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Abstract. We examined chemical reactions in mouse
lysozyme after incubation under physiological conditions
(pH 7 and 37°C). After incubation for 8 weeks, racem-
ization was observed specifically at Asn127 among the
19 Asp/Asn residues in mouse lysozyme. Furthermore,
analysis of the primary structure showed that the racem-
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Many protein and peptide pharmaceuticals have been de-
veloped and are utilized in medical practice, including
erythropoietin, interferon and granulocyte colony-stimu-
lating factor. Because deterioration during the preserva-
tion of protein and peptide pharmaceuticals can lead to
autoimmune responses [1] as well as functional disor-
ders, we must elucidate the mechanisms of protein dete-
rioration and propose methods to prevent it [2—4]. Pro-
tein deterioration is reportedly caused by spontaneous re-
actions, enzymatic reactions or environmental stresses
such as high temperature, salt and ultraviolet irradiation
[5]. Notable examples of spontaneous modification are
pyroglutamylation of Glu/GIn residues, deamidation of
Asn/Gln residues, isomerization of Asp/Asn residues
cleavage of the peptide bond in Asp/Asn-Pro sequences
[6] and racemization of other amino acids.

* Corresponding author.

ized residue was not Asp, but Asn, which demonstrates
that deamidation and isomerization did not occur. These
results mean that this racemization occurs without form-
ing a succinimide intermediate. This is the first example
of D-asparaginyl formation in a protein occurring during
the racemization process under physiological conditions.

racemization.

Proteins in living tissues are comprised exclusively of L-
amino acids; however, Asp/Asn residues in peptides and
proteins are prone to racemize to D-Asp residues through
deamidation and isomerization [7—13]. There are numer-
ous examples of proteins that exhibit racemization in
aged human tissues: dentin in teeth, membrane proteins
in erythrocytes, elastin in aortic tissue, myelin basic pro-
tein in the brain, beta amyloid peptides in Alzheimer’s
disease plaques and aA-crystallin in the eye lens [7—15].
Racemization of aA-crystallin in the eye lens has also
been reported to be site specific [16]. Considering the re-
lationship between racemization and protein structure,
we decided to investigate site-specific racemization of
Asp/Asn residues.

Mouse lysozyme (ML) is secreted by macrophages,
monocytes and polymorphonuclear leukocytes, and is
widely distributed in body fluids and tissues [17, 18].
ML, a globular protein, is composed of 130 amino acid
residues and contains all the usual 20 amino acids. The
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three-dimensional structure has already been analyzed
using nuclear magnetic resonance (NMR) spectroscopy
[19]. Therefore, it is a suitable model to study protein de-
terioration under physiological conditions. Moreover,
ML is a self protein for mice, and the deteriorated ML is
an ideal protein for immunological studies. Here, we ex-
amined the deterioration of ML and found that Asn127 in
ML was preferentially racemized after 8 weeks of incu-
bation under physiological conditions.

Materials and methods

Materials

Sephadex G-25 was obtained from Pharmacia (Uppsala,
Sweden). CM-Toyopearl 650S was obtained from Tohsoh
(Tokyo, Japan). All other reagents were of analytical
grade for biochemical use. Amino acid analyses were per-
formed on a Hitachi L-8500 amino acid analyzer (Hi-
tachi, Tokyo, Japan) after hydrolysis of protein peptide
samples in 6 N HCI under a vacuum at 110°C for 20 h.
Mass analyses were performed using a matrix-assisted
laser desorption-time-of-flight mass spectrometer
(MALDI-TOF/MS) Voyager (Applied Biosystems, Fram-
ingham, Mass.).

Preparation of ML

ML was obtained using a Pichia pastoris transformant
according to our previous method [20]. The protein was
purified by cation exchange (CM-Toyopearl 650S) chro-
matography.

Preparation of peptides

ML was reduced with 2-mercaptoethanol (2-ME) and S-
alkylated with 3-bromopropy! trimethylammonium bro-
mide (TAP-Br) according to a previous method [21]. Re-
duced S-alkylated ML was dissolved in 5 ml 0.1 M
phosphate buffer (pH 8). To this solution, N-tosyl-L-phe-
nylalanine chloromethylketone (TPCK)-trypsin (1%
lysozyme by weight) was added and the solution was in-
cubated for 2 h at 40°C. The digested sample was sepa-
rated by RP-HPLC using a C18 column (Mightysil RP-18
GP, 250 x 4.6 mm; Kanto Chemical, Osaka, Japan) with
a linear gradient of 0—50% acetonitrile containing 0.1 %
HCI, at a flow rate 0.4 ml/min. Peptides were detected
based on absorbance at 210 nm.

