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Abstract

A method for determining the isomerization of Asp residues in proteins is described and demonstrated by quantifying

the isomerization of Asp151 in recombinant human aA-crystallin. First, four types of dodecapeptide fragment

(146IQTGLD151ATHAER157) in which the Asp residue was either L-Asp, D-Asp, L-isoAsp or D-isoAsp were

synthesized, and RP-HPLC conditions were established for their separation. Next, the Asp151-containing peptide

fragments isolated from the tryptic hydrolysate of recombinant aA-crystallin were analyzed under these conditions.

New peaks, the retention times of which were the same as those of peptides containing D-Asp, L-isoAsp and D-isoAsp,

were generated when aA-crystallin was incubated for 140 days at 37 8C. An amino acid composition, amino acid

sequence, and enantiomeric analysis revealed that two peaks with retention times identical to those of peptides

containing L-isoAsp and D-isoAsp represented dodecapeptide fragments containing L-isoAsp151 and D-isoAsp151,

respectively. RP-HPLC analysis under other condition suggested that the peak with retention time identical to that of

peptide containing D-Asp represented dodecapeptide fragments containing D-Asp151. The present method does not

require acid hydrolysis, which generates further isomerization products as artifacts, and thus make possible the sensitive

quantification of each type of Asp isomer individually at a specific site in a protein. In our analysis of the Asp151 residue

in human aA-crystallin, the degree of isomerization from L-Asp to D-Asp can be determined to a level as low as 0.3%.
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1. Introduction

Both structural isomerization (a- to b-linkage)

and stereo-isomerization (L- to D-form) of Asp
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residues has been found in various proteins and
peptides, and these are though to occur by

spontaneous chemical reactions under conditions

of mild pH and temperature. The isomerized Asp

residue is believed to arise through intramolecular

rearrangement, such as via a succinimide inter-

mediate [1]. The formation of succinimide is

affected by both the primary and higher-order

structures of protein [2�/7]; succinimide is formed
rapidly when a Gly, Ser, or Ala residue is a C-

terminal side of the Asp residue, and when the

polypeptide chain is highly flexible. Recently, the

biological activities of proteins in which Asp

residues are isomerized have been reported to be

altered. Racemization of a certain Asp residue in

Alzheimer amyloid b protein affects its aggrega-

tion properties, which is a key phenomenon in
Alzheimer’s disease [8,9], and isoAsp modification

of the cytochrome c peptide fragment triggers

autoimmune responses while the same peptide

with L-Asp shows no response [10]. Moreover,

protein L-isoaspartyl methyltransferase-deficient

mice, in which isomerized Asp residues are accu-

mulated at a level several times higher than in

wild-type mice, undergo several tonic�/clonic sei-
zures, and die at a mean age of only 42 days [11�/

13]. These results show that the isomerization of

Asp residues in proteins is a critical modification

that is associated with various diseases.

Traditionally, the level of isomerization of Asp

residues is determined through a combination of

amino acid sequencing analysis, mass spectro-

metry, and enantiomeric analysis. This is both
time-consuming and not quantitative, in that

protein hydrolysis is required for enantiomeric

analysis, which causes additional D-enantiomers

[14,15], and isoAsp residues are confirmed indir-

ectly through their resistance to Edman degrada-

tion. Since the methods that are used to quantify

isomerized Asp residues in proteins play important

roles in clinical diagnoses and in controlling the
quality of pharmaceutical proteins, a rapid and

quantitative method is required for the determina-

tion of isomerized Asp residues in proteins [16�/

21]. Cloos and Fledelius [16] have developed

immunoassys to determine the level of isomeriza-

tion for a certain Asp residue in collagen in the

spinal cord, which has been found to be useful for

the diagnosis of Paget’s disease and osteoporosis.
Aswad et al. [17] also pointed out the importance

of monitoring the isoAsp level in pharmaceutical

proteins, and developed a sensitive method for

quantifying the isoAsp level with protein L-iso-

aspartyl methyltransferase without using radio-

isