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Abstract In this work, peptide bond cleavages at carboxy-
and amino-sides of the aspartic residue in a peptide model via
direct (concerted and step-wise) and cyclic intermediate hy-
drolysis reaction pathways were explored computationally.
The energetics, thermodynamic properties, rate constants,
and equilibrium constants of all hydrolysis reactions, as well
as their energy profiles were computed at the B3LYP/6-311++
G(d,p) level of theory. The result indicated that peptide bond
cleavage of the Asp residue occurred most preferentially via
the cyclic intermediate hydrolysis pathway. In all reaction
pathways, cleavage of the peptide bond at the amino-side
occurred less preferentially than at the carboxy-side. The
overall reaction rate constants of peptide bond cleavage of
the Asp residue at the carboxy-side for the assisted system
were, in increasing order: concerted < step-wise < cyclic
intermediate.
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Introduction

Hydrolysis of peptide bonds in a peptide/protein backbone is
the major route of protein degradation as well as in protein
oxidation [1, 2], deamidation [3, 4] and other mechanisms [5].
A number of theoretical [6–8] and experimental [9–12] studies
have focused on the hydrolysis of peptide bonds in peptides/
proteins because of its important biological relevance. A num-
ber of peptide bond hydrolytic pathways at neutral pH have
been proposed by Gorb et al. [13]. Plausible hydrolysis path-
ways involving water-catalytic reactions are shown in
Scheme 1. Cascella et al. [14] concluded that hydrolysis of
formamide in neutral pH involves a zwitterionic intermediate
ZW1 following nucleophilic attack by water on the carbonyl
carbon. A hydrolytic reaction via ZW2 by two or more water
molecules attacking the carbonyl carbon and amino nitrogen
was reported by Zhan et al. [15]. The reaction pathway pro-
ceeds via an amino-gem-diol intermediate with two or more
water molecules attacking the carbonyl carbon accompanied
by proton transfer from the water to the carbonyl oxygen, i.e.,
a concerted reaction pathway [13]. Recently, ab initio molec-
ular dynamic studies have shown that no zwitterionic inter-
mediate (ZW2) is found, and that the concerted reaction
results in peptide bond cleavage [16]. A similar work studied
the acid-catalyzed hydrolysis of peptide bonds in model com-
pounds via an amino-gem-diol intermediate pathway [17]. An
acid-assisted hydrolysis of formamide with O- and N-
prototonated pathways has also been studied by means of
quantum mechanical methods [18].

As mentioned above, hydrolysis can occur due not only to
direct nucleophilic attack of water on the carbonyl carbon of
the peptide bond but also to other factors. In the case of Asn
residues, hydrolysis of a cyclic imide intermediate (formed
from nucleophilic attack of the side-chain amide nitrogen on
the backbone carbonyl carbon) leads to cleavage of the pep-
tide bond [19, 20]. Similarly, degradation of Asp residues has
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been evidenced to occur via hydrolysis of the cyclic anhydride
forming from nucleophilic attack by a side-chain carboxyl on
the backbone carbonyl. Peptide bond cleavage at Asp and Glu
residues has been reported in peptides and proteins [21–24].
Degradation of peptide bonds in aqueous solution at the Asp
residue in a hexapeptide (Val-Tyr-Pro-Asp-Gly-Ala) model
has been proved experimentally. It was found that degradation
is a function of pH, buffer concentration and temperature [25].
The solvent isotropic method has been studied to distinguish
the rate and mechanism of peptide bond cleavage between
direct hydrolysis and cyclic anhydride hydrolysis. The results
showed that it is difficult to determine the main degradation
pathway based on these reactions.

Thus, to distinguish the two reaction pathways, this work
reports the energies, reaction rates, equilibrium constants as
well as thermodynamic quantities for the peptide bond cleav-
age mechanism at an Asp residue in a peptide model using
density functional theory (DFT) calculation methods. The
reaction mechanisms via concerted, step-wise direct hydroly-
sis and cyclic intermediate pathways were studied. Peptide
bond cleavages at both the carboxy- and amino-sides were
examined. The calculations were performed in neutral form
even though the Asp residue presents as an anionic species
due to the fact that the β-hydroxyl proton must be involved to
complete the reaction. The results are discussed independently
of pH conditions and other factors that can affect to the rate
and mechanism.

