

found in Figure S4. 
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Figure 5. SMD-M06/6-311+G(2df,2p) optimized geometries and free energies of activation 

for the lowest energy transition states of intramolecular nucleophilic attack via C1 and C2 

reaction channels. Energies (in brackets) are in kcal/mol, interatomic distances are in Å. 

 

The energy barrier for the rate-limiting step of GlySer hydrolysis via channel C1 

minimizes when the PT from the serine residue to the amide oxygen is mediated by one water 

molecule. Experimental evidence for participation of water molecules forming catalytic 

proton bridges in mechanism analogous to C1 were previously reported for a system that 

mimics serine protease enzymes.
[21]

 According to our calculations, such a bridge favors the 

nucleophilic addition by 6.3 kcal/mol as compared to the non-mediated PT, while inclusion of 

a second water molecule in the bridge raises the activation energy by 1.4 kcal/mol. In the 

transition state TS-C1-1w, there are two protons in flight and the alcoholate oxygen attacks 

the amide carbon at a distance of 1.62 Å. TS-C2-1w is very similar to TS-C1-1w, but here the 

computed attacking distance is shorter, 1.52 Å, probably due to the loss of planarity of the 

peptide bond in the amide N-protonated isomer. Also, the energy lowering of the water 

mediated PT with respect to the non-mediated case is now 17.2 kcal/mol. The calculated free 

energy of TS-C1-1w is lower by 2.0 kcal/mol than for TS-C2-1w. 

Channel D. The free energy of activation for channel D minimizes when the solute is 

hydrogen bonded by three explicit solvent molecules, as shown in Figure 6. The complete set 

of TS structures modeled is provided in Figure S5. 
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Figure 6. SMD-M06/6-311+G(2df,2p) optimized geometry of the lowest energy transition 

state and free energy of activation as a function of the number of water molecules for the 

intramolecular nucleophilic attack via channel D. Energy (in brackets) is in kcal/mol, 

interatomic distances are in Å. 

 

According to our calculations, direct PT from the serine residue to the amino nitrogen 

is favored by 4.7 kcal/mol with respect to a water mediated PT. In comparison with all other 

transition states described above, the lowest energy transition state of channel D, TS-D-3w, 

reveals the largest distance between the nascent –O
-
 and the amide carbon (2.44 Å). Its 

activation free energy, 37.1 kcal/mol, is the lowest when compared to the other TSs based on 

an amide N-protonated isomer (TS-A2: 40.9 kcal/mol, and TS-C2-1w: 40.7 kcal/mol). 

Activation energy of the GlySer hydrolysis. The activation parameters of the spontaneous 

hydrolysis of GlySer were first experimentally determined (this work) at physiological pH 

(pD 7.4). However, at this pH the concentration of the anionic form of GlySer is significant, 

11.5 % (pKa(NH2) = 8.38).
[16]

 The presence of this anion could influence the hydrolysis 

reaction through a competitive (to the zwitterionic) mechanism, which in turn may be 

reflected in the observed activation parameters. To check whether the anion plays an 

important role in the hydrolysis mechanism at neutral pH the experimental activation 

parameters were also determined at pD 5.4 (the isoelectric point of GlySer is 5.68), where 

only the zwitterion is presented in the reaction solution. The results are shown in Table 1. 

Although the activation Gibbs functions estimated at pD 7.4 and at pD 5.4 are virtually the 

same the activation entropies and enthalpies exhibit significant differences. These results 

strongly suggest that the mechanism of the rate-limiting step of hydrolysis at neutral pD and 

at pD 5.4 might be thoroughly different. This issue will be discussed in detail in a separate 

publication. For the current study we have chosen to compare our calculated results for the 

hydrolytic activity of the GlySer zwitterion with the experimental activation parameters 

obtained at pD 5.4. 
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Table 1. Experimental activation parameters (energies in kcal/mol, entropy in cal/mol K) of 

the hydrolysis of 2.0 mM GlySer at pD 7.4 and pD 5.4. 

