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Theoretical investigation of the chiral transition
of serine and the roles of water, hydroxyl radical
and hydroxide ion†

Hua Tong, ‡a Yan Fang Liu, ‡*bc Hongyan Yan, d Chunxu Jiang, a

Feng Gao, a Zemin Mei, e Kun Hong, b Xiaocui Yang *a and
Zuocheng Wang *a

We use first-principles density functional theory and ab initio molecular orbital theory to study the chiral

transition process of the serine molecule and explore the roles of water, hydroxyl radical and hydroxide

ion as catalysis during the interconversion process. The two most plausible chiral transition pathways of

isolated serine are identified, in which a-hydrogen is transferred using the amino N atom as a bridge

rather than the carbonyl O atom. These two chiral transition mechanisms involve the transformation of

chiral enantiomers; in other words, they are serine enantiomerization. Two proton transfer steps with

high energy barriers of B58.0 and 37.0 kcal mol�1 are the rate-limiting steps. The calculations show that

water can effectively catalyze the chiral transition by facilitating efficient proton transport, and the

highest energy barriers are B26.4 and 4.8 kcal mol�1. The calculations also predict that hydroxyl radical

can further lower the energy barriers of the chiral transition to approximately 12.6 and 5.3 kcal mol�1 by

facilitating proton transfer. In contrast, hydroxyl radical is more likely to damage serine, and the damage

is difficult to repair. Finally, hydroxide ion can further reduce the barriers to chiral transition to

approximately 5.5 and 4.5 kcal mol�1 by facilitating proton transfer. As far as we know, this is the first

time that these important roles of water, hydroxyl radical and hydroxide ion in serine chiral transition have

been demonstrated. The findings provide new insights into the mechanism of serine enantiomerization at the

atomic level. Meanwhile, the results show that hydroxyl radical can damage serine, and the damage is difficult

to repair.

1 Introduction

Serine (Ser) is an a-amino acid containing an a-amino group, a
carboxyl group, and a –CH2OH side chain. As a chiral molecule,

it has two L and D isomers (L-Ser and D-Ser) that differ in optical
activity along with two R and S enantiomers (S-Ser and R-Ser)
that differ in stereo-structure. The different isomers have
different functions. L-Ser has many important physiological
functions; it can be used to synthesize purine, thymine and
choline precursors, and it is also a natural moisturizing factor
that is used as an additive in cosmetics.1 Therefore, L-Ser has a
wide range of applications in medicine, food, and cosmetics.1

D-Ser is an endogenous agonist of the N-methyl-D-aspartate
(NMDA) receptor in the brains of mammals,2,3 and NMDA
receptors play important roles in learning, response to pain,
schizophrenia, epilepsy and physiological and pathological
processes. D-Ser can improve the social withdrawal of autistic
patients and is clinically used to treat diseases such as
schizophrenia.4 D-Ser is also an important chiral drug inter-
mediate with wide applications in peptide synthesis within the
pharmaceutical field.5–7 Therefore, D-Ser has strong economic
potential.

L-Ser has a wide variety of sources and is low in price; in
contrast, D-Ser is expensive due to its scarcity. D-Ser molecules
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have been found in the body,8,9 and hydroxyl radicals can cause
them to be damaged. D-Ser is synthesized by the conforma-
tional transition of L-Ser in the body, termed serine chiral
transition. The use of L-Ser to obtain D-Ser can generate huge
economic benefits. Therefore, it is particularly important to
study how L-Ser changes to D-Ser.

The chiral transition of amino acids is complicated, and
the reaction mechanism is not yet fully understood. Several
different mechanisms have been proposed. In 1910, Dakin10

proposed that the optical isomerization of amino acids in
solvent during the initial rate-limiting step involves the depro-
tonation on the alpha carbon to form a carbon anion. The
protons around the amino acids then attack the alpha carbons
from both directions to form L- or D-type amino acids. Based
on the above mechanism, Neuberger11 speculated that high
concentrations of protons are needed for the optical isomerization
of free amino acids. In this mechanism, two protons are lost from
the zwitterionic amino group and methylene carbon.12 According
to Neuberger’s method, Smith and Sivakua confirmed the racemi-
zation mechanism of amino acids by studying the racemic kinetics
of phenylaminoacetic acid.13 Based on quantum chemical calcula-
tions of a single gas-phase amino acid molecule, Sullivan et al.14

proposed a different reaction mechanism in which alpha hydrogen
transfer first transfers from the chiral carbon to the amino group,
and another hydrogen atom on the amino group then transfers
back to the chiral carbon atom to form the intermediate. The
energy barrier for this reaction is 300 kJ mol�1, which is high.
Thus, it is difficult for the reaction process to be completed at low
temperatures. Liardon and Schwass indicated that temperature
and pH also affect the optical isomerism of amino acids.15,16

Previous studies have obtained the optimal geometric config-
urations, charge distribution, microwave spectra, LA-MB-FTMW
spectra and matrix isolation infrared spectra of serine
enantiomers.17–20 At present, calculations on the racemization
mechanism of serine molecules have only considered gas-phase
serine molecules with intramolecular single hydrogen bonds.21

The results show that the transfer of a-hydrogen from the
a-carbon to amino nitrogen step is a rate-determining step
with a total barrier of 248.0 kJ mol�1. However, the exact details
of the serine chiral transition mechanism from S-Ser to R-Ser have
rarely been reported. The roles of water clusters, hydroxide ion
water clusters and hydroxyl radical water clusters along with the
solvent effects for serine chiral transition have not been reported.
Previous studies also found that water molecules, hydroxyl radicals
and hydroxide ions have a good catalytic effect on the proton
transfer reaction in the chiral transitions a-alanine, lysine and
thalidomide molecules.22–25 The living body is a water-rich
environment that contains small amounts of hydroxyl radicals
and hydroxide ions, which are harmful to the organisms.26

To understand the mechanism of serine chiral transition, in
this study, several different isolated serine chiral transition
mechanisms without catalysts were first considered using
density functional theory (DFT) to provide a benchmark for
comparison with mechanisms involving catalysts. Subsequently,
several possible mechanisms of serine chiral transition catalyzed
by water, hydroxyl radical and hydroxide ion were investigated.