Analysis of racemization

Analysis of racemization at Asp and Asn residues in in-
cubated ML was carried out using the method of Aswad
[22] with slight modification. In brief, 4 mg o-phthal-
dialdyde (OPA) was dissolved in 300 pl methanol. To this
solution was then added 250 pl 0.4 M sodium borate (pH
9.4), 390 pl distilled water and 60 pl 1.0 M N-acetyl-L-
cysteine (NAC) solution at pH 5.5 (OPA-NAC solution).
The OPA-NAC solution was stored at 4°C until use. ML
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or peptides were hydrolyzed in 6 N HCI under a vacuum
at 110°C for 4 h. The hydrolysate was freeze-dried, and
distilled water was added to the residue (Asp solution).
Twenty microliters of the Asp solution was mixed with
10 pl OPA-NAC solution and this was left to stand for
3 min before 470 pl 0.05 M sodium acetate (pH 5.2) was
added to the solution. The sample solution was cen-
trifuged at 15,000 g for 1 min, and 20 pl of supernatant
was subjected to RP-HPLC on a Vydac Protein &
Peptide C18 (250 x 4.6 mm; Vydac, Columbia, Md.). The
column was isocratically eluted with 0.05 M sodium ac-
etate (pH 5.8) containing 4 % acetonitrile at a flow rate of
0.4 ml/min. Column effluents were monitored based on
absorbance at 350 nm.

Identification of N-terminal residue in T18 tryptic
peptide

After reduced S-alkylated ML had been digested by TPCK-
trypsin, the digested sample was separated by RP-HPLC as
described above. The obtained tryptic peptide T18 was sub-
jected to gas-phase protein sequencer N-terminal sequence
analyses performed using an ABI 473 A peptide sequencer
(Applied Biosystems, Foster City, Calif.).

Preparation and separation of epimers in T18 tryptic
peptides

Three types of peptide, in which the Asnl127 residues
were L-Asn, D-Asn and L-Asp, were synthesized as 11-
mer peptides (D-L-S-Q-Y-I-R-N-C-G-V; N: one of the
studied residues) using a peptide synthesizer (Pioneer
peptide synthesizer; Applied Biosystems) [23—25]. Re-
duced and S-carboxymethylated peptides were digested
with TPCK-trypsin as describe above, resulting in au-
thentic tetramer peptides (L-N-carboxymethyl C-G-V,
D-N-carboxymethyl C-G-V and L-D-carboxymethyl
C-G-V). Confirmation of the purities of authentic pep-
tides was made by amino acid analysis. Separation of
each of the T18 tryptic peptide epimers was performed
by RP-HPLC using a C18 column (Shiseido Capcellpack
C18, 250 x 4.6 mm; Shiseido, Tokyo, Japan). The col-
umn was isocratically eluted with 3% acetonitrile con-
taining 0.1 % HCI at a flow rate 0.5 ml/min.

Results

Analyses of racemization of Asp/Asn residues in ML

In this experiment, we used ML obtained from P, pastoris
transformants as described previously by our group [20].
We investigated racemization of Asp/Asn residues in ML
after incubating at pH 7 and 37°C in a glass tube. After
incubating for 5 or 8 weeks, ML was partially hydrolyzed
for 4 h to produce free aspartic acid, and we analyzed the
racemization of the resulting aspartic acid. The D-Asp ra-
tio in ML increased slightly but significantly with incu-
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Table 1. Formation of D-Asp/Asn in ML after incubation in 0.05 M
PBS at pH 7 and 37°C.

Incubation time

Oh 5 weeks 8 weeks
D-Asp (%) 1.95 3.75 4.35
SD +0.07 +0.35 +0.07

Data include all 19 Asp/Asn residues. Values represent the average
and SD (n=2).

bation when compared with that in ML without incuba-
tion (table 1). The D-Asp ratio in ML after incubation for
8 weeks was 2.4% after a correction of 1.95% for the
racemization occurring during partial hydrolysis.