Computational methods

The Asp residue in the model peptide used in this calculation
work is shown in Fig. 1. The geometries of reactants, transition

states, intermediates and products were fully optimized in gas
phase using DFT [26–29] at B3LYP/6-311++G(d,p) level
[30–32]. Zero-point energy (ZPE) corrections and thermody-
namic properties of all relevant structures were obtained by
vibrational frequency calculation at 1 atm and 298.15 K; the
frequency was not scaled. Local minima and first-order saddle
points were identified by the number of imaginary vibrational
frequencies. Solvent effects were taken into account by utilizing
the polarize continuummodel (PCM)with the integral equation
formalism-polarizable continuum (IEF-PCM) model [33–37].
Solvation free energy (ΔG sol) were obtained by single-point
calculation of the gas phase-B3LYP/6-311++G(d,p) geometri-
cal structure at the same level in H2O medium (ε=78.37). The
cavity model used for solvent effect calculation was the
united atom topological model for Khon-Sham (UAKS) [38,
39]. All calculations were performed with the Gaussian
03 program [40]. The molecular graphics of all related
species were generated with the MOLEKEL 4.3 program
[41].

The standard enthalpy (ΔH298
o ) and Gibbs free energy

changes (ΔG298
o ) for all reactions were derived from frequen-

cy calculations at the B3LYP/6-311++G(d,p) level of theory.
The rate constant k (T), based on transition state theory, was
computed from the Gibbs free energy of activation, Δ†Go

Scheme 1 Plausible pathways of
peptide bond cleavage due to
hydrolytic reactions [14]
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using Eq. (1) [42, 43] and the activation energy, Δ†Eo using
Eq. (2) [44].

k Tð Þ ¼ kBt

hco
exp −Δ†Go=RT

� � ð1Þ

k Tð Þ ¼ κ
kBT

h

QTS

QREA
exp −Δ†Eo=RT

� �

¼ κAexp −Δ†Eo=RT
� �

ð2Þ

where c° is the concentration factor, kB is the Boltzmann’s
constant, h is Plank’s constant, T is the absolute temperature,
and R is the gas constant. QTS and QREA are the partition
functions of the transition state and reactant of the reaction,
whose values are composed of translational, rotational, and
vibrational partition functions. The tunneling coefficient (κ )
can be computed with the Wigner method [43, 45–47] as
κ ¼ 1

24
hvi
kBT

� �2
where νi is the imaginary frequency that

accounts for the vibration motion along the reaction path.
The pre-exponential factor (A ) is defined as A ¼ kBT

h
QTS
QREA

.
The equilibrium constant K at standard temperature and
pressure was computed using a thermodynamic equation
K =exp(−ΔG°/RT).

Results and discussion

Concerted hydrolysis

The reaction mechanisms of unassisted- and assisted concert-
ed hydrolysis at the carboxy- and amino-sides are shown in
Scheme 2. Peptide bond cleavage is due to nucleophilic attack
by water molecules on the backbone carbonyl. The hydrolytic
proton is transferred and protonated on the amino nitrogen,
leading to cleavage of the peptide bond. Relative free energy
profiles for concerted hydrolysis of unassisted- and assisted
reactions at carboxy- and amino-sides are shown in Figs. 2
and 3. Reaction energies, thermodynamic quantities, equilib-
rium and rate constants of concerted hydrolysis at carboxy-
and amino-sides computed at the B3LYP/6-311++G(d,p) level
of theory are tabulated in Tables 1 and 2, respectively. Values
of 46.7(45.2) and 39.86(42.89) kcal mol−1 activation free
barriers were required for unassisted- and assisted systems
for cleavage at the carboxy-side, respectively. Activation free
barriers of 52.3(50.6) and 43.8(45.0) kcal mol−1 were required
for unassisted- and assisted systems for cleavage at the amino-
side, respectively. As a result, cleavage at the carboxy-side is
thermodynamically preferred to cleavage at the amino-side. A
catalytic effect due to the explicit water molecule plays an
important role in lowering the energy barrier of the reaction.
Rate constants for the reactions computed based on Eq. 1
(Table 1) and Eq. 2 (Table 2) did not differ much.