The effects of water, hydroxyl radical and hydroxide ion as catalysts
on the serine chiral transition process were analysed. A better
understanding of the serine chiral transition mechanism would
be useful for the design of more efficient drug molecules with
potential pharmaceutical and biomedical applications.

2 Computational methods and models

All geometries were optimized by DFT with the B3LYP func-
tional and 6-31+G(d,p) basis set; more accurate energies were
then obtained by performing single-point calculations at
the MP2/6-311++G(2df,2pd) level.27–37 The B3LYP functional
has been used in a large number of studies on the interaction
and chemical reactions in hydrogen-bonded systems, often
with great success.38–45 The solvation effects from water were
considered by performing single-point calculations on the
optimized structures using the SMD solvation model.46 The
analytical Hessians at the geometry optimization level of theory
were carried out to obtain thermal corrections to the Gibbs
free energy and the vibrational harmonic frequencies. All the
stationary points as minima (zero imaginary frequency) or
transition states (one imaginary frequency) were identified.
There was no imaginary frequency for the minima and only
one imaginary frequency for the transition state. Intrinsic reaction
coordinate (IRC) analysis was performed to confirm the optimized
transition state connecting the corresponding minima. Unless
otherwise stated, all the final free energies presented in this study
were obtained from the MP2/6-311++G(2df,2pd) level (including
solvent correction) together with thermal correction to the Gibbs
free energy (Gtc) calculated using the B3LYP/6-31+G(d,p) method.
To obtain insights into the nature of the bonds between hydroxyl
radicals and serine molecules, NBO analysis was performed. All
calculations were performed using the Gaussian 09 program.47

3 Results and discussion
3.1 Properties of isolated serine

First, the chiral transition mechanism for isolated serine (S-Ser)
was investigated. According to Fig. 1, the serine molecule
consists of one hydroxyl, one amino and one carboxyl group
linked by a C3–C1–C8 backbone. In the serine molecule, single
intramolecular hydrogen bonds between amino and hydroxyl
groups or double hydrogen bonds between amino and carboxyl
groups may form. Based on a previous study of gaseous serine
conformers,20 two typical lowest-energy conformers of serine
(S_1A and S_1B) were considered as the initial computational
models (Fig. 1).

Fig. 1 Low-energy conformers from B3LYP/6-31+G(d,p) calculations and
atomic labeling scheme for S- and R-type serine.

Paper NJC

Pu
bl

is
he

d 
on

 0
9 

lu
gl

io
 2

01
9.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3/
07

/2
02

5 
10

:0
8:

10
. 

View Article Online

https://doi.org/10.1039/c9nj01796h


12342 | New J. Chem., 2019, 43, 12340--12350 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019

In S_1A, the dihedral angles H11–O10–C8–O9, N5–C1–C8–O9,
N5–C1–C3–O13, C8–C1–C3–O13 are �1.721, 7.491, 53.951 and
�66.551, respectively. The directions of H6 and H7 in amino N5
are swung to cover the outside. The bond lengths of C1–H12
and N5–H12 are 1.102 and 2.153 Å, respectively. Two weak
hydrogen bonds are formed between the carbonyl O9 and the
amino H6 (H� � �O = 2.233 Å), and between the amino N5 and
hydroxyl H14 (H� � �N = 2.268 Å). Similarly, in S_1B, the dihedral
angles H11–O9–C8–O10, N5–C1–C8–O10, N5–C1–C3–O13,
C8–C1–C3–O13 are 175.291, �161.691, 56.801 and �86.411,
respectively. The distances of C1–H12 and N5–H12 are 1.098

and 2.100 Å, respectively. A hydrogen bond is observed between
the amino N5 and hydroxyl H14 (H� � �N = 1.911 Å). This reveals
that the intramolecular hydrogen bonds are stronger in S_1B

than in S_1A. The calculated results also show that S_1B is more
stable than S_1A by about 0.55 kcal mol�1. This result is in
agreement with a previous study.21

3.2 Possible chiral transition mechanism for isolated S_1A

To achieve the chiral transition from the S to R form of serine, the
a-hydrogen needs to transfer from one side of the chiral C1 atom
to the other side. For serine enantiomerization, one of a pair of
enantiomers should be the mirror image of the other. Based on
whether or not the interconversion is enantiomerization, two
possible reaction pathways A1 and A2 may be responsible for the
model S_1A. Pathway A1 is serine enantiomerization, and pathway
A2 is only the serine chiral transition.

Pathway A1 (S_1A enantiomerization) occurs through six
steps: S_1A - S_2A - 3A - 4A1 - 5A1 - R_6A1 - R_1A1

(see Fig. 2). The reaction free energy profiles are shown in
Fig. 3.