pD Ea ∆H
‡
 ∆S

‡
 ∆G

‡
298 K 

7.4 21.4 20.7 -27.0 28.7 

5.4 26.3 25.6 -12.7 29.4 

 

From a comparison of the calculated activation free energies for the various reaction 

channels AD presented above, we may conclude that the rate-limiting step of GlySer 

zwitterion hydrolysis most probably proceeds through channel A1. The energy of TS-A1-1w, 

33.0 kcal/mol, is the lowest among all TSs considered. An alternative pathway might be 

channel B2 with an activation energy (34.0 kcal/mol) just 1 kcal/mol above channel A1. All 

other reaction channels revealed much higher transition state energies, in the range of 37.1 – 

41.9 kcal/mol. Although the calculated activation free energy of 33.0 kcal/mol (M06/6-

311+G(2df,2p)) is in reasonable agreement with the experimental value (29.4 kcal/mol), the 

accuracy of the calculated reaction energetics might be further improved by using more 

appropriate computational methods. To investigate this, we have performed single point 

energy calculations on the A1 reaction channel with the more accurate double-hybrid density 

functionals (B2PLYP-D and mPW2PLYP-D) and with post-HF methods (MP2 and SCS-

MP2). The results are summarized in Table 2, and compared to available experimental data 

for the reaction free energy of peptide bond hydrolysis in dipeptides
[36]

 and to the activation 

free energy from Table 1 (pD 5.4).  

 

Table 2. Reaction and activation free energies (kcal/mol), calculated with different theoretical 

methods. 

Method           
      

   
 Abs. error

b
 

M06 -1.8 33.0 3.6 

B2PLYP-D -1.5 31.4 2.0 

mPW2PLYP-D -1.5 31.6 2.2 

MP2 0.2 29.4 0.0 

SCS-MP2 -0.6 32.8 3.4 

Experiment -3.6
a
 29.4  

a
 Since the reaction free energy of GlySer hydrolysis is not available, for sake of comparison, here we use the 

experimental reaction free energy of GlyGly hydrolysis, taken from Ref [36]. 
b
 Absolute error of the calculated activation free energy of TS-A1-1w. 

 

Both the double-hybrid and MP2 methods produce activation free energies that are in 

closer agreement with experiment than the M06 results, with absolute errors in the range of 

0.0 – 3.4 kcal/mol. Notably, the MP2 calculated barrier for the rate-determining step (29.4 

kcal/mol) is in excellent agreement with the observed activation Gibbs function (29.4 

kcal/mol, at 298 K). This is not the case, however, for the reaction free energy, which is most 

accurately reproduced with the M06 functional (absolute error of 1.8 kcal/mol), while the 

largest deviation from experiment is obtained with the MP2 method (absolute error of 3.8 

kcal/mol). However, given that in a previous study of a series of gas-phase reactions 

involving main elements, a root mean square error of 4.6 kcal/mol was reported for the MP2 

reaction energetics
[25]

, the error obtained with this method in this work may still be considered 

reasonable. It should be taken also into account that the experimental value corresponds to the 
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reaction free energy of GlyGly as an approximation of           
  of GlySer (which is not 

known). The double-hybrid methods B2PLYP-D and mPW2PLYP-D do reveal a more stable 

behavior, showing a systematic error of about 2 kcal/mol for both the activation and the 

reaction (free) energies. 

 

 

Figure 7. Comparison of the transition state free energies of channels A, B, C, and D, 

calculated with the M06 functional and the MP2 method. 

