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•   ±iĐįĤįĚ��ö%)ećaRN�íĄ4Fû
HOMA-IR (homeostatic model assessment for insulin 
resistance) æVGù
á(Ikeda et al., 2018, Diabetes 
Res. Clin. Pract. 141:26-34.).  

•  8¨²ú%)úN�æğĚú1²ú�+ć
�êïĄ 
(Kondo et al. 2019, Hypertens. Res. 42: 1757-1767) 

•  1975<úRY¶û1960, 1990, 2005<÷cý¹�l�
\ćMô (Kitano et al. 2013, Nippon Eiyo Shokuryo 
Gakkaishi 67:73–85.) 

•  %)úN�÷©�æĥĊēú������ćI�  
(Okouchi et al. 2019, Nutrients. 11:560) 

•  ëåëÞ%)úN�û1970<	ú���=ùk:Ý 
    (Ito et al., 2017, Intern. Med. 56:23-29.) �
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A B S T R A C T

Proteins are composed exclusively of L-amino acids. Among elderly individuals, however, D-aspartic acid (D-Asp)
residues have been found in eye lens and brain, as well as in other tissues. The presence of D-Asp may change the
higher-order structure of a protein, which in turn may have a role in age-related disorders such as cataract and
Alzheimer's disease. D-Asp results from the spontaneous racemization of Asp residues in susceptible proteins.
During aging, natural Lα-Asp residues in proteins are non-enzymatically isomerized via a succinimidyl inter-
mediate to L-β-, D-α- and D-β-isomers. This isomerization does not happen uniformly, but instead occurs at
specific residues that are susceptible to isomerization due to their sequence or structural context. Thus, it is
necessary to establish the nature of each individual Asp residue in susceptible proteins. Recently, a new method
based on LC-MS/MS for the analysis of Asp isomerization at specific protein sites has been described. In this
review, we first show that the homochirality of amino acids in proteins is not guaranteed throughout life. We
then describe the development of a new method for protein-bound D-amino acid analysis, and discuss the ne-
gative influence that D-Asp has on protein structure and function.

1. Introduction

1.1. Homochirality of amino acids is essential for life

The basic structure of all amino acids is a carbon atom (C) attached
to an amino group (-NH2), a carboxyl group (-COOH), a hydrogen atom
(-H), and R (which varies depending on the type of amino acid, re-
sulting in different characters including acidity, basicity, hydro-
philicity, and hydrophobicity). Due to the tertiary arrangement of the
four groups around the C atom, all amino acids are chiral (except for
glycine, where R is H), meaning that they form optical isomers or
“enantiomers” (i.e., mirror images) that cannot be superimposed on one
other, as in the case of left and right hands. These mirror image isomers,
known as the L-form and the D-form, have exactly the same physical and
chemical properties. During the chemical synthesis of an amino acid, a
racemic mixture containing both the L- and the D-enantiomers is ob-
tained, unless asymmetric synthesis occurs. In the same way, it is
generally thought that a mixture of L- and D-amino acids would have
been produced on primitive Earth. These L-amino acids and D-amino
acids would have subsequently formed into L-polypeptides, D-

polypeptides, and LD-polypeptides by condensation polymerization.
Among them, each LD-polypeptide would have innumerable possible
diastereomers: for example, even for a peptide consisting of only three
connected pieces, eight (23) kinds of isomer, i.e. LLL, LLD, LDL, LDD, DLL,
DLD, DDL, and DDD, would exist; and in the case of n connected peptides,
2n isomers would be formed. It follows that, for polypeptides com-
prising 19 different types of enantiomeric amino acid (rather than 1
type), the number of possible isomers would become enormous.
Although there are a few exceptional LD peptides such as gramicidin
(see below), the probability of selecting one single stable tertiary
structure from such mixtures of LD-polypeptide isomers is likely to be
extremely low, which might explain why they did not evolve into the
proteins that we know today. By contrast, both L-polypeptides and D-
polypeptides are homochiral, can form tertiary structures, and have the
potential to evolve into proteins. Indeed, one of the biggest mysteries
concerning the origin of life is why L-polypeptides were selected as
proteins, while D-polypeptides were eliminated from primitive Earth.
Irrespective of the reason, all organisms on Earth are formed by pep-
tides and proteins with a one-handed structure comprising L-amino
acids.
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Alzheimer's disease; AMD, age-related macular degeneration

