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Abstract 
 

Succinimide residues formed spontaneously from aspartic acid 

(Asp) and asparagine (Asn) residues in proteins and peptides are 

stereochemically unstable, undergoing partial L-to-D 

stereoinversion, and this is responsible for the D-Asp and D-β-

Asp residues found in long-lived proteins. These stereoinverted 

abnormal amino acid residues are believed to be related to aging 

and some age-related diseases such as cataracts. Although the 

succinimide stereoinversion is nonenzymatic, a catalyst is 

required for it to occur at physiological temperature. In this 

study, it was found by density functional theory (DFT) 

calculations that a hydrogen phosphate ion (HPO4
2−) can 

effectively catalyze the stereoinversion of the succinimide 

intermediate. The HPO4
2− ion abstracts a proton from the 

asymmetric carbon atom of the succinimide residue to form an 

enolate intermediate. Then, while the resultant dihydrogen 

phosphate ion (H2PO4
−) remains bound to the enolate ion, a 

water molecule donates a proton to the enolate intermediate on 

the opposite side from the phosphate (which is the rate-

determining step) to produce the inverted carbon atom. The 

calculated activation barrier (ca. 90 kJ mol−1) is consistent with a 

slow in vivo reaction. The present found mechanism can be 

termed the “unsymmetrical SE1” or “pseudo-SE2” mechanism. 
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1. Introduction 
 

Various nonenzymatic reactions that occur spontaneously in 

proteins and peptides (especially in long-lived proteins) are 

believed to be related to aging and some diseases (especially 

age-related diseases such as cataracts and Alzheimer’s disease) 

[1–10]. Among such reactions, there are L-to-D partial 

stereoinversions of amino acid residues [11–21]. Except for 

glycine (Gly), which is not chiral, only L-amino acids are used in 

protein biosynthesis. However, D-amino acid residues have been 

found in proteins and peptides, especially in long-lived and/or 

disease-related proteins and peptides. The L-to-D partial 

stereoinversion of an amino acid residue of proteins and peptides 

is often called “racemization”. However, this is inadequate 

because the stereoinversion of an amino acid residue does not 

give the enantiomer but an epimer of the original molecule. In 

this present paper, which deals with the quantum chemical 

calculation of the reaction for a single molecule, I simply use the 

term “stereoinversion”. The “partial stereoinversion” is the 

macroscopic outcome. 
 

Aspartic acid (Asp) residues are unstable stereochemically. This 

is due to the succinimide-linked mechanism shown in Scheme 1 

[22–27]. The L-Asp residue can undergo nonenzymatic and 

spontaneous cyclization to the five-membered ring L-

succinimide intermediate with the release of a water molecule. 

The L-succinimide may be intramolecularly hydrolyzed back to 

L-Asp or to L-β-Asp. Moreover, since the succinimide residue is 

prone to a catalyzed stereoinversion, L-succinimide may be 

converted to D-succinimide, from which D-Asp and D-β-Asp 

residues can be produced. The formation of the unusual L-β-Asp, 

D-Asp, and D-β-Asp residues can affect the protein structures 

and functions [28–30]. Succinimide intermediates can also be 

formed from the asparagine (Asn) residues triggering the 
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reactions known as deamidation [22,23,31]. This is irreversible 

because of the release of an ammonia molecule. Therefore, there 

can be L-β-Asp, D-Asp, and D-β-Asp residues in proteins 

originating from Asn residues. It should be noted that the actual 

species that directly undergoes stereoinversion is the 

succinimide intermediate. In this present paper, I focus on the 

stereoinversion of the succinimide intermediate. 
 

 
 
Scheme 1: The succinimide-linked nonenzymatic reactions from aspartic acid 

(Asp) and asparagine (Asn) residues. 
 

Although the succinimide stereoinversion is nonenzymatic, a 

catalyst is required for it to occur at physiological temperature. 