Equilibrium constants for cleavage at the amino-side were
higher than those for cleavage at the carboxy-side, especially
in the assisted system. It was noted that peptide bond cleavage
at the amino-side was preferred thermodynamically while
cleavage at the carboxy-side was kinetically and energetically
favorable.

Here, we performed calculations on unassisted systems of
cleavage at the carboxy-side to see how the B3LYP performs
in terms of reaction barriers. The dispersion-corrected func-
tional M06-2X [48] was used for calculation to allow com-
parison with B3LYP calculations. This is due to the similarity
of the model and some reaction pathways studied in this work
and our previous work [49]. The unassisted reaction at the
carboxy-side is shown to compare the energies, thermody-
namics, rate and equilibrium constants between M06-2X and
B3LYP calculations (see Tables 1, 2). M06-2X calculation
results showed that activation energy and free energy barrier
values were approximately 2 and 3 kcal mol−1 lower than
those of B3LYP calculations. Similarly, reaction enthalpy and
free energy of the M06-2X functional differs fromM06-2X to
B3LYP by 2–3 kcal mol−1 . Rate constants computed based on
Eqs. 1 and 2, as well as the equilibrium constant for the M06-
2X functional were 1.78×10−19 and 4.04×10−19 and 6.99×
10−5, respectively; this under- and over-estimates the values
found in B3LYP compare to those of M06-2X by a factor of
10−3 and 10−2, respectively. However, it has been reported that
B3LYP activation barriers overestimate experimental values
by 3–4 kcal mol−1 while M06-2X activation barrier underes-
timate the experimental value by 2.8–3.7 kcal mol−1 [50].
Thus, the activation barrier as well as rate constants based
on the B3LYP functional calculation used in this work are
acceptable.

As can be seen in Fig. 2, a hydrogen bond between the
backbone amino hydrogen and the side-chain carboxyl oxy-
gen is also present in the reactant and transition state (TS1C_w
and TS1C _w2) structures of both systems. In contrast, hy-
drogen bonding is not found in the reactants but is found in the
transition state (TS1N_w and TS1N _w2) structures for cleav-
age at amino-side reactions (Fig. 3). The change in side-chain
conformation at the TS of the reactants may be due to steric
hindrance and also affects the energy barrier of the reaction.
Based on the optimized structure of the TS, the breaking C–N
bond of TS1_w2 is shorter than those of TS1_w2 at both
carboxy- and amino-sides. Similarly, the distance between
the hydrolytic proton and the backbone amino nitrogen is also
shorter due to the assistance of one additional water molecule.

Step-wise hydrolysis (amino-gem-diol intermediate)

The reaction mechanisms of unassisted- and assisted step-
wise hydrolysis at carboxy- and amino-sides are shown in
Scheme 3. Peptide bond cleavage for step-wise hydrolysis
requires two reaction steps. The first step occurs via
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nucleophilic attack by a water molecule on the backbone
carbonyl. The hydrolytic proton is transferred and protonated
on the carbonyl oxygen, forming an amino-gem-diol interme-
diate (TS2Ca_w/w2). The second step involves breaking of
the C–N bond due to proton transfer from the protonated
carbonyl oxygen to the amino nitrogen. Relative free energy
profiles for concerted hydrolysis of unassisted- and assisted
reactions at carboxy- and amino-sides are shown in Figs. 4
and 5. Energies of reactions, thermodynamic quantities, equi-
librium and rate constants of step-wise hydrolysis at carboxy-
and amino-sides computed at the B3LYP/6-311++G(d,p) level
of theory are reported in Tables 3 and 4, respectively.