Contents lists available at ScienceDirect

BBA - Proteins and Proteomics

journal homepage: www.elsevier.com/locate/bbapap

D-Amino acids in protein: The mirror of life as a molecular index of aging
Noriko Fujiia,⁎, Takumi Takataa, Norihiko Fujiib, Kenzo Akic, Hiroaki Sakaued
a Research Reactor Institute, Kyoto University, Kumatori, Osaka 590-0494, Japan
b Radioisotope Research Center, Teikyo University, Kaga Itabashi-ku, Tokyo 173-8605, Japan
c Faculty of Pharmaceutical Sciences, Himeji Dokkyo University, Kamiohno, Himeji 670-8524, Japan
d Tokyo University of Pharmacy and Life Sciences, Hachiouji, Tokyo 192-0392, Japan

A R T I C L E I N F O

Keywords:
D-Amino acid
Aging
Isoaspartate
Cataract
LC-MS/MS
Proteomics

A B S T R A C T

Proteins are composed exclusively of L-amino acids. Among elderly individuals, however, D-aspartic acid (D-Asp)
residues have been found in eye lens and brain, as well as in other tissues. The presence of D-Asp may change the
higher-order structure of a protein, which in turn may have a role in age-related disorders such as cataract and
Alzheimer's disease. D-Asp results from the spontaneous racemization of Asp residues in susceptible proteins.
During aging, natural Lα-Asp residues in proteins are non-enzymatically isomerized via a succinimidyl inter-
mediate to L-β-, D-α- and D-β-isomers. This isomerization does not happen uniformly, but instead occurs at
specific residues that are susceptible to isomerization due to their sequence or structural context. Thus, it is
necessary to establish the nature of each individual Asp residue in susceptible proteins. Recently, a new method
based on LC-MS/MS for the analysis of Asp isomerization at specific protein sites has been described. In this
review, we first show that the homochirality of amino acids in proteins is not guaranteed throughout life. We
then describe the development of a new method for protein-bound D-amino acid analysis, and discuss the ne-
gative influence that D-Asp has on protein structure and function.

1. Introduction

1.1. Homochirality of amino acids is essential for life

The basic structure of all amino acids is a carbon atom (C) attached
to an amino group (-NH2), a carboxyl group (-COOH), a hydrogen atom
(-H), and R (which varies depending on the type of amino acid, re-
sulting in different characters including acidity, basicity, hydro-
philicity, and hydrophobicity). Due to the tertiary arrangement of the
four groups around the C atom, all amino acids are chiral (except for
glycine, where R is H), meaning that they form optical isomers or
“enantiomers” (i.e., mirror images) that cannot be superimposed on one
other, as in the case of left and right hands. These mirror image isomers,
known as the L-form and the D-form, have exactly the same physical and
chemical properties. During the chemical synthesis of an amino acid, a
racemic mixture containing both the L- and the D-enantiomers is ob-
tained, unless asymmetric synthesis occurs. In the same way, it is
generally thought that a mixture of L- and D-amino acids would have
been produced on primitive Earth. These L-amino acids and D-amino
acids would have subsequently formed into L-polypeptides, D-

polypeptides, and LD-polypeptides by condensation polymerization.
Among them, each LD-polypeptide would have innumerable possible
diastereomers: for example, even for a peptide consisting of only three
connected pieces, eight (23) kinds of isomer, i.e. LLL, LLD, LDL, LDD, DLL,
DLD, DDL, and DDD, would exist; and in the case of n connected peptides,
2n isomers would be formed. It follows that, for polypeptides com-
prising 19 different types of enantiomeric amino acid (rather than 1
type), the number of possible isomers would become enormous.
Although there are a few exceptional LD peptides such as gramicidin
(see below), the probability of selecting one single stable tertiary
structure from such mixtures of LD-polypeptide isomers is likely to be
extremely low, which might explain why they did not evolve into the
proteins that we know today. By contrast, both L-polypeptides and D-
polypeptides are homochiral, can form tertiary structures, and have the
potential to evolve into proteins. Indeed, one of the biggest mysteries
concerning the origin of life is why L-polypeptides were selected as
proteins, while D-polypeptides were eliminated from primitive Earth.
Irrespective of the reason, all organisms on Earth are formed by pep-
tides and proteins with a one-handed structure comprising L-amino
acids.

https://doi.org/10.1016/j.bbapap.2018.03.001
Received 28 November 2017; Received in revised form 3 March 2018; Accepted 5 March 2018

⁎ Corresponding author at: Research Reactor Institute, Kyoto University, Osaka, Japan.
E-mail address: nfujii@rri.kyoto-u.ac.jp (N. Fujii).

Abbreviations: WS, water soluble; WI, water insoluble; PTMs, post-translational modifications; RP-HPLC, reverse-phase high-performance liquid chromatography; MS, mass spectro-
metry; LC-MS, liquid chromatography; LC-MS/MS, liquid chromatography coupled with tandem mass spectrometry; TOF, time-of-flight; PIMT, L-isoaspartyl methyltransferase; AD,
Alzheimer's disease; AMD, age-related macular degeneration

reaching a ratio of 3:1:0.5 by age 15 years [45]. They also reported that
40% of Asp151 is present as the D-β-Asp isomer by age 20, and this
percentage remains relatively stable until 80 years.

The result clearly indicates that isomerization of Asp 58 and Asp
151 in αA-crystallin occurs within the human life span. The most
abundant Asp isomer that forms at any Asp residue in αA-crystallin is D-
β-Asp. It is possible that repair enzymes might fix D-Asp isomers in a
protein; however, the well-characterized repair enzyme L-isoaspartyl
methyltransferase (PIMT) recognizes only peptides containing L-β-Asp
residues and repairs them to the original L-α-Asp [52], while D-aspartyl
endopeptidase (DEAP) internally cleaves the C-terminus of D-α-Asp
residues in a protein [53]. Therefore, L-β-Asp and D-α-Asp residues in a
protein might be repaired by these enzymes. To our knowledge, how-
ever, an enzyme that can repair D-β-Asp isomers in a protein to the L-α-
Asp isomer has not been identified. This would explain why the D-β-Asp
isomer accumulates in a protein during aging.

2.2. Only specific Asp sites in proteins are susceptible to isomerization

The spontaneous isomerization of Asp in proteins starts with for-
mation of the intermediate imide. It is thought that imide can form
easily if the residues adjacent to Asp are those with little steric hin-
drance, such as glycine (Gly), alanine (Ala), and serine (Ser), which
have small side chains [46]. This is supported by the sites of D-Asp
formation observed in human proteins; for example, the residues ad-
jacent to Asp58 and Asp151 in αA-crystallin are Ser59 and Ala152,
those adjacent to Asp1 and Asp7 in β-amyloid proteins are Ala2 and
Ser8, that adjacent to Asp25 in Histone H2B is Gly26, that adjacent to
Asp1211 in Type 1 collagen C-terminal telopeptide is Gly1212, and that
adjacent to Asp145 in myelin basic protein is Ala146 (Table 2).

However, there are some exceptional cases where the residue adjacent
to an isomerized Asp residue in a protein is a bulky amino acid; for
example; the residues adjacent to Asp 36 and Asp 62 in αB-crystallin are
Leu37 and Thr 63, that adjacent to Asp4 in βB2 crystallin is His5, that
adjacent to Asp23 in β-amyloid protein is Val 24, and that adjacent to
Asp34 in myelin basic protein is Thr35 (Table 2). Therefore, a different
rule is likely to apply in terms of the tertiary structure around an Asp
site located on the surface of the protein. In fact, racemization-prone

Fig. 1. Potential pathways for the spontaneous conversion from aspartyl (Asp) and asparginyl (Asn) residues to different isomers. k1–k10 are the rate constants for each reaction.
Reproduced with permission from [48].

Table 1
Summary of rate constants (day−1) of the peptides (TVLDSGISEVR) corresponding to human αA-crystallin 55-65 residues and its diastereoisomers in which which L-α-Asp at position 58
was replaced with Lβ-, Dβ- and Dα-Asp under physiological conditions (37 °C, pH 7.4).
Reproduced with permission from [48].

k1 k2 k3 k4 k5 k6 k7 k8 k9 k10

2.22× 10−3 4.27 0.729× 10−3 19.3 1.20× 10–3 3.59 0.472× 10−3 19.6 0.529 0.543

Table 2
Specific D-Asp sites and their circumstance in proteins.

Protein D-Asp site Next
residue

D/L of
Asp

Linkage Structure
around Asp

αA-crystallin Asp-58 Ser-59 3.10 β nd
Asp-151 Ala-152 5.70 β Flexible

αB-crystallin Asp-36 Leu-37 0.92 β nd
Asp-62 Thr-63 0.57 β nd

βB2-crystallin Asp-4 His-5 3.00 β Flexible
β-Amyloid protein Asp-1 Ala-2 0.04 nd nd

Asp-7 Ser-8 1.00 nd nd
Asp-23 Val-24 nd nd

Histone H2B Asp-25 Gly-26 0.14 nd nd
Type 1 collagen C-

terminal
tellopeptide
(1209–1214)

Asp-1211 Gly-
1212

1.00 nd nd

Myelin Basic protein Asp-145 Ala-146
Asp-34 Thr-35

IgG L2 Asp-12 Asp-13 Flexible
IgG H2 Asp-24 Asp-25 Flexible
mAb heavy chain CDR2 Asp-54 Gly-55 Flexible

nd: not determined

N. Fujii et al.
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