Specific racemization occurred at Asn127 in ML
Figure 1 shows the primary structure of ML. ML has 11
Asn and 8 Asp residues. To analyze the racemized
Asp/Asn residues after incubating for 8 weeks, we per-
formed tryptic digestion of reduced S-alkylated ML. In-
dividual tryptic peptides were identified based on amino
acid composition and mass analysis. The RP-HPLC elu-
tion patterns of tryptic peptides from ML incubated for 8
weeks and from ML without incubation are shown in fig-
ure 2A and B, respectively. Similar patterns could be seen
irrespective of incubation. We examined the racemization
at Asp/Asn residues in individual tryptic peptides. As
shown in the left column of table 2, in ML incubated for
8 weeks, the D-Asp ratio of tryptic peptide T18 contain-
ing an Asnl27 residue was extremely high (39.6%),
whereas those of other peptides were about 2%. In ML
without incubation, the D-Asp ratio of tryptic peptide
T18 was 1.85%. These results indicated that, among all
the Asp/Asn residues of ML, Asn127 was the only residue
that racemized after 8 weeks of incubation under physio-
logical conditions.

Confirmation of racemization at Asn127 in ML,
To confirm the racemization at Asn127, we established a
separation system of tryptic peptide T18 depending on
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Figure 1. Primary structure of ML. T represents tryptic peptides,
and peptide numbering is from the N-terminal peptide. Asparagine
and aspartic acid residues are shown in bold.
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Figure 2. RP-HPLC patterns of tryptic peptides from reduced S-
alkylated ML. ML was incubated for 8 weeks (4) or 0 h (B). Pep-
tides were separated by RP-HPLC using a C18 column (RP-18 GP,
4.6 x 250 mm, Mightysil) with a linear gradient of 0—50% ace-
tonitrile containing 0.1 % HCL, at a flow rate of 0.4 ml/min. Peptides
were detected by measuring their absorbance at 210 nm. Each peak
was assigned based on amino acid composition and mass analysis.
Tryptic peptides containing Asp/Asn residues are denoted.

the epimerism at Asn127. S-alkylated T18 peptides [Asn-
carboxymethyl (CM)Cys-Gly-Val] were analyzed by RP-
HPLC (see Materials and methods). Figure 3A shows
that the epimers of the synthesized peptide could be clear-
ly separated using RP-HPLC. When tryptic peptide T18
from ML after 8 weeks of incubation was analyzed using
this system, we found two peptide peaks (fig. 3B). The re-
sults of co-chromatography of the tryptic peptide T18 and
the synthesized peptides (fig. 3C—E) suggested that the
tryptic peptide T18 from ML after 8§ weeks of incu-
bation contained D-Asn-(CM)Cys-Gly-Val. The former
peak intensity in figure 3B indicated that 30—40% of the
tryptic peptide was D-Asn-(CM)Cys-Gly-Val, which was
consistent with the result in table 2.

Furthermore, we examined the N-terminal amino acids of
the tryptic peptide T18 using an amino acid sequencer. As
shown in figure 4, we detected mainly PTH-Asn. From
the above results, we concluded that racemization oc-
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Table 2. Formation of D-Asp/Asn in tryptic peptides containing Asp/Asn residues derived from ML after incubation for 8 weeks at pH 7

and 37°C.
Peptide D-Asp (%) Number of Asp/Asn residues Total amount of D-Asp*®
T6 2.9 4 3.8
T7 22 2 0.5
T8 2.3 3 1.1
T9 2.4 2 1.0
T11+12 2.5 4 22
T14 1.9 1 -0.1
T16 2.4 1 0.5
T17 2.0 1 0.1
TI8 39.6 1 37.7
0h* (ML) 1.95 19
@ Total amount of D-Asp (%) = [(D-Asp) — 1.95] x corresponding number of Asp/Asn residues.
b See table 1.
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Figure 3. RP-HPLC patterns of tryptic peptides [Asn-(CM)Cys- v
Gly-Val]. Peptides were separated by RP-HPLC using a C18 col- 10.00
umn (Shiseido Capcellpack C18, 250 x 4.6 mm) with isocratic elu-
tion buffer (3% acetonitrile and 0.1% HCI) at a flow rate of 0.5 5.00 L
ml/min: mixture of the synthetic peptide [L-Asn-(CM)Cys-Gly-
Val] and the synthetic peptide [D-Asn-(CM)Cys-Gly-Val] (4); tryp- 0.00 R o
tic peptide T18 derived from ML after incubation for 8 weeks (B);
mixture of the tryptic peptide T18 derived from ML after incubation , \I . \ . L P