First, S_1A isomerizes to S_2A via transition state S_TS1A.
This step involves the amino isomerization, and the calculated
barrier for S_TS1A is 3.4 kcal mol�1 (see Fig. 3, Table 1 and
Table S1, ESI,† which list the energies for all stationary points).
During this process, the dihedral angles C6–N5–C1–C12 and
C7–N5–C1–C12 rotate from +148.971 and �83.171 to +97.891
and �24.691, respectively. Step 2 is the transfer of the H12 atom
from C1 to N5 to yield 3A via the transition state TS2A, during
which the dihedral angle O9–C8–C1–N5 changes from �17.071
to +8.531. Because this proton transfer is associated with bond
breaking and forms highly strained three-membered rings in 3A,
a high energy barrier must be overcome. The calculated barrier
for TS2A is 58.4 kcal mol�1 relative to S_1A (Fig. 3). From 3A,
two different pathways (pathway A1 and A2) are identified
according to the order of H migration and isomerization of the
amino group. In pathway A1, step 3 involves the inverse-clockwise

Fig. 2 Optimized structures for pathway A1. The arrows in the transition
states show displacement vectors. Distances are given in Å.

Fig. 3 Potential energy surfaces of the S_1A chiral transition for pathways A1 and A2. The relative free energies (G, in kcal mol�1) are relative to structure
S_1A. The values in parentheses are free-energy values with solvation correction.
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rotation of the hydroxyl –O13H14 along the C3–O13 axis; that is, 3A

(H4–C3–O13–H14 =�53.351) isomerizes to 4A1 (H4–C3–O13–H14 =
69.731) via a transition state TS3A1 (H4–C3–O13–H14 = 16.351).
This hydroxyl group rotation must overcome an energy barrier of
only 2.3 kcal mol�1. This step is accompanied by changes in the
dihedral angles C1–C3–O13–H14 and N5–C1–C3–O13 from 69.651
and 55.031 to�171.171 and 48.671, respectively. Step 4 involves the
inverse-clockwise rotation of dihedral angles H4–C3–O13–H14
along the C1–C3 axis; that is, 4A1 (5N–1C–3C–H4 = 169.191)
isomerizes to the corresponding stereotactic enantiomer 5A1

(5N–1C–3C–H4 = 70.251) via a transition state TS4A1 (5N–1C–3C–
H4 = 119.581), overcoming a barrier of 2.4 kcal mol�1 (see Table 1).
In step 5, the S-type 5A1 changes to R-type R_6A1 via transition
state TS5A1, overcoming an energy barrier of 36.8 kcal mol�1. The
transfer of H7 atom from N5 to C1 occurs in this step, accom-
panied by a change in the dihedral angle C12–N5–C6–C7 from
�120.251 to 146.651, and the C1–C7 bond length changes from
2.13 to 1.10 Å. In this step, the proton transfers from one side
of chiral C1 to the other side, and the chiral conversion of S_1A

is completed.
Finally, similar to the amino isomerization in the first step,

R_6A1 changes to the corresponding enantiomer R_1A1 via a
transition state R_TS6A1 (0.3 kcal mol�1) to achieve the chiral
enantiomer conversion of S_1A. During this step, the orienta-
tion of two H6 and H12 atoms in amino N5 is swung to
cover the inside from outside; meanwhile, the dihedral angle
C1–C3–O13–H14 rotates along the C1–C3 axis, the C8–C1–N5–
H12 angle rotates along the C8–C1 axis, and the dihedral angles
C1–C3–O13–H14 and C8–C1–N5–H12 change from 173.831
and �68.651 to 46.031 and 19.691, respectively. The results
show that R_1A1 and S_1A are stereoisomers that are non-
superimposable mirror images of each other. In other words,

their bond lengths and angles are exactly the same, the absolute
values of their dihedral angles are the same, and their directions
are opposite (the details are shown in Table S2, ESI†). Therefore,
S_1A achieves the chiral enantiomer transition via pathway A1.

In pathway A2, the chiral transition of S_1A also involves six
steps: S_1A - S_2A - 3A - R_4A2 - R_5A2 - R_6A2 - R_1A2

(see Fig. 4). In this pathway, the proton transfer occurs first
followed by the isomerization of the hydroxyl and amino groups.

First, H7 atom transfers from N5 to C1; that is, 3A isomerizes
to R_4A2 via a transition state TS3A2. This process is similar to
the fifth step of pathway A1 and needs to overcome an energy
barrier of 38.2 kcal mol�1. Next is the isomerization of the
amino; that is, R_4A2 changes to R_5A2 via a transition state
R_TS4A2, which is accompanied by changes in the positions of

Table 1 Thermal correction to Gibbs free energy (Gtc), high-level energy (E, including the solvation correction), total energy (Gtotal), relative total energy
(DGtotal) and transition state imaginary frequency (Ima) at 298.15 K for all stationary points in pathway A1

Structures Gtc (Hartree) E (Hartree) Gtotal (Hartree) DGtotal (kcal mol�1) Ima (cm�1)

S_1A 0.08153 �398.30825 �398.22672 0
S_TS1A 0.08001 �398.30127 �398.22126 3.43 530.32
S_2A 0.08066 �398.30748 �398.22682 �0.06
TS2A 0.07552 �398.20943 �398.13391 58.29 1706.62
3A 0.08121 �398.27430 �398.19309 21.12