Experimentally, however, it is hardly known what actually act as 

a catalyst in vivo. It was previously shown computationally that 

a dihydrogen phosphate ion (H2PO4
−) can be a catalyst of the 

succinimide stereoinversion [27]. On the other hand, the 

racemization of 5-phenylhydantoin, which has a five-membered 

ring similar to succinimide, was clearly shown to be catalyzed 

by a hydrogen phosphate ion (HPO4
2−) rather than by H2PO4

− in 

a phosphate buffer [32]. Moreover, at the physiological pH of 

7.4, the ratio of HPO4
2− and H2PO4

− is about 4:1, since the pKa of 

H2PO4
− is 6.82 [33]. In the present study, I computationally 

searched for a mechanism by which the succinimide residue 

stereoinversion is catalyzed by the HPO4
2− ion. The typical 
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activation energies of nonenzymatic reactions in peptides are 

less than 100 kJ mol−1 [8,22,25]. Using a model molecule, I 

extensively investigated the reaction pathways for succinimide 

stereoinversion and found only one reaction pathway where the 

activation barrier in water is less than 100 kJ mol−1 (ca. 90 kJ 

mol−1), which will be reported here. 
 

Catalysis by the HPO4
2− ion can be regarded as an example of 

general base catalysis. Two common mechanisms have been 

considered for general base-catalyzed racemization: SE1 

(substitution, electrophilic, and unimolecular) and SE2 

(substitution, electrophilic, and bimolecular) [34–43]. In the SE1 

mechanism, a resonance-stabilized flat carbanion (such as an 

enolate ion) is formed as an intermediate. In the SE2 mechanism, 

no intermediate is formed, and stereoinversion proceeds in one 

step. The two mechanisms have been distinguished by kinetic 

study in a deuterated environment. So far, most of the general 

base-catalyzed racemization reactions were proposed to occur by 

the SE1 mechanism. In this present study, a new mechanism was 

found in which an enolate intermediate is formed, but the 

reaction can not be kinetically distinguished from the SE2 

mechanism. It is proposed that the new mechanism is termed the 

“unsymmetrical SE1” or “pseudo-SE2” mechanism. 
 

2. Computational Method 
 

The quantum chemical calculations in this present study were 

performed by using Spartan’20 [44]. Figure 1 shows the model 

molecule (L- or S-form) used as the reactant (R). In this 

molecule, an aminosuccinyl residue is capped by acetyl and 

NCH3 groups on the N- and C-termini, respectively, in order to 

mimic the peptide-bound succinimide. The Cα atom is the 

asymmetric carbon atom (L- or S-configuration). Scheme 2 

shows the postulated reaction mechanism. The catalytic HPO4
2− 

ion was supposed to abstract the proton from Cα to form an 

enolate intermediate. In order to complete the stereoinversion, a 

proton has to be donated to the enolate ion on the opposite side 

from the phosphate. As the proton donor, a water (H2O) 

molecule was explicitly included. 
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Figure 1: The model molecule used for calculation in this present study. The α 

carbon atom (Cα) is in the L-configuration. The symbols φ and ψ represent the 

C–N–Cα–C and N–Cα–C–N dihedral angles, respectively, corresponding to the 

main chain of the original Asp or Asn residue. 
 

 
 

Scheme 2: A schematic representation of the postulated reaction mechanism. 
 

The calculations were performed with the density functional 

theory (DFT) method with the ωB97X-D functional [45] and the 

6-311+G(d,p) basis set. This present paper deals with systems 

having hydrogen bonds (including the CH∙∙∙O type). Although 

hydrogen bond interactions are dominated by electrostatic 

interactions, it is necessary to include dispersion interactions to 

obtain accurate energetics. The ωB97X-D functional, which 

includes empirical atom–atom dispersion corrections, is known 

to perform well for hydrogen bond interactions [46]. 

Equilibrium and transition state (TS) geometries were fully 

optimized in water. The solvent effect of water was included by 

the conductor-like polarizable continuum model (C-PCM) 

implemented in Spartan’20 (with a dielectric constant of 78.3). 