For cleavage at the carboxy-side, the first reaction step
(Asp→TS2Ca_w/w2→INT2C_w/w2) requires an activation
free energy barrier of 47.5(50.5) and 40.3(43.5) kcal mol−1 for
unassisted- and assisted systems, respectively, while 25.8(27.3)

and 8.7(6.7) kcal mol−1 are required for the second reaction step
(INT2C_w/w2→TS2Cb_w/w2→Cleavage product1/2) of
unassisted- and assisted systems. The corresponding rate con-
stants for each step are 9.1×10−23, 7.5×10−7 and 1.7×10−17,
2.5×10−6 s−1 for unassisted- and assisted systems. Rate con-
stants computed based on tunneling effects (tabulated in
Table 4) are in agreement with those of activation free energies
in Table 3. Based on the barriers of each reaction step, it was
noted that the first step is the rate determining step (RDS). The
second step has the highest barrier to the overall reaction (50.8
and 38.0 kcal mol−1). Thus, the rate constant for the overall
reaction is computed based on the barrier of TS2Cb_w and
TS2Cb_w2 for unassisted and assisted systems, respectively
(discussed further below).

Figure 5 represents the relative free energy profile of
unassisted- and assisted systems for step-wise direct hydrolysis

Scheme 2 Peptide bond
cleavage mechanism of Asp
residue via concerted hydrolysis
at (a) carboxy-side and (b)
amino-side
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at the amino-side. The cleavage proceeds via two reactions:
Asp→TS2Na_w/w2→INT2N_w/w2 and INT2N_w/w2→
TS2Nb_w/w2→Cleavage product 3/4. Activation free energies
required for the first and second steps of the unassisted system
are 52.8 and 29.1, and for the assisted system are 41.4,
20.1 kcal mol−1, respectively. The corresponding rate constants
are 1.3×10−26, 3.2×10−9 and 2.9×10−18, 1.2×10−2 s−1 for
unassisted- and assisted-systems. Based on the barriers of each
reaction step, it was also noted that the first step is the RDS
while the second step has the highest barrier for the overall
reaction (56.4 and 43.1 kcal mol−1). Thus, the rate constant for
the overall reaction is computed based on the barrier of
TS2Nb_w and TS2Nb_w2 for unassisted and assisted systems,
respectively (discussed further below).

It can be stated that the step-wise reactions for peptide bond
cleavage at both carboxy- and amino-sides occur less

preferentially than those of the concerted pathways based on
both RDS and the highest barrier to the reactions. The com-
putational result is in agreement with previous work in which
direct hydrolysis of peptide bond via the ZW pathway was not
found but resulted from concerted hydrolysis [16].

Cyclic intermediate hydrolysis

Peptide bond cleavage at carboxy- and amino-sides via cyclic
intermediate formation is shown in Scheme 3. This reaction
pathway has been studied and reported previously [49]. The
present work does not presented the fates of intermediate
hydrolysis as this has been done previously. For the peptide
bond at the carboxy-side, there are two steps of hydrolysis
including cyclic anhydride intermediate formation (Asp→
TS3Ca_w/w2→INT3C_w/w2) followed by its hydrolysis

Fig. 2 Relative free energy
profile for concerted unassisted-
and assisted peptide bond
cleavage at the carboxy-side.
Relative free energies computed
in continuum media are in
parenthesis . Bond lengths
are in Angstrom

Fig. 3 Relative free energy
profiles for concerted
unassisted- and assisted peptide
bond cleavages at the amino-side.
Relative free energies computed
in continuum media are in
parenthesis . Bond lengths
are in Angstrom
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(INT3C_w/w2→TS3Cb_w/w2→Cleavage product5/6) lead-
ing to peptide bond degradation. The relative free energy
profile for unassisted- and assisted systems at the carboxy-
side is shown in Fig. 6. Corresponding reaction energies,
thermodynamic quantities, equilibrium and rate constants are
given in Table 5. Relative free energies for the first and second
steps are 20.9(18.5), 34.4(31.8) and 15.3(14.5), 29.9(31.7)
kcal mol−1, respectively, for unassisted- and assisted systems.
Either the first or second step can be assigned as the RDS as
their barriers are proximal. Cleavage at the carboxy-side of the
Asp residue is more energetically and kinetically favorable
than cleavage via the direct concerted and step-wise pathways.
This result is in agreement with previous experimental and
theoretical studies that concluded that peptide bond cleavage
at Asp residues occurs via hydrolysis of a cyclic anhydride
intermediate in the context of direct hydrolysis [19, 49, 50].

For cleavage at the amino-side, peptide bond cleavage
comprises three reaction steps, including (1) formation of
six-membered ring intermediate, (2) hydrolysis of the cyclic
intermediate, and (3) cleavage of the peptide bond as shown in
Scheme 4. Relative free energy profiles for unassisted- and
assisted systems for cleavage at the amino-side are shown in
Fig. 7. The corresponding reaction energies, thermodynamic
quantities, equilibrium and rate constants are tabulated in
Tables 5 and 6. The activation free barrier for the three
reaction steps of the unassisted system are 25.3, 14.7 and
34.0 kcal mol−1, and for assisted systems are 19.4, 6.7 and
40.4 kcal mol−1, respectively. Rate constants of these three
steps for the unassisted system are 1.7×10−6, 1.1×10−6 and
7.7×10−13 s−1 and for the assisted system are 3.68×10−2, 7.5×
10−7 and 1.6×10−17 s−1, respectively. The RDS is assigned to
the third reaction step (INT3Nb_w/w2→TS3Nc_w/w2→

Table 1 Energies, thermodynamic properties, rate constants and equilibrium constants of concerted hydrolysis reaction for unassisted- and assisted
systems

Reaction Δ†E
(kcal/mol)

Δ†G
(kcal/mol)

k298 (s
−1) ΔE

(kcal/mol)
ΔG298

(kcal/mol)
ΔH298

(kcal/mol)
K298

Carboxy-side

Unassisted

Asp_w→TS1C_w→producta 44.26 (42.52)a 46.67
(43.01)

3.79×10−22

(1.78×10−19)
14.14 (14.77) 3.24 (5.67) 13.59 (16.06) 4.19×10−3

(6.99×10−5)

Assisted

Asp_2w→TS1C_2w→product 38.20 39.86 3.71×10−17 25.12 5.66 25.32 7.07×10−5

Amino-side

Unassisted

Asp_w→TS1N_w→product 50.62 52.24 3.14×10−26 15.19 2.77 14.95 9.34×10−3

Assisted

Asp_2w→TS1N_2w→product 41.95 43.84 4.53×10−20 20.39 −1.45 20.82 1.15×101

a Values in parenthesis are at the M06-2X/6-311++G(d,p) level

Table 2 Activation energies, tunneling coefficients, A factors and rate constants of concerted hydrolysis reaction for unassisted- and assisted systems

Reaction κa QTS/QREA Ab Δ†E (kcal/mol) k298 (s
−1)

Carboxy-side

Unassisted

Asp_w→TS1C_w→productc 1.12 (1.02)c 1.57×10−2 (7.97×10−2) 9.77×1010 (4.41×1011) 44.26 (42.52) 3.93×10−22 (4.04×10−19)

Assisted

Asp_2w→TS1C_2w→product 1.05 2.13×10−3 1.32×1010 38.20 1.38×10−18

Amino-side

Unassisted

Asp_w→TS1N_w→product 1.17 6.08×10−2 3.96×1011 50.62 3.62×10−26

Assisted

Asp_2w→TS1N_2w→product 1.15 4.02×10−2 2.50×101 41.95 5.06×10−20

aκ ¼ 1þ 1
24

hvi
kBT

� �2

bA ¼ kBT
h

QTS
QREA

, in s−1

c Values in parenthesis are at the M06-2X/6-311++G(d,p) level
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Scheme 3 Peptide bond cleavage mechanism of Asp residue via step-wise hydrolysis at (a) carboxy-side and (b) amino-side

Fig. 4 Relative free energy
profiles for stepwise unassisted-
and assisted peptide bond
cleavage at carboxy-side. Relative
free energies computed in
continuum media are in
parenthesis . Bond lengths
are in Angstrom
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cleavage product). This reaction step requires a relative barrier
of up to 55 and 60 kcal mol−1 for both systems. This may be
due to the conformational strength of the transition states. This
highest barrier is then used to compute the overall reaction rate
constant.

The results show that cleavage at the amino-side of the Asp
residue is less kinetically and energetically favorable than that
at the carboxy-side, despite the fact that the six-membered
ring (INT3Na_w/w2) is expected to be more thermodynami-
cally stable than the five-membered ring (INT3C_w/w3) [51].
Based on previous experimental results, it was concluded that
pyrolysis of protein at the temperature range between 220 °C
and 250 °C is undergone favorably cleavage at the C-terminus
via the cyclic anhydride intermediate rather than cleavage at
the N-terminus [50]. Model studies on peptides have shown
that cyclic imide formation in peptides can also lead to

peptide bond cleavage [52]. Spontaneous peptide bond
cleavage in aging alpha-crystallin through a succinimide
intermediate has been reported [53, 54]. It is expected that
cleavage of both asparagine and aspartic acid amide occurred
at the C-terminal end of the truncated polypeptide, as in the
case of the alpha A-(1-101)-chain—the first example of non-
enzymatic in vivo peptide bond cleavage in an aging protein
through the formation of a succinimide intermediate.

The overall reaction energies, thermodynamic properties,
rate and equilibrium constants of peptide bond cleavage of the
three reaction pathways for unassisted- and assisted systems
are summarized in Table 7. The overall rate constant is com-
puted based on the highest activation barrier for each overall
reaction pathway. Overall reaction rate constants for cleavage
at the carboxy-side for unassisted- and assisted systems are, in
deceasing order: cyclic intermediate (3.85×10−13 s−1) >

Fig. 5 Relative free energy
profiles for step-wise unassisted-
and assisted peptide bond
cleavage at amino-side. Relative
free energies computed in
continuum media are in
parenthesis . Bond lengths
are in Angstrom

Table 3 Energies, thermodynamic properties, rate constants and equilibrium constants of step-wise hydrolysis reaction for unassisted- and assisted
systems

Reaction Δ†E
(kcal/mol)

Δ†G
(kcal/mol)

k298 (s
−1) ΔE

(kcal/mol)
ΔG298

(kcal/mol)
ΔH298

(kcal/mol)
K298

Carboxy-side

Unassisted

Asp_w→TS2Ca_w→INT2Ca_w 45.07 47.51 9.15×10−23 22.36 25.00 20.87 4.71×10−19

INT2Ca_w→TS2Cb_w→product 25.48 25.81 7.51×10−7 −8.21 −21.76 −7.28 8.88×1015

Assisted

Asp_2w→TS2Ca_2w→INT2Ca_2w 36.83 40.33 1.69×10−17 25.69 29.29 24.24 3.39×10−22

INT2Ca_2w→TS2Cb_2w→product 7.90 8.73 2.47×10−6 −8.47 −32.36 −5.86 5.24×1023

Amino-side

Unassisted

Asp_w→TS2Na_w→INT2Na_w 51.83 52.77 1.28×10−26 26.20 27.34 25.35 9.13×10−21

INT2Na_w→TS2Nb_w→product 29.36 29.05 3.16×10−9 −11.01 −24.57 −10.40 1.02×1018

Assisted

Asp_2w→TS2Na_2w→INT2Na_2w 39.94 41.38 2.90×10−18 23.23 22.98 22.39 1.42×10−17

INT2Na_2w→TS2Nb_2w→product 18.06 20.09 1.17×10−2 −2.85 −24.43 −1.58 8.05×1017

5508 J Mol Model (2013) 19:5501–5513



concerted (3.67×10−22 s−1) > stepwise (3.37×10−25 s−1)
and cyclic intermediate (7.82×10−10 s−1) > stepwise
(8.10 × 10−16 s−1) > concerted (3.62 × 10−17 s−1) .
Surprisingly, the overall reaction rate constants for cleavage
at the amino-side for unassisted systems are, in deceasing
order: concerted (3.02×10−26 s−1) > cyclic intermediate
(7.77×10−29 s−1) ~ stepwise (2.77×10−29 s−1); and for
assisted system: stepwise (1.60×10−20 s−1) > concerted
(4.37×10−20 s−1) > cyclic intermediate (1.00×10−31 s−1).
Based on the overall reaction rate constant, it can be said
that peptide bond cleavage at an Asp residue via cyclic
intermediate formation at the carboxy-side is the most fa-
vorable pathway. Conversely, the most favored pathways
for peptide bond cleavage at the amino-side are the con-
certed and step-wise hydrolysis reaction pathway for

unassisted and assisted systems, respectively. In addition,
the overall equilibrium constant found upon cleavage at the
amino-side is higher than that at the carboxy-side, especially
in the cyclic intermediate reaction pathway. This confirms
here that peptide bond cleavage at the amino-side is thermo-
dynamically stable but not kinetically and energetically stable
as discussed above. However, it can be concluded that cleav-
age at the amino-side is inhibited by cleavage at the carboxy-
side via the cyclic intermediate formation pathway.