Pathway A1
TS3A1 0.08055 �398.26996 �398.18941 23.43 307.79
4A1 0.08098 �398.27204 �398.19106 22.40
TS4A1 0.08042 �398.26450 �398.18408 26.78 151.89
5A1 0.08098 �398.27204 �398.19106 22.40
TS5A1 0.07537 �398.20786 �398.13249 59.19 1703.54
R_6A1 0.08059 �398.30924 �398.22865 �1.21
R_TS6A1 0.08039 �398.30856 �398.22817 �0.91 230.00
R_1A1 0.08153 �398.30825 �398.22672 0.00

Pathway A2
TS3A2 0.07528 �398.20760 �398.13232 59.29 1703.50
R_4A2 0.08067 �398.30750 �398.22683 �0.04
R_TS4A2 0.07933 �398.29827 �398.21894 4.89 589.15
R_5A2 0.08036 �398.30600 �398.22564 0.68
R_TS5A2 0.08016 �398.30476 �398.2246 1.33 237.77
R_6A2 0.08036 �398.30578 �398.22542 0.82
R_TS6A2 0.08040 �398.30523 �398.22483 1.19 218.04
R_1A2 0.08128 �398.30948 �398.2282 �0.93

Fig. 4 Optimized structures for pathway A2. The arrows in the transition
states show displacement vectors. Distances are given in Å.
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both H6 and H12 from outside to inside the cover, whereas the
dihedral angle H7–C1–N5–H12 changes from 83.821 to 56.831.
The barrier of this step is predicted to be only 4.9 kcal mol�1.
Subsequently, R_5A2 isomerizes to R_6A2 via a transition state
R_TS5A2, overcoming a barrier of only 0.2 kcal mol�1. When the
solvation correction is considered, it becomes a barrierless
process (see Table 1 and Table S1, ESI†). From R_5A2 to R_6A2,
the dihedral angle C1–C3–O13–H14 rotates along the C3–O13 axis
and changes from 82.271 to �167.771. Finally, R_6A2 isomerizes
the R_1A2 via a transition state R_TS6A2 to complete the chiral
conversion of S_1A (0.4 kcal mol�1 without the solvation correction
and �0.5 kcal mol�1 with the solvation correction). This last step
is the same as that in pathway A1. In this step, the dihedral angle
C1–C3–O13–H14 rotates along the C1–C3 axis in concert with the
rotation of the C7–C1–N5–H12 angle along the C7–C1 axis,
whereas the dihedral angles C1–C3–O13–H14 and C7–C1–N5–H12
change from �167.771 and �70.241 to �44.231 and �157.271,
respectively. In R_1A2, the distances of N5–H14, O9–H12 and
O10–H4 are 2.24, 2.47 and 2.77 Å, respectively.

As discussed above, the first proton transfer step (N5 - C1)
is the second step and a rate-determining step with a total
barrier of 58.4 kcal mol�1. After the first proton transfer, the
barriers of the rate-determining step (proton transfer from C1
to N5) for pathways A1 and A2 are 36.8 and 38.2 kcal mol�1,
respectively, which can be considered equal within the range of
error. This indicates that the chiral transformation of isolated
S_1A is equally likely to occur through pathways A1 and A2.
However, the transformation of enantiomers only occurs via
pathway A1. As far as we know, the ‘‘limit energy barrier’’ of the
proton migration is 39.95 kcal mol�1; however, 58.4 kcal mol�1

is higher than 39.95 kcal mol�1,48,49 indicates that it is difficult to
complete the chiral transition of isolated S_1A without catalysts.

3.3 Possible chiral transition mechanism for isolated S_1B

Three possible reaction pathways, B1, B2 and B3, are proposed
based on whether or not they can complete the chiral enantio-
mer transformation of S_1B.

Pathway B1: the chiral enantiomer transition of S_1B occurs
through eight steps: S_1B - S_2B - 3B - 4B1 - 5B1 -

R_6B1 - R_7B1 - R_8B1 - R_1B1 (see Fig. 5).
Step 1 involves rotation of the dihedral angles C1–C8–O9–H11

along the C1–C8 axis; that is, S_1B (C1–C8–O9–H11 = �5.501)
isomerizes to S_2B (C1–C8–O9–H11 = 178.221) via a transition state
S_TS1B (C1–C8–O9–H11 = 93.641; see Fig. 5). The rotation needs to
overcome an energy barrier of 13.1 kcal mol�1 (Fig. 6, Table 2 and
Table S3, ESI,† which list the energies for all stationary points).
During this step, the dihedral angle H11–O9–C8–O10 also changes
from 175.291 to �3.061, whereas the angle H6–N5–C1–H12
changes from �33.771 to �52.131. In step 2, S_2B changes to
3B via a transition state TS2B, in which the H12 atom transfers
from C1 to N5. As a result, the amino protonated. This process
is similar to the second step of pathway A1. In this step, the
dihedral angle C3–C1–N5–H6 changes from 79.181 to �39.751,
and the bond length of C1–H12 changes from 1.09 to 1.35 Å.
This step is similar to the second step of pathway A1 and is
associated with bond breaking; thus, a high energy barrier of

B57.7 kcal mol�1 must be overcome (Fig. 6 and Table 2 and
Table S3, ESI†). Step 3 involves the rotation of the dihedral
angle C1–C3–O13–H14 along the C1–C3 axis; that is, 3B