 

As the primary goal of this work is to obtain reliable information concerning the 

hydrolysis mechanism and the associated energy barriers we have chosen the MP2 method 

(i.e. the best in reproducing the experimental activation energy) for a further refinement of the 

energy profile of GlySer hydrolysis with respect to M06. Hereto, the free energies of all TSs, 

representing the reaction channels A-D, were recomputed with the MP2 method. The results 

are graphically presented in Figure 7. With exception of TS-A3, all MP2 TS energies are 

shifted to lower values by 2.4 (TS-C2-1w) to 5.0 (TS-C1-1w) kcal/mol, as compared to their 

M06 values. The MP2 free energy difference between the most probable candidates, TS-A1-

1w and I-B2-1w, is 1.5 kcal/mol in favor of channel A1 (as compared to 1.0 kcal/mol with 

M06). Unless otherwise noted, our discussion below will be based on the MP2 free energies. 

 

Proposed reaction mechanism for the entire process of GlySer hydrolysis 

The optimized structures of all species involved in the spontaneous hydrolysis of GlySer are 

shown in Figure 8 and the corresponding energy profile is depicted in Figure 9. 
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Figure 8. Proposed reaction mechanism for the spontaneous hydrolysis of GlySer in neutral 

aqueous solution. Relevant interatomic distances are given in Å. Тhe structures obtained by 

following intrinsic reaction coordinates are connected with a solid arrow. Conformational 

interconversions
[37]

 are indicated with a dashed arrow. 

 

The first barrier to overcome in channel A1, TS-A1-1w (already described above) is 

29.4 kcal/mol. Following the path downhill from this state, a new O-C bond (ring closure) is 

formed, with a simultaneous proton transfer from the carboxyl group to the nascent 

oxyoxazolydine oxygen. The resultant hydroxyoxazolydine intermediate lies higher than the 

initial reactants by 12.2 kcal/mol. Decomposition of this intermediate with formation of a new 

-NH2 terminus requires protonation of the ring nitrogen (see Figure 1). However, our (M06) 

calculations indicated that a water mediated PT directly from the hydroxyoxazolydine oxygen 

to the ring nitrogen would cost 34.5 kcal/mol. Therefore, an alternative pathway was modeled, 

involving two lower energy PTs (designated as PT1 and PT2). PT1 involves an H
+
 transfer 

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 H

+
 transfer from the N-

protonated hydroxyoxazolydine oxygen to the amino nitrogen. The transition states of both 

PT1 and PT2 have a relative energy of 22.7 kcal/mol with respect to the initial reactants. The 
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resulting intermediate (at 17.9 kcal/mol, with a net transfer of a proton from the 

hydroxyoxazolydine oxygen to the ring nitrogen) does not decompose spontaneously. Instead, 

it needs to overcome a barrier of 4.1 kcal/mol to reach the ester product. The ester form lies 

higher in energy than the reactants by 7.0 kcal/mol. The hydrolysis of the ester form to give 

the products (Gly + Ser) has to pass through two more transition states. The first one is 

associated with the –NH2 catalyzed nucleophilic addition of H2O and the second with the 

release of the Ser moiety. Both transition states are linked by a tetrahedral intermediate state. 

It should be noted that the calculated relative energies of these two TSs is lower by only 1.0 

and 1.3 kcal/mol, respectively, as compared to the rate-determining TS. 

 

 

Figure 9. MP2 calculated free energy profile (kcal/mol) of the GlySer hydrolysis in neutral 

aqueous solution. 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 interconversion
[37]

 are connected with a dashed 

line. Some of the water molecules in the structural formulas representing the reaction process 

are omitted for simplicity. For more detailed structures we refer to Figure 8. 