By the default setting of Spartan’20, the van der Waals radii 

scaled by 1.2 are used in the C-PCM model. However, this 

scaling was not used in this present study, because a much better 

result is obtained with no scaling for the hydration Gibbs energy 
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of the HPO4
2− ion. Since HPO4

2− has a −2 charge, its hydration 

Gibbs energy is exceedingly high. Although no definitive value 

is available [47], Moser recommended the value of 1078 kJ 

mol−1 (298 K) based on his sophisticated analysis [48]. This 

value is close to the earlier estimate by Florián and Warshel [49] 

of 1025 kJ mol−1. The hydration Gibbs energy of HPO4
2− is 

calculated to be 1053 kJ mol−1 by the C-PCM model with no 

scaling (based on the gas phase and aqueous phase optimized 

geometries and the standard thermal corrections), while it is 971 

kJ mol−1 with scaling by 1.2. 
 

Vibrational frequency calculations were performed for the 

optimized geometries by a numerical differentiation of the 

analytical gradients to verify them as an energy minimum (no 

imaginary frequency) or a TS (a single imaginary frequency) 

and to correct the energies for the zero-point energy (ZPE). The 

relative energies reported hereafter are the ZPE-corrected 

energies. Moreover, the intrinsic reaction coordinate (IRC) 

calculations were performed from TSs to confirm the minima 

connected by each TS. 
 

3. Results and Discussion 
 

For the model molecule, two conformers (Figure 2) were found 

that have almost the same energies. These two conformers can 

be denoted as anti-periplanar and syn-periplanar with respect to 

the Cα–Hα bond and the adjacent N–H bond. In the anti-

periplanar conformer, the Hα–Cα–N–H dihedral angle is −171° 

and the φ dihedral angle (Figure 1) is −106°. In the syn-

periplanar conformer, the Hα–Cα–N–H dihedral angle is −12° 

and φ = 54°. The syn-periplanar conformer is only 0.9 kJ mol−1 

lower than the anti-periplanar conformer. Here, a low-energy 

stereoinversion pathway from the anti-periplanar conformer is 

reported. Hereafter, the anti-planar conformer of the model 

compound in the L-form is denoted as R (reactant). The product 

(denoted as P) is the syn-periplanar conformer of the 

stereoinverted D-form of the model molecule. The overall energy 

diagram is shown in Figure 3. 
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Figure 2: Two conformers of the model molecule (reactant, R): anti-periplanar 

(left; φ = −106°, ψ = −139°) and syn-periplanar (right; φ = 54°, ψ = −139°). 

The Cα atom is in the L-configuration. Grey: carbon; white: hydrogen; blue: 

nitrogen; and red: oxygen. 
 

 
 

Figure 3: Energy diagram for the HPO4
2−-catalyzed stereoinversion of 

succinimide. The ZPE-corrected relative energies in water are shown in kJ 

mol−1 (with respect to the RC). The imaginary frequencies of TS1, TS2, and 

TS3 are 1202i, 64i, and 1413i cm−1, respectively. 
 

The reaction starts from the reactant complex (RC) shown in 

Figure 4. The RC is a complex between R, an HPO4
2− ion, and 

an H2O molecule. In order to roughly estimate the stabilization 

energy of R by complexing with an HPO4
2− ion in water, the 

geometries of the R∙H2O complex and the HPO4
2− ion were 

separately optimized. The sum of energies of these two species 

was 13.1 kJ mol−1 higher than the RC (Figure 3). 
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Figure 4: The geometry of the RC (reactant complex) (φ = −140°, ψ = −137°). 

Relevant interatomic distances are shown in Å. Grey: carbon; white: hydrogen; 

blue: nitrogen; red: oxygen; and orange: phosphorus. 
 

From the RC, the reaction proceeds in three steps. In the first 

step, the HPO4
2− ion abstracts a proton from the Cα atom to form 

an enolate intermediate (a complex with an H2PO4
− ion and an 

H2O molecule). In the second step, hydrogen bond 

reorganization occurs. This step is almost barrierless. In the third 

step, which is the rate-determining step, the H2O molecule 

donates a proton to the enolate intermediate to provide the 

product complex (PC), which is the complex between P, an 

H2PO4
− ion, and an OH− ion. The PC is higher in energy than the 

sum of the separated P∙H2O complex and HPO4
2− ion. The 

details of the reaction pathway are described below. 