(C1–C3–O13–H14 = 74.051) isomerizes to 4B1 (C1–C3–O13–
H14 = 178.221) via a transition state TS3B1 (C1–C3–O13–H14 =
�171.961; see Fig. 5). The barrier of this rotation was calculated
to be 2.0 kcal mol�1. In step 4, 4B1 isomerizes to 5B1 via the
transition state TS4B1, overcoming a barrier of 2.4 kcal mol�1

(see Fig. 6). This step involves the rotation of the dihedral angle
C8–C1–C3–H4 along the C1–C3 axis in concert with the rotation
of the angle C8–C1–N5–H7 along the C8–C1 axis, whereas the
dihedral angles C8–C1–C3–H4 and C8–C1–N5–H7 change from
18.311 and 113.121 to �139.441 and 125.751, respectively. In
step 5, the H7 atom transfers from N5 to C1 to yield R-type
R_6B1 via a transition state TS5B1, accompanied by a change in
the dihedral angle H6–N5–C1–H7 from �108.77 to �67.181 and
a decrease in the C1–H7 bond length from 2.13 to 1.10 Å.
Finally, the hydrogen atom transfers from one side of C1 to the
other side to complete the chiral conversion of S_1B. This
process needs to overcome an energy barrier of 36.9 kcal mol�1.
Step 6 is the similar to step 3 and also involves the rotation of
the dihedral angle C1–C3–O13–H14 along the C1–C3 axis;
that is, R_6B1 (C1–C3–O13–H14 = 179.721) isomerizes to R_7B1

(C1–C3–O13–H14 = �67.76) via the transition state R_TS6B1

(C1–C3–O13–H14 = �136.481; see Fig. 5). The energy barrier of
this rotation was calculated to be 0.6 kcal mol�1 relative to
S_1B. Step 7 involves the isomerization of the amino; that is,
R_7B1 isomerizes to R_8B1 via transition state R_TS7B1, for
which the energy was calculated to be only 4.9 kcal mol�1

Fig. 5 Optimized structures for pathway B1. The arrows in the transition
states show displacement vectors. Distances are given in Å.
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relative to complex 1. During this step, two H6 and H12 atoms
change to the opposite direction, whereas the dihedral angle
C6–N5–C1–H7 changes from �66.671 to 39.901 (Fig. 6). Finally,
R_8B1 isomerizes to easily isomerize the corresponding enan-
tiomer R_1B1 via transition state R_TS8B1 to complete the chiral
enantiomer conversion of S_1B (9.7 kcal mol�1). In this step,
the dihedral angle C1–C8–O9–H11 rotates along the C1–C8 axis,
whereas the dihedral angle C1–C8–O9–H11 changes from
176.351 to 5.491. In R_1B1, the bond lengths of N5–H11, O13–
H12 and O10–H14 are 1.91, 2.49 and 2.81 Å, respectively.

From 3B, two different chiral transition pathways (pathways
B2 and B3) have been identified according to the different
pathways of H migration.

Pathway B2: the chiral transition of S_1B occurs through four
steps, S_1B - S_2B - 3B - R_4B2 - R_1B2 (see Fig. 7).

In pathway B2, the third step involves the transfer of the H6
atom from N5 to C1; that is, 3B isomerizes to R_4B2 via TS3B2.
In this process, the proton is transferred from one side of C1
to the other side, completing the chiral conversion of S_1B.
This proton transfer needs to overcome an energy barrier of

Fig. 6 Potential energy surfaces of the S_1B chiral transition for pathways B1, B2 and B3. The relative free energies (G, in kcal mol�1) are relative to
structure S_1B. The relative free energies with solvation correction are shown in parentheses.

Table 2 High-level energy (E, including the solvent correction), thermal correction to the Gibbs free energy (Gtc), total energy (Gtotal, including the ZPE
correction), relative total energy (DGtotal) and transition state imaginary frequency (Ima) at 298.15 K for all stationary points in each reaction channel of the
S_1B chiral transition to R_1B

Structures Gtc (Hartree) E (Hartree) Gtotal (Hartree) DGtotal (kcal mol�1) Ima (cm�1)

S_1B 0.08194 �398.31126 �398.22932 0.00
S_TS1B 0.07982 �398.28816 �398.20834 13.18 539.83
S_2B 0.08104 �398.30520 �398.22416 3.24
TS2B 0.07517 �398.20749 �398.13232 60.93 1685.36
3B 0.08104 �398.27183 �398.19079 24.20

Pathway B1
TS3B1 0.08035 �398.26768 �398.18733 26.37 282.33
4B1 0.08069 �398.26966 �398.18897 25.34
TS4B1 0.07794 �398.26324 �398.1853 27.65 163.34
5B1 0.08069 �398.26966 �398.18897 25.34
TS5B1 0.07515 �398.20552 �398.13037 62.15 1685.20
R_6B1 0.08055 �398.30765 �398.2271 1.39
R_TS6B1 0.08041 �398.30652 �398.22611 2.01 201.95
R_7B1 0.08154 �398.30764 �398.2261 2.02
R_TS7B1 0.08028 �398.29855 �398.21827 6.94 581.04
R_8B1 0.08156 �398.30637 �398.22481 2.83
R_TS8B1 0.08017 �398.28967 �398.2095 12.45 605.12
R_1B1 0.08194 �398.31126 �398.22932 0.00