for 8 weeks and the synthetic peptide [L-Asn-(CM)Cys-Gly-Val]
(C); mixture of the tryptic peptide T18 derived from ML after incu-
bation for 8 weeks and the synthetic peptide [D-Asn-(CM)Cys-Gly-
Val] (D); mixture of the tryptic peptide T18 derived from ML after
incubation for 8 weeks and the synthetic peptide [L-Asp-(CM)Cys-
Gly-Val] (E). Peaks 1, 2 and 3 correspond to the peptides D-Asn-
(CM)Cys-Gly-Val, L-Asn-(CM)Cys-Gly-Val and L-Asp-(CM)Cys-
Gly-Val, respectively.
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Figure 4. N-terminal analyses of the tryptic peptide T18 by a gas-
phase protein sequencer. Closed arrows and open arrows indicate
the retention time of phenyl thio hydantoin (PTH)-Asn and PTH-
Asp, respectively; standard cycle (4); first cycle for mouse
lysozyme incubated for 8 weeks (B) and 0 h (C).
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curred at Asnl127 in ML after 8 weeks of incubation un-
der physiological conditions.

Discussion

As shown in table 1, 2.4 (= 4.35—-1.95)% of Asp/Asn
residues in ML were racemized after incubation for 8
weeks under physiological conditions, which means that
2.4% of D-Asp/Asn residues formed after 8 weeks of in-
cubation. To determine the racemization site, we exam-
ined the formation of D-Asp/Asn in tryptic peptides de-
rived from ML after 8 weeks of incubation. As shown in
table 2, we found that D-Asn in the tryptic peptide T18
was preferentially racemized. Based on the total amount
of D-Asp (table 2), we can calculate the average D-Asp
ratio in ML by adding up the values the right column in
table 2 and dividing by 19 (total number of Asp/Asn
residues in ML) to give 2.45 %. This value was similar to
Asp ratio (2.4%) derived from ML after 8 weeks of incu-
bation, suggesting that specific racemization occurred at
Asnl27 in ML after 8 weeks of incubation. Moreover,
from a comparison of the retention time of the tryptic
peptide T18 derived from ML after 8 weeks of incubation
with those of the authentic peptides on RP-HPLC, and
analysis of the N-terminal amino acids of the tryptic pep-
tide T18 derived from ML after 8 weeks of incubation, we
concluded that L-Asn at position 127 in ML was prefer-
entially converted to D-Asn after 8§ weeks of incubation
under physiological conditions.

The mechanism of racemization at Asn residues is con-
sidered to involve the formation of an aminosuccinimidyl
(Asu) peptide intermediate which is an obligatory first
step in these reactions (see fig. 5) [26—29]. General base
catalysis by nucleophilic attack, in which the lone pairs of
electrons on the nitrogen of the carboxyl-side backbone
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Figure 5. The conventional mechanism of the Asn racemization re-
action at neutral or basic pH [16].
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attack the side chain carbonyl group, causes the forma-
tion of intramolecular succinimide, and the subsequent
hydrolyzation of succinimide leads to D/L-aspartyl and
D/L-isoaspartyl residues. The formation of succinimide
thus plays an important role in the racemization of
Asp/Asn residues [30]. However, as shown above, after 8
weeks of incubation of ML under physiological condi-
tions, we found that the racemization occurred at Asnl127
in ML, indicating that the racemization did not form by
way of the succimide intermediate. This is the first exam-
ple of racemization at an Asn residue in a protein occur-
ring without formation of the succinimide intermediate.
In the mechanism with the succinimide intermediate,
specific racemization in a protein depends on the primary
structure, the secondary structure, the higher order struc-
ture [27, 28, 31—34] and the steric disorder of the neigh-
boring C terminal residue [16]. Therefore, since the C
terminus residue of Asnl27 is Cysl128 in ML, which
forms a disulfide bond with Cys6, the succinimide for-
mation mechanism cannot explain the specific racemiza-
tion at Asnl27 in ML during incubation of ML under
physiological conditions. The reactive C-terminal (Val130)
carboxylate in ML is one of the candidates for involve-
ment in the racemization at Asnl27. However, the solu-
tion structure of ML using NMR [19] and molecular dy-
namic simulation (data not shown), suggested that the
C-terminal carboxylate is unlikely to access Asn127. Re-
cently, Li et al. [35] examined the conversion from L-Asn
to D-Asn using the peptide containing Asn, and found
that this conversion in the peptide partially occurred
without deamidation, indicating that succinimide forma-
tion at the Asn residue did not occur. Conversion from L-
Asn to D-Asn in the peptide was considered to proceed by
way of the tetrahedral intermediate (see fig. 6) [35]. Thus,
in the present case, the racemization at Asn127 in ML dur-
ing incubation under physiological conditions may have
occurred by way of the tetrahedral intermediate.