Conclusion

The energetics, thermodynamic properties, rate constants, and
equilibrium constants of three peptide bond hydrolysis

Fig. 6 Relative free energy
profiles for unassisted- and
assisted peptide bond cleavage at
the carboxy-side via the cyclic
intermediate reaction pathway.
Relative free energies computed
in continuum media are in
parenthesis . Bond lengths are in
Angstrom. (Optimized-structures
of some species in the unassisted
pathway are adapted from [48],
computed based on the same level
of theory)

Table 4 Activation energies, tunneling coefficients, A factors and rate constants of step-wise hydrolysis reaction for unassisted- and assisted systems

Reaction κa QTS/QREA Ab Δ†E (kcal/mol) k298 (s
−1)

Carboxy-side

Unassisted

Asp_w→TS2Ca_w→INT2Ca_w 1.37 1.47×10−2 9.16×1010 45.07 1.14×10−22

INT2Ca_w→TS2Cb_w→product 3.73 5.98×10−1 3.71×1012 25.48 2.92×10−6

Assisted

Asp_2w→TS2Ca_2w→INT2Ca_2w 1.06 2.26×10−3 1.41×1010 36.83 1.50×10−17

INT2Ca_2w→TS2Cb_2w→product 1.08 2.24×10−1 1.39×1012 7.90 2.45×106

Amino-side

Unassisted

Asp_w→TS2Na_w→INT2Na_w 1.98 1.94×10−1 1.20×1012 51.83 2.41×10−26

INT2Na_w→TS2Nb_w→product 3.66 1.73×100 1.08×1013 29.36 1.18×10−8

Assisted

Asp_2w→TS2Na_2w→INT2Na_2w 2.10 8.53×10−2 5.30×1011 39.94 5.86×10−18

INT2Na_2w→TS2Nb_2w→product 2.72 3.13×10−2 1.95×1011 18.06 3.03×10−2

aκ ¼ 1þ 1
24

hvi
kBT

� �2

bA ¼ kBT
h

QTS
QREA

, in s−1
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reactions at the carboxy- and amino-sides for unassisted and
assisted systems of the aspartic acid residue in a peptide model

were investigated at the DFT/B3LYP/6-311++G(d,p) level of
theory. The rate constants of all reactions were obtained based

Table 5 Energies, thermodynamic properties, rate constants and equilibrium constants of peptide bond cleavage via the cyclic intermediate reaction
pathway for unassisted- and assisted systems

Reaction Δ†E (kcal/mol) Δ†G
(kcal/mol)

k298 (s
−1) ΔE

(kcal/mol)
ΔG298

(kcal/mol)
ΔH298

(kcal/mol)
K298

Carboxy-side

Unassisted

Asp_w→TS3Ca_w→INT3Ca_w 18.47 20.93 2.78×10−3 13.99 13.49 14.47 2.46×10−11

INT3Ca_w→TS3Cb_w→product 18.86 20.88 3.07×10−3 −0.38 0.65 −10.56 5.57×107

Assisted

Asp_2w→TS3Ca_w2→INTCa_w2 14.67 15.25 4.08×101 13.90 14.65 20.40 1.82×10−11

INT3Ca_w2→TS3Cb_w3→product 14.04 15.21 4.41×101 7.22 −13.61 9.40 9.56×109

Amino-side

Assisted

Asp_w→TS3Na_w→INT3Na_w 23.69 25.33 1.68×10−6 24.55 24.51 24.29 1.08×10−18

INT3Na_w→TS3Nb_w→INT3Nb_w 13.54 14.69 1.06×102 −3.95 −2.65 −7.24 2.00×105

INT3Nb_w→TS3Nc_w→product 31.14 33.97 7.77×10−13 −8.16 −10.25 −10.82 8.70×107

Assisted

Asp_w2→TS3Na_w2→INT3Na_w2 18.34 19.41 3.68×10−2 16.76 16.82 17.17 3.68×10−2

INT3Na_w2→TS3Nb_w2→INT3Nb_w2 7.17 6.71 7.50×107 0.02 −3.73 1.64 5.46×102

INT3Nb_w2→TS3Nc_w2→product 35.72 40.35 1.64×10−17 −1.98 −20.81 −2.39 2.34×10−11

Scheme 4 Peptide bond cleavage mechanism at the Asp residue via cyclic intermediate hydrolysis at (a) the carboxy-side and (b) amino-side
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on the Gibbs free energy of activation (Eq. 1) and on activa-
tion energy (Eq. 2).

The results can be summarized as follows:

& Rate constants based on RDS for the three peptide
bond cleavages at the carboxy- and amino-sides for
both unassisted and assisted systems are, in decreas-
ing order: cyclic intermediate > concerted >
step-wise.

& Rate constants based on overall reaction rate constant for
cleavage at the carboxy-side in both unassisted- and
assisted systems are, in deceasing order: cyclic intermediate

> concerted > stepwise. Conversely, overall reaction rate
constants for cleavage at the amino-side are, in deceasing
order, for unassisted systems: concerted > cyclic interme-
diate ~ stepwise; and for assisted system: stepwise > con-
certed > cyclic intermediate.

& Cleavage at the carboxy-side is more favored than cleav-
age at the amino-side in all reaction pathways.

& Themost favored pathway for peptide bond degradation at
the Asp residue is cyclic anhydride hydrolysis at the
carboxy-side.

& An explicit water molecule plays an important role as a
hydrolytic catalyst for peptide bond cleavage.

Fig. 7 Relative free energy
profiles for unassisted- and
assisted peptide bond cleavage at
the amino-side via the cyclic
intermediate hydrolysis reaction
pathway. Relative free energies
computed in continuummedia are
in parenthesis . Bond lengths are
in Angstrom. (Optimized-
structures of some species in
unassisted pathway adapted from
[48], computed based on the same
level of theory)

Table 6 Activation energies, tunneling coefficients, A factors and rate constants of peptide bond cleavage via cyclic intermediate reaction
pathway for unassisted- and assisted systems

Reaction κa QTS/QREA Ab Δ†E (kcal/mol) k298 (s
−1)

Carboxy-side

Unassisted

Asp_w→TS2Ca_w→INT2Ca_w 1.00 1.86×10−1 1.15×1012 18.47 1.76×10−1

INT2Ca_w→TS2Cb_w→product 1.02 1.87×10−1 1.16×1012 18.86 1.08×10−1

Assisted

Asp_2w→TS2Ca_2w→INT2Ca_2w 1.00 4.62×10−3 2.87×1010 14.67 5.07×10−1

INT2Ca_2w→TS2Cb_2w→product 1.08 1.38×10−1 8.59×1011 14.04 4.71×101

Amino-side

Unassisted

Asp_w→TS3Na_w→INT3Na_w 1.01 2.72×10−1 1.69×1012 23.69 7.17×10−6

INT3Na_w→TS3Nb_w→INT3Nb_w 1.02 3.27×101 2.03×1014 13.54 2.39×104

INT3Nb_w→TS3Nc_w→product 1.00 2.19×10−2 1.36×1011 31.14 1.98×10−12

Assisted

Asp_w2→TS3Na_w2→INT3Na_w2 1.03 1.64×10−1 1.02×1012 18.34 3.67×10−2

INT3Na_w2→TS3Nb_w2→INT3Nb_w2 1.01 2.24×100 1.39×1013 7.17 7.74×107

INT3Nb_w2→TS3Nc_w2→product 1.07 2.93×102 1.82×1015 35.72 2.34×10−11

aκ ¼ 1þ 1
24

hvi
kBT

� �2

bA ¼ kBT
h

QTS
QREA

, in s−1
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