Pathway B2
TS3B2 0.07496 �398.20599 �398.13103 61.73 1684.38
R_4B2 0.08035 �398.30619 �398.22584 2.19
R_TS4B2 0.07885 �398.28962 �398.21077 11.65 576.12
R_1B2 0.08189 �398.31040 �398.22851 0.51

Pathway B3
TS3B3 0.07733 �398.21359 �398.13626 58.45 1657.50
R_1B3 0.08088 �398.30765 �398.22677 1.60
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37.5 kcal mol�1. This step is accompanied by a change in the
dihedral angle H12–N5–C1–H6 from 120.891 to 72.371 and a
change in the bond length 5N–6H from 1.03 to 2.08 Å. Finally,
the dihedral angle C1–C8–O9–H11 rotates along the C1–C8 axis,
producing the corresponding enantiomer R_1B2 via the transi-
tion state TS4B2 to complete the chiral conversion of S_1B.
The barrier of this step is predicted to be 9.4 kcal mol�1.
In this step, the dihedral angle C1–C8–O9–H11 changes from
178.151 to �2.631.

In the alternative pathway B3, 3B is converted to product R_1B3

via the transition state TS3B3 to complete the chiral transition of
S_1B (see Fig. 7), overcoming a barrier of 34.3 kcal mol�1 (see Fig. 6
and Table 2). During this step, H14 atom transfers from the
hydroxyl O13 to the chiral carbon C1 in concert with the
transfer of H6 from amino N5 to hydroxyl O13. As a result,
the bond distance of 5N–6H elongates from 0.97 to 1.38 Å.
Meanwhile, the dihedral angle 5N–1C–8C–3C changes from
�146.651 to 136.301.

As discussed above, the second elemental reaction is a rate-
determining step for the chiral transition of S_1B, with a total
barrier of 57.7 kcal mol�1. The calculated rate-determining
energy barriers for the above four pathways (A1, A2, B1 and B2)
are similar (B60.0 kcal mol�1). The high barriers for these four
pathways indicate that no reaction can occur under isolated
conditions. To complete the S_1A and S_1B chiral transitions, the
catalyst has to lower the barrier by at least 30 kcal mol�1.

3.4 Water-, hydroxyl radical- and hydroxide ion-catalysed
proton transfer (S_2A - 3A1 and 5A1 - R_6A1)

For isolated S-Ser enantiomerization, there are two high-energy
barriers (E58 and 37 kcal mol�1) for the proton transfer steps
(TS2A1 and TS5A1) in the most favorable pathway, indicating
that no reaction can occur under isolated conditions. First,
inspired by previous reports,24,50,51 we introduced a water
dimer in the two proton transfer steps as a bridge to facilitate
proton transfer via the Grotthuss mechanism.24,52 In other
words, a water dimer is placed between the H16 and N5 atoms
in S_2A1, and a water dimer is positioned between the H15 and
C1 atoms in 5A1. The optimized geometries of each state for the
S_2A1�2H2O - 3A1�2H2O and 5A1�2H2O - R_6A1�2H2O steps are
presented in Fig. 8 and Table S4 (ESI†). The S_2A1�2H2O

complex shows three hydrogen bonds between H16 of S_2A

and O20 of the water dimer, between N5 of S_2A and H15 of the
water dimer, and between H18 and O17 of the water dimer,
with bond distances of 2.28, 1.82 and 1.82 Å, respectively.
Starting from S_2A1�2H2O, H16 departs from C1 and moves
towards O20, H18 departs from O20 and moves towards O17,
and H15 departs from O17 and moves towards N5. As a result, a
proton hops to N5 from the original C1 atom via the ‘‘water
bridge,’’ creating the intermediate 3A1�2H2O (see Fig. 8). Here,
the role of the water molecule is similar to that in the enantio-
merization of thalidomide.24 These findings are further con-
firmed by IRC calculations. The associated energy barrier was
calculated to be 26.4 kcal mol�1 relative to S_2A1�2H2O, which is
much lower than that for isolated S-Ser (58.4 kcal mol�1). From
TS02A1 to 3A1�2H2O, the key distances of H6–C1, O20–H18 and
O7–H5 are elongated from 1.29, 1.45 and 1.60 Å to 1.95, 1.75
and 1.79 Å, respectively.

Similarly, H15 departs from N5 and moves towards O17,
H18 departs from O17 and moves towards O20, and H16
departs from O20 and moves toward C1 for the 5A1�2H2O -

R_6A1�2H2O step (see Fig. 8). As a result, a proton hops from the
original position of the N5 atom to the C1 atom via water
functioning as a bridge. The IRC calculations further confirm
this mechanism. The energy barrier of these proton transfers
for TS05A1 is 5.6 kcal mol�1 (see Fig. 9), which is much lower
than that for isolated S-Ser (36.8 kcal mol�1).

A large number of hydroxyl radicals are generated in the
living body as the organism ages. To understand hydroxyl
radical-catalysed serine enantiomerization, we inserted an aqueous
cluster of hydroxyl radical, H2O�OH�, into the proton transfer
step of S_1A enantiomerization. The H2O�OH�-catalysed serine
enantiomers are shown in Fig. 10. In S_2A1�(H2O�OH�), the
hydrogen bond (H14� � �N5 = 1.76 Å) formed by N5 of S_2A1

and H14 of the hydroxyl radical is stronger than that
(H15� � �N5 = 1.82 Å) formed by N5 of S_2A1 and H15 of water
because the hydroxyl radical has stronger electronegativity than
water. However, the hydrogen bonds (H15� � �O19 = 2.35 Å and
H17� � �O16 = 1.89 Å) formed by H15 of S_2A1 and O19 of water

Fig. 8 Optimized geometries for water dimer-mediated proton transfer
reactions (S_2A1�2H2O - 3A1�2H2O and 5A1�2H2O - R_6A1�2H2O). The
arrows in TS02A1 and TS05A1 show displacement vectors. Distances are
given in Å.