For alternative mechanisms, we focus on the C-alpha rad-
ical at Asnl27. The C-alpha radical at an amino acid
residue in a peptide was reported to be stable in oxidative

L-asparaginyl ‘_j L-tetrahedral Intermediate
D-asparaginyl <~ D-tetrahedral Intermediate

Figure 6. Possible conversion pathway from L-Asn to D-Asn.
Cited from Li et al. [35].
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circumstances [36—38], and the C-alpha-H bond dissoci-
ation energy at Asn is lower than that at the other amino
acid residues [39]. Generally, the O-H bond dissociation
energy of the water molecule is much higher than the C-
alpha-H bond dissociation energy of Asn and the hydroxyl
radical would react nonselectively with Asn; nevertheless,
the hydroxyl radical would first react with the side chain
Tyr or Trp, and the side chain radical could then selec-
tively react with C-alpha-H in the main chain [40—42].
The disufide bond is not chemically inert and radical
transfer possibly occurs from Tyr to Cys [43], thus Asn127
can be an intermediate with radical transfer from Tyr to
Cys resulting in the racemization. In fact, Asn127 could
interact with Tyr124 through the hydrogen bond network
in the vicinity of Cys128-Cys6, and racemization of hy-
droxyproline in Homo tirolensis relates to Tyr oxidation
and hydroxyl radical generation [44]. Additionally, from
the solution structure of ML using NMR [19] and molec-
ular dynamics simulation (data not shown here), Asn127
was suggested to locate at an exposed position of loose
structure in which it contacts with bulk water. Thus, the
loose structure allows the specific racemization at
Asnl27. Therefore, if the racemization in ML is induced
by the oxidation described above, scavengers might pre-
vent the racemization and prevent protein aging and con-
formational disease. In summary, as an alternative mech-
anism, we propose that the racemization at Asnl27 is in-
duced by an oxidation mechanism, and we are now
verifying the validity of the alternative mechanism using
theoretical calculations.

On the other hand, the racemization of Asnl27 is also
similar to that of other amino acid residues, rather than
through the succinimide pathway, during the aging
process [14, 44, 45]. Furthermore, amyloid beta peptides
in Alzheimer disease plaques show racemization at Ser as
well as Asp [14], and the amyloid beta peptide 1 —42 gen-
erates hydroxyl radicals during incubation under physio-
logical conditions [46]. Fujii et al. [5, 47] reported that
site-specific racemization and isomerization at Asp151 in
aA-crystallin of the lens protein in rat and bovine are re-
lated to UV-B irradiation or gamma-irradiation which
might be relevant to the generation of hydroxyl and hy-
drogen radicals. Notably, in bovine aA-crystallin, the iso-
merization is reported to increase but the racemization
decreases at Aspl51 [47], which could suggest that
racemization is independent of succinimide formation.
In this study, we experimentally elucidated that the spe-
cific racemization of Asn127 occurred without formation
of succinimide, the typical obligatory intermediate for
racemization, in ML after incubation for 8 weeks in
phosphate buffer at pH 7 and 37°C. To date, it has com-
monly been accepted that the racemization at Asn in a
protein under physiological conditions was accompanied
with the formation of Asp, through the deamidation of
Asn. The present finding may lead us to pay more atten-
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tion to the racemization at Asn in proteins. This may con-
tribute to a better understanding of aging disorders at the
atomic level. As for the biological significance of the
racemization: it has been found in amyloid beta peptide in
senile plaques of Alzheimer patients [14, 15] and in aA-
crystallin of lens protein in rat and bovine [5, 47]. Ac-
cording to the study on amyloid beta peptide, racemiza-
tion is related to the protein aging process and conforma-
tional disease, depending on the modified product and
intermediate of the reaction [15, 42, 48]. Furthermore,
modification of an amino acid residue in a protein has
been suggested to cause an immunological response [1].
So far, there has been no report on the effect of the racem-
ization in a protein on the immunological response. Since
the present racemization occurred under physiological
conditions, we are interested in the effect of the racem-
ization on autoimmune disease. The investigation is in
progress in our laboratory.
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