 

3.1. The First Step: Proton Abstraction 
 

Figure 4 shows the reactant complex, RC. This is a complex 

between the reactant R (L-form, anti-periplanar), the HPO4
2− ion, 

and an H2O molecule. The Hα–Cα–N–H dihedral angle is 159°. 

The HPO4
2− ion abstracts a proton from the Cα atom of R in the 

first step. The H2O molecule acts as a proton donor in the third 

step. In the RC, the Cα−Hα bond seems to interact with an 

anionic oxygen atom of HPO4
2− by a CH∙∙∙O anionic hydrogen 

bond (2.719 Å). The OH group in HPO4
2− also forms a hydrogen 

bond to a carbonyl oxygen of the succinimide moiety (1.902 Å). 

2.719

1.093 Cα

HPO4
2−

H2O

2.970 2.618

1.902
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The H2O molecule seems to interact weakly with the 

succinimide nitrogen atom by a hydrogen bond of 2.618 Å. The 

distance between the Cα atom of R and a hydrogen atom of H2O 

is 2.970 Å. As noted above, the association of R∙H2O with an 

HPO4
2− ion leads to stabilization by ca. 13 kJ mol−1. 

 

TS1 (transition state 1) shown in Figure 5 is the TS of the first 

step. The Cα–Hα bond has been elongated, and the Cα∙∙∙Hα 

distance is 1.492 Å in TS1. The distance between Hα and the 

phosphate oxygen atom has become very short (1.147 Å), and an 

H2PO4
− ion is almost formed. The relative energy of TS1 with 

respect to the RC is as low as 69.3 kJ mol−1. 

 

IC1 (intermediate complex 1), shown in Figure 6, is a complex 

between the enolate intermediate, an H2PO4
− ion, and an H2O 

molecule and is directly connected to TS1. The Cα atom was sp3-

hybridized in the RC, but it is now sp2-hybridized. The distance 

between Cα and the H atom of the newly formed phosphate O–H 

bond is 2.090 Å; this distance may be regarded as one of an 

anionic hydrogen bond. The hydrogen bond between the 

succinimide carbonyl oxygen and phosphate is very short (1.685 

Å). The energy of IC1 is 64.8 kJ mol−1 relative to the RC and is 

lower than TS1 by 4.5 kJ mol−1. 

 

 
Figure 5: The geometry of TS1 (transition state 1) (φ = −163°, ψ = −150°) 

connecting the RC (Figure 4) and IC1 (Figure 6). Relevant interatomic 

distances are shown in Å. Grey: carbon; white: hydrogen; blue: nitrogen; red: 

oxygen; and orange: phosphorus. The transferring proton is indicated by the 

green circle. 

1.492
Cα

1.147

1.860

2.818
2.660
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Figure 6: The geometry of IC1 (intermediate complex 1) (φ = −147°, ψ = 

−165°). Relevant interatomic distances are shown in Å. Grey: carbon; white: 

hydrogen; blue: nitrogen; red: oxygen; and orange: phosphorus. 
 

3.2. The Second Step: Hydrogen Bond Reorganization 

in the Intermediate Complex 
 

In IC1, the hydrogen atom abstracted from Cα in the first step 

still interacts with Cα (2.090 Å), and the distance between Cα and 

the water hydrogen atom is relatively long (2.654 Å). It was 

found that a hydrogen bond reorganization is required to occur 

before the H2O molecule can donate a proton to the enolate 

intermediate. 
 

TS2 (transition state 2), shown in Figure 7, is the TS of the 

hydrogen bond reorganization in the intermediate complex. In 

TS2, the anionic hydrogen bond between Cα and the phosphate 

is being broken (2.595 Å) and a new hydrogen bond is being 

created (2.318 Å) between the carbonyl oxygen of the acetyl 

group and the phosphate. The interaction between Cα and H2O 

has become slightly shorter (2.538 Å). The energy of TS2 is 

only 0.9 kJ mol−1 higher than IC1, and the second step is almost 

barrierless. 
 