 

Protein self-cleavage at serine residues 

As the calculations revealed, the lowest energy pathway for initiating the N→O acyl shift in 

GlySer involves the nucleophilic addition of the serine alcoholic function to the amide carbon, 

catalyzed by a proton transfer to the carboxylic group (TS-A1-1w, see Figure 3). Unless 

serine is located at the C-terminal position of the protein backbone this mechanism is not 
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applicable for peptides, where both the carboxylic and the amino groups are involved in a 

peptide link. One might assume, however, that properly positioned free carboxylic groups of 

aspartic or glutamic acid residues could promote the nucleophilic attack through a similar 

mechanism. It is interesting to compare the relative free energies of the transition states 

involved in channels A1, B1, and C1, where only the principle zwitterionic form is used 

(Figures. 3, 4 and 5). Let us recall that channel A, B and C exploit a PT from the serine -OH 

group to an O-atom of the carboxylic group, to the N-atom of the amide group and to the O-

atom of the amide group, respectively. It is known that the amide oxygen is the preferred 

protonation site of amide groups. For instance, the energy difference between O- and N-

protonated forms of N-methylacetamide was previously calculated in water (with the MP2 

method and an IPCM solvation model) to be 7.2 kcal/mol in favor the former form.
[38]

 In case 

of GlySer we found that the O-protonated isomer is preferred over the N-protonated form by 

11.2 kcal/mol, and less preferred with respect to the neutral form (protonated -COO
-
 group) 

by 7.5 kcal/mol (the corresponding lowest energy isomer conformations are given in Figure 

S6). Comparison of the energy requirements of channels A1, B1 and C1, shown in Figure 

10(a), indicates that the TS energies decrease in the order channel B1 > channel C1 > channel 

A1, regardless of the number of solvent molecules included in the TS models (see also 

Figures S2S4). This ordering follows the preference of protonation of different sites in 

GlySer: amide N-site < amide O-site < carboxyl O-site. Figure 10(b) reveals an almost linear 

relation between the activation energy of the most probable TSs of channels B1 (TS-B1-2w, 

    
   

 = 37.3 kcal/mol), C1 (TS-C1-1w,     
   

 = 33.6 kcal/mol) and A1 (TS-A1-1w,     
   

 = 

29.4 kcal/mol), and the relative free energy of the corresponding amide N-, amide O- and 

carboxyl O-protonated isomers of the principle zwitterion. Thus, it seems evident to conclude 

that the barrier height for intramolecular –OH addition is primarily determined by the 

aqueous-phase basicity of the proton accepting group, while being less sensitive to the 

specificity of the PT mechanism (direct or water mediated, number of solvent molecules 

involved in the bridge). If the proper position of the alcoholic function toward both the amide 

carbon (active conformation) and the general base are not hindered, this finding should also 

be valid for proteins. Not surprisingly, the relatively strong imidazole base of histidine residue 

has often been recognized as a general base catalyst for the N→X acyl shift in self-cleaving 

protein domains.
[11b, 39]
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Figure 10. (a) Relative M06 calculated free energy of the TSs modeled within A1, B1 and C1 

reaction channels as a function of the number of explicit water molecules. (b) Relative MP2 

free energy of the most probable TSs of A1, B1 and C1 channels (TS-A1-1w, TS-B1-2w and 

TS-C1-1w, respectively) plotted as a function of the relative (with respect to the principle 

zwitterionic form) free energy of the corresponding carboxyl O-, amide N- and amide O-

protonated isomers of the principle zwitterionic form. The molecular structures of the lowest 

energy isomers are given in Figure S6. 

 

 In contrast to A1, channels C1 and B1 do not require the assistance of an available 

proton accepting group belonging to an amino acid side chain in the vicinity of the scissile 

peptide bond. As estimated for the model compound, GlySer, the lower energy C1 channel 

passes through a barrier of 33.6 kcal/mol (TS-C1-1w; see Figure 7). Comparing this value 

with the activation energy of the spontaneous (uncatalyzed) hydrolysis of an internal peptide 

bond in the model compound acetylglycylglycine N-methylamide, ~32 kcal/mol (in H2O at 

25˚C and pH 6.8)
[1]

, where the advantageous intramolecular –OH nucleophile is missing, it is 

obvious that in absence of additional catalytic factors the peptide bond adjacent to serine is no 

longer a weak point in the protein backbone. Hence, the presence of a general base seems to 

be crucial to unlock the nucleophilic ability of the Ser alcoholic group. This is one of the 

major points that distinguish the Ser -OH nucleophile from the Cys –SH one. As known for 



18 
 

protein splicing, in inteins utilizing a Cys residue as a nucleophile, the thiol group does not 

require assistance of other groups.
[40]

 

Alternatively, in the absence of a general base catalyst, the activation energy of a C1 

like TS in proteins could be lowered through destabilization of the reactant state, as is the case 

of SEA domain autoproteolysis. The SEA domain is suggested to enhance the rate of 

proteolysis by straining the conformation of the amide plane of the scissile peptide bond, thus 

increasing the reactant free energy by ~7 kcal/mol.
[8]

 The activation free energy for the 

spontaneous proteolysis of GPR116 SEA and MUC1 SEA was experimentally estimated of 

~21 kcal/mol.
[8a]

 Let us assume that in these proteins the N→O acyl shift is initiated through a 

TS-C1-1w (33.6 kcal/mol) mechanism which, in this case, operates on a strained peptide 

bond. After subtracting a ground state destabilization of ~7 kcal/mol (due to conformational 

stress) the required activation energy for intramolecular –OH attack in SEA becomes ~27 

kcal/mol, which is ~6 kcal/mol above the experimental value. In a combined experimental and 

theoretical study Johansson et al. examined the pH dependence of SEA domain 

autoproteolysis.
[19a]

 The results suggested that the pKa values for amide N- and amide O-

protonation respond in opposite ways to strain, and nitrogen becomes the preferred site for 

protonation at a moderate nonplanarity (20˚). Furthermore, when destroying the amide 

planarity (by applying constraints) such that it approaches the N-protonated conformation the 

pKa shifts to the physiological range. Therefore, it was assumed that protonation, preceding 

the –OH nucleophilic attack, occurs at the amide nitrogen of the scissile peptide bond in SEA. 

Such a scenario closely resembles our C2 channel (TS-C2-1w) where the intramolecular 

nucleophilic addition, accompanied with a PT from the attacking –OH group to the amide 

oxygen, takes place in the amide N-protonated isomer of GlySer (Figure 5). By using the 

amide N-protonated isomer rather than the principle zwitterionic form as a reference for the 

C2 channel, the calculated activation energy of TS-C2-1w is reduced from 38.3 kcal/mol to 

14.3 kcal/mol, which is 19.3 kcal/mol lower than for the unprotonated case, TS-C1-1w (33.6 

kcal/mol). The predicted value of 14.3 kcal/mol is comparable to the experimental activation 

energy for acid-catalyzed hydrolysis of some distorted amides, 15 - 17 kcal/mol,
[41]

 but is 

much lower than the activation energy reported for the spontaneous proteolysis of SEA (~21 

kcal/mol). A TS structure, similar to our TS-C2-1w was previously proposed by Johansson et 

al. (for a simplified model of GlySer, utilizing the B3LYP functional and CPCM solvation 

model). The calculated relative TS energy, however, was found to be rather high, ~40 

kcal/mol. This could be explained by the fact that in the proposed TS a direct, rather than 

water mediated, PT from the Ser –OH to the amide oxygen was considered. As our 

calculations revealed, the activation energy of the C2 channel lowers dramatically (~17 

kcal/mol according to the M06 calculations, Figure S4) when the PT is mediated by a water 

molecule.  

There is still no clear evidence whether the intramolecular nucleophilic attack in SEA 

is preceded by protonation of the amide nitrogen or not. Apparently, more thorough 

theoretical investigations on this topic are needed. However, our results clearly show that the 

activation energy of the N→O acyl shift is significantly lowered when the H
+
 transfer from 

the attacking Ser-OH group to the amide oxygen is mediated by a water molecule (channels 

C1 and C2), regardless of the protonation state of the amide nitrogen. Hence, in both cases 

(protonated or not), taking into account that the cleavage site of SEA is entirely water-

exposed,
[8b]

 the assistance of a bridging water molecule in the actual TS is strongly suggested. 

Admittedly, our calculations on this small model (GlySer) cannot by themselves provide all 

answers for the hydrolysis mechanism of the peptide bond adjacent to Ser in proteins, but we 

hope they provide some good directives. 
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Conclusions 

To examine the inherent hydrolytic ability of serine-containing peptides, we have performed a 

detailed mechanistic study of the spontaneous hydrolysis of GlySer in neutral aqueous 

solution at the SMD-M06/6-311+G(2df,2p) level of theory. In order to identify the lowest 

energy path for the rate-determining step of GlySer hydrolysis four main reaction channels 

were considered, each of them representing one to three distinct pathways. In all cases the 

most important specific solute-solvent interactions were accounted for by explicit inclusion of 

water molecules in the models and by varying their number until a minimum in the relative 

TS energy was found. In the lowest energy transition state, TS -A1-1w, the serine COO
-
 

group acts as a general base to accept a proton from the attacking –OH function, resulting in 

oxyoxazolidine ring closure. This process is assisted by one water molecule, hydrogen bonded 

to both the alcoholate oxygen and to an -NH3
+
 hydrogen. 

To check the reliability of the M06 functional in predicting the reaction energetics the 

relative energy of TS-A1-1w was also computed by means of the more accurate double-

hybrid functionals (B2PLYP-D and mPW2PLYP-D) and with the MP2 method, and the 

results were compared to the experimental data obtained in this work. The barrier for the rate-

determining step obtained from MP2 (29.4 kcal/mol) was found to be in closest agreement 

with the experimentally observed activation Gibbs function (29.4 kcal/mol). Therefore, this 

method was further used to compute the energy profile for the entire process of hydrolysis 

(making use of M06 structures). The proposed mechanism for GlySer hydrolysis involves a 

general-base catalyzed nucleophilic addition of the serine –OH site chain at the amide carbon, 

with the formation of a transient oxyoxazolidine ring. Decomposition of this state to an ester 

form is preceded by two proton transfers. The hydrolysis of the ester form involves an -NH2 

catalyzed water addition with formation of a tetrahedral intermediate followed by the release 

of the leaving serine moiety. 

A comparative analysis of the activation energies of the TS models exploiting a PT 

from the attacking -OH group to the amide N-, amide O- and carboxyl O-atom in the principle 

zwitterion form (channels A1, B1 and C1) revealed that the     
   

 values are primarily 

determined by the aqueous-phase basicity of the proton accepting group, while being less 

sensitive to the specificity of the PT mechanism. Since in proteins the Ser –COO
-
 group is 

involved in a peptide link A1-like TSs can no longer be obtained. In this case the second most 

probable candidate is channel C1 (involving a water-mediated PT from the Ser –OH to the 

amide oxygen, TS-C1-1w) which passes through a barrier of 33.6 kcal/mol. This barrier, 

however, is relatively high indicating that in absence of additional catalytic factors the peptide 

bond adjacent to serine is no longer a weak point in the protein backbone. In all our models 

involving a PT from the attacking nucleophile to the amide carbon or to the amide nitrogen, 

the activation energy for the N→O acyl shift lowers significantly when moving from direct to 

water-mediated PT. Thus, when considering peptide bond cleavage at the serine residue in 

absence of general base catalysts (assuming that the cleavage site is solvent-accessible) the 

participation of the water solvent in the transition state might by crucial for the observed 

reaction rate. 
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Protein self-cleavage at serine residues: To examine the inherent hydrolytic ability of 

serine-containing peptides we have performed a detailed theoretical and experimental study of 

the spontaneous hydrolysis of glycylserine. Based on our models, possible mechanistic 

scenarios for both uncatalyzed and self-catalyzed peptide bond cleavage in proteins have been 

proposed. 

 

 