Fig. 7 Optimized structures for pathway B2. The arrows in the transition
states indicate the vibrational direction of the imaginary frequency.
Distances are given in Å.
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and by O17 of water and O16 of hydroxyl radical are weaker
than those (H16� � �O20 = 2.28 Å and H19� � �O17 = 1.82 Å) formed
by H16 of S_2A1 and O20 of water and by H19 and O17 of water
dimer. In TS002A1, H14 transfers from O16 to N5, H17 transfers
from O19 to O16, and H15 transfers from C1 to O19, implying
that a proton jumps from the original position of the C1 atom
to the N5 atom across the ‘‘H2O�OH� bridge.’’ The associated
energy barrier is 12.6 kcal mol�1 relative to S_2A1�(H2O�OH�),
which is 46 kcal mol�1 lower than that for isolated S-Ser
(see Fig. 9 and Table S5, ESI†). These findings can be further
confirmed by IRC calculations (see Fig. S1 and S2, ESI†). The
formed intermediate 3A1�(H2O�OH�) shows poor stability with
an energy of 25.7 kcal mol�1 (�18.5 kcal mol�1 considering the
solvation effect) relative to complex S_2A1�(H2O�OH�) (Fig. 9).
The details are shown in the ESI† (Fig. S3).

For the H2O�OH�-catalyzed proton transfer step of 5A1 -

R_6A1, we also optimized the transition state TS005A1 (Fig. 10),

which corresponds to proton transfer across the ‘‘(H2O�OH�)
bridge,’’ in which H14 moves away from N5 and toward O16,
H17 moves away from O16 and toward O19, and H15 moves
away from O19 and toward C1. The O16 atom can tightly hold a
proton; thus, the associated energy barrier is 31.9 kcal mol�1

(5.3 kcal mol�1 without the solvation correction) relative to
5A1�(H2O�OH�), lower than that for isolated S-Ser (see Fig. 9 and
Table S5, ESI†).

Finally, we put an aqueous cluster of hydroxide ion (H2O�OH�)
[a simplified form of the OH��(H2O)n cluster that exists in basic
solution]24 into the proton transfer step of the S_1A chiral transi-
tion process to understand base-catalysed enantiomerization.
The optimized structures for OH��H2O-mediated chiral transi-
tion are shown in Fig. 11. Unlike in the above reactants, in
S_2A1�(H2O�OH�), the O19 atom of OH� and the O16 atom of
water are connected with the H15 and H6 atoms of S_2A by
hydrogen bonds with distances of 1.79 and 2.19 Å. From the
transition state TS00 02A1, H15 transfers from C1 to O19, and the
OH��H2O cluster becomes a water dimer. The calculated barrier
for TS00 02A1 is 5.5 kcal mol�1 relative to S_2A1�(H2O�OH�), which
is 53 kcal mol�1 lower than that for isolated S-Ser (see Fig. 9 and
Table S6, ESI†).

After the process of proton transfer (S_2A1�(H2O�OH�) -

300A1�2H2O), it is reasonable to propose the following two
possibilities based on a previous study.29 (1) The negatively
charged molecule 300A1 seizes a proton from the surrounding
solution to form 3A, the proton of serine undergoes a series of
conformational changes (similar to steps 3 and 4 of pathway A1
for isolated serine and step 5 for water-assisted proton transfer,
see Fig. 2 and 11), thus completing the serine enantiomeriza-
tion. The highest calculated activation energy in all of the above
processes is expected to be B5.5 kcal mol�1. (2) The proton-less
serine undergoes a series of conformational changes to form
50A1 (here, 50A1 refers to R_6A1 after the loss of H15, see Fig. 2).
The central C1 atom then seizes a proton from the surrounding
water molecule to form R_6A1�(H2O�OH�) from 50A1�2H2O.
Finally, R_6A1 undergoes a series of conformational changes
to accomplish the enantiomerization process. The highest

Fig. 10 Optimized geometries for the hydroxyl radical-mediated proton
transfer reactions of S_2A1�(H2O�OH�) - 3A1�(H2O�OH�) and 5A1�(H2O�
OH�) - R_6A1�(H2O�OH�). The arrows in TS002A1 and TS005A1 show dis-
placement vectors. Distances are given in Å.

Fig. 11 Optimized geometries for the hydroxide ion-mediated proton
transfer reactions of S_2A1�(H2O�OH�) - 300A1�2H2O and 50A1�2H2O -

R_6A1�(H2O�OH�). The arrows in TS00 02A1 and TS00 05A1 show displacement
vectors. Distances are given in Å.

Fig. 9 Energies for the water dimer-, hydroxyl radical- and hydroxide ion-
catalysed proton transfer reactions calculated at the MP2/6-311++G(2df,2pd)
level of theory. The relative free energies (G, in kcal mol�1) with solvation
correction are shown in parentheses.
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energy barrier in all of the above processes is approximately
4.5 kcal mol�1.

3.5 Water-catalysed proton transfer (S_2B1 - 3B1 and
5B1 - R_6B1)

Similarly, for pathway B1, we also introduced two water molecules
to facilitate proton transfer in the S_2B1�2H2O - 3B1�2H2O and
5B1�2H2O - R_6B1�2H2O steps. The optimized structures of the
reaction and the corresponding free energies are shown in Fig. 12
and Table S7 (ESI†). During this process, proton transfer occurs
from the original position of the N5 atom to the C1 atom
(C1 - N5) through the ‘‘water bridge.’’24 As a consequence, the
energy barriers of these proton transfers (TS02B1 and TS05B1) are
26.5 and 4.9 kcal mol�1 compared to 58.4 and 36.8 kcal mol�1

for isolated S-Ser, respectively (see Fig. 6 and 12).

3.6 Hydroxyl radical-catalysed serine damage

We changed the position of OH� and H2O, meaning that we
introduced [(OH�)�H2O)] instead of (H2O�OH�) into the proton-
abstraction step of S_1A enantiomerization. The optimized
structures of the reactant, transition state (TS00 002A1) and pro-
duct and corresponding free energy profiles for this reaction
are shown in Fig. 13 (for details, see Table S8, ESI†). In S_2A1�
[(OH�)�(H2O)], the H15 atom of water and N5 atom of S_2A

are connected by hydrogen bonds (H15� � �N5 = 1.80 Å), and
the O19 atom of (OH�) and H16 atom of S_2A are connected
by hydrogen bonds (H16� � �O19 = 2.53 Å). The obtained transi-
tion state TS00 02A1 corresponds to the proton transfer across
the ‘‘[(OH�)�(H2O)] bridge,’’ in which H16 transfers from C1
to O19.24 After H16 transfers from C1 to O19, the cluster
[(OH�)�(H2O)] becomes a water dimer, which shares hydrogen
bonds (N5� � �H15 = 2.03 Å and H2� � �O19 = 2.31 Å) with 30A1

(here, 30A1 is formed by the loss of H16 from S_2A1). As a
consequence, the C1 atom of product 30A1 loses its chirality,
and 30A1 loses the serine functionality. These findings can be
further confirmed by IRC calculations (see Fig. S4 and S5, ESI†).
The activation energy is computed to be 7.0 kcal mol�1 in
this process; as a result, the formation of a stable product
30A1�2(H2O) is exothermic by 39.5 kcal mol�1 relative to complex

S_2A1�[(OH�)�H2O)] (Fig. 13), indicating that hydroxyl radical
can cause serine damage, which is difficult to repair. Details are
shown in the ESI† (Fig. S6).

4 Conclusions

In the present study, DFT calculations were used to study the
chiral transition mechanism of serine and the roles of water
molecules, hydroxyl radicals and hydroxide ion in the interconver-
sion process. For isolated serine, two typical lowest-energy
conformers of serine (S_1A and S_1B)14 were taken as computa-
tional models based on previous experimental and computa-
tional observations20,21 as well as the formation of different
types of hydrogen bonds. Based on the calculations, we
proposed two preferred reaction mechanisms (A1 and B1) in
which a hydrogen transfers to amino N from chiral C1 and then
to another side of chiral C1 using amino N as a bridge. In other
words, a hydrogen transfers only by using amino N as a bridge

Fig. 12 Optimized geometries and corresponding energies (in kcal mol�1) of the water dimer-mediated proton transfer reactions (S_2B1�2H2O - 3B1�2H2O
and 5B1�2H2O - R_6B1�2H2O) calculated at the MP2/6-311++G(2df,2pd) level of theory. The values in parentheses include the solvation correction. The arrows
in TS02B1 and TS05B1 show displacement vectors. Distances are given in Å. Energies are shown in kcal mol�1.

Fig. 13 Optimized structures and corresponding energies (in kcal mol�1)
for the hydroxyl radical-mediated proton transfer reactions of S_2A1�
[(OH�)�H2O)] - 30A1�2(H2O) calculated at the MP2/6-311++G(2df,2pd)
level of theory. The values in parentheses are calculated free-energy
values in the solvent phase. The arrows in TS00 002A1 show displacement
vectors. Distances are given in Å.
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without using carbonyl O, consistent with previous studies.21 It
is worth noting that both mechanisms are serine enantiomer-
ization. However, for both mechanisms, the reaction does not
occur spontaneously under isolated conditions since they have
remarkably high energy barriers of B58.0 and 37.0 kcal mol�1

for the proton transfer steps. The high barriers indicate that the
reactions do not take place under isolated conditions.

The catalytic reactions in which water molecules, hydroxyl
radicals and hydroxide ions act as catalysts were considered.
First, water molecules were demonstrated to be a good catalyst
to facilitate proton transfer in the chiral transition using the
Grotthuss mechanism; water molecules were found to drama-
tically reduce the highest energy barrier of chiral conversion to
30 kcal mol�1. Second, hydroxyl radical was shown to effectively
catalyze serine enantiomerization by assisting proton transfer;
hydroxyl radical was found to reduce the highest energy barriers of
chiral conversion to approximately 12.6 and 5.3 kcal mol�1. Mean-
while, hydroxyl radical was found to cause serine damage, which is
difficult to repair, with the activation energy of 7.0 kcal mol�1.
Finally, hydroxide ion was demonstrated to catalyze the chiral
conversion of serine with high catalytic efficiency; hydroxide ion
was found to reduce the barrier to chiral transition to approxi-
mately 5.5 and 4.5 kcal mol�1 by facilitating proton transfer.
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