IC2 (intermediate complex 2), shown in Figure 8, is directly 

connected to TS2. The energy of IC2 is lower than IC1 by 3.3 kJ 

mol−1 and is higher than the RC by 61.5 kJ mol−1. The anionic 

hydrogen bond between Cα and the phosphate has been broken 

2.090

Cα

H2O

enolate

H2PO4
−

2.866

1.685

2.654 2.615

0.983
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(3.519 Å) in IC2. On the other hand, a new hydrogen bond has 

been created between the acetyl oxygen and the phosphate 

(1.766 Å). Moreover, the interaction between Cα and the water 

hydrogen atom has become considerably shorter (2.163 Å). The 

Cα atom is now ready to abstract a proton from the H2O 

molecule. In other words, the H2O molecule is now ready to 

donate a proton to the Cα atom. 
 

 
 

Figure 7: The geometry of TS2 (transition state 2) (φ = −132°, ψ = −171°) 

connecting IC1 (Figure 6) and IC2 (Figure 8). Relevant interatomic distances 

are shown in Å. Grey: carbon; white: hydrogen; blue: nitrogen; red: oxygen; 

and orange: phosphorus. 

 
 

Figure 8: The geometry of IC2 (intermediate complex 2) (φ = −85°, ψ = 175°). 

Relevant interatomic distances are shown in Å. Grey: carbon; white: hydrogen; 

blue: nitrogen; red: oxygen; and orange: phosphorus. 
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Cα

2.318
1.638

2.538
2.762
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Cα
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3.3. The Third Step: Proton Donation from Water 
 

TS3 (transition state 3), shown in Figure 9, is the TS of the third 

step. This TS is for the proton donation from H2O to the Cα atom 

of IC2. The H2PO4
− ion produced in the first step remains bound 

to the enolate intermediate in this step. In TS3, the distance of 

the breaking O–H bond is 1.266 Å, while the distance of the 

forming Cα–H bond is 1.347 Å. The local energy barrier of the 

third step is 28.4 kJ mol−1, and the overall reaction barrier from 

the RC is 89.9 kJ mol−1. This value is consistent with a slow 

reaction occurring in vivo, suggesting that the present reaction 

pathway actually operates in vivo. 

 
 

Figure 9: The geometry of TS3 (transition state 3) (φ = −57°, ψ = 150°) 

connecting IC2 (Figure 8) and the PC (Figure 10). Relevant interatomic 

distances are shown in Å. Grey: carbon; white: hydrogen; blue: nitrogen; red: 

oxygen; and orange: phosphorus. The transferring proton is indicated by the 

green circle. 
 

Figure 10 shows the product complex (PC), which is a complex 

of the product (P), an H2PO4
− ion, and an OH− ion. P is the D-

form of the model molecule and has the syn-periplanar 

conformation (the Hα–Cα–N–H dihedral angle is 11°). The 

hydrogen atom of the OH− ion interacts with the nitrogen atom 

of the succinimide ring (2.622 Å). The relative energy of the PC 

with respect to the RC is high (63.5 kJ mol−1). This is because P 

is complexed with an H2PO4
− ion and an OH− ion, instead of an 

1.347

Cα

1.266

1.743

1.768
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HPO4
2− ion and an H2O molecule. In order to confirm this, the 

geometries of the P∙H2O complex and the HPO4
2− ion were 

separately optimized. The sum of the energies of these two 

species was comparable with the sum of the energies of the 

R∙H2O complex and the HPO4
2− ion (Figure 3). Therefore, a 

complete low-energy pathway, which converts R (L-form) to P 

(D-form), has been found, and the HPO4
2− ion is a strong 

candidate for being the in vivo catalyst of the stereoinversion of 

the succinimide intermediate formed in proteins and peptides. 

 

 
 
Figure 10: The geometry of the PC (product complex) (φ = −51°, ψ = 139°). 

Relevant interatomic distances are shown in Å. Grey: carbon; white: hydrogen; 

blue: nitrogen; red: oxygen; and orange: phosphorus. 
 

3.4. Unsymmetrical SE1 Mechanism (Pseudo-SE2 

Mechanism) 
 

The most striking feature of the presently found mechanism of 

the succinimide stereoinversion is that the H2PO4
− ion produced 

in the first step (the proton abstraction) remains bound until the 

stereoinversion is completed. In order to show the importance of 

this feature, the energy required for the removal of the H2PO4
− 

ion from IC2 was calculated by optimizing the geometries of the 

enolate∙H2O complex and the H2PO4
− ion separately. The sum of 

the energies of these two species was higher than IC2 by 33.2 kJ 

mol−1 (94.7 kJ mol−1 relative to the RC, see Figure 3). This 

1.092

Cα

1.740

1.850

2.622
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means that the conversion of IC2 to the PC via TS3 is more 

favored than the removal of the H2PO4
− ion from IC2. Therefore, 

the H2PO4
− ion is responsible for the low activation barrier 

associated with TS3. It is interesting to note that, in IC2, two 

anions (enolate and H2PO4
−) are bound together. Recently, 

attractive anion–anion interactions have received great interest 

[50], and the nature of the enolate–H2PO4
− complex is to be 

clarified in the near future. 

 

The enolate ion in IC2 has a flat structure because the Cα atom is 

sp2-hybridized. However, because one side of the enolate plane 

is occupied by an H2PO4
− ion, the reprotonation by water occurs 

on only one side of the enolate plane. The enolate intermediate is 

not symmetrically solvated. 

 

The presently found stereoinversion mechanism may be 

regarded as an example of the SE1 (substitution, electrophilic, 

and unimolecular) mechanism in that it involves a flat 

resonance-stabilized enolate ion intermediate [34–43]. The SE1 

mechanism is analogous to the well-known SN1 (substitution, 

nucleophilic, and unimolecular) mechanism for nucleophilic 

substitution. In the SE1 mechanism, the proton abstraction from 

the asymmetric carbon atom is postulated to be the rate-

determining step [34–36,41–43]. Furthermore, it is often 

postulated that the enolate ion is equally solvated on both sides 

of the enolate plane and, hence, proton donation from the water 

solvent to the flat anionic intermediate occurs on either side of 

the plane [35,36,39–43]. In the present mechanism, however, 

these are not the case. The rate-determining step is not the first 

proton abstraction step, but the reprotonation of the enolate 

intermediate. Proton donation to the enolate intermediate from 

water occurs on only one side of the enolate plane, because the 

other side is blocked by an H2PO4
− ion. Therefore, the 

stereoinversion mechanism found in this study may be termed an 

“unsymmetrical SE1” mechanism. 

 

As seen in Figure 3, the energy of TS3 is much higher than TS1 

and the intermediate region is very flat. Therefore, the overall 

reaction can not be kinetically distinguished from a one-step 

reaction without any intermediates. This corresponds to the 
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push–pull-type SE2 (substitution, electrophilic, and bimolecular) 

(SE2 back) mechanism [34,36,38–43], which is an analogy of the 

SN2 (substitution, nucleophilic, and bimolecular) mechanism for 

nucleophilic substitution. Therefore, the present mechanism may 

also be termed a “pseudo-SE2” mechanism. 

 

4. Conclusions 
 

A low-energy HPO4
2−-catalyzed reaction pathway was 

computationally found for the succinimide stereoinversion. The 

calculated activation barrier (ca. 90 kJ mol−1) is consistent with a 

slow in vivo reaction, and the found mechanism may operate in 

long-lived proteins and peptides. The reaction proceeds in three 

steps. The first step is the proton abstraction from the Cα atom 

by the HPO4
2− ion. The second step is a hydrogen bond 

rearrangement in the enolate intermediate complex produced in 

the first step. The third step is a proton donation from water to 

Cα, and this step is predicted to be the rate-determining step. 

 

The proton donation in the third step occurs while the H2PO4
− 

ion produced in the first step remains bound to the enolate 

intermediate. Therefore, the two sides of the enolate plane are 

not symmetrical, although the enolate has a flat geometry. The 

presently found novel mechanism can be termed the 

“unsymmetrical SE1” or “pseudo-SE2” mechanism. 

 

We can expect the possibility that the HPO4
2− ion also acts as a 

catalyst for other “undesired” nonenzymatic reactions in proteins 

and peptides related to aging and diseases. This should be 

addressed in future work. Moreover, the generality of the 

unsymmetrical SE1 (pseudo-SE2) mechanism also needs to be 

clarified in future work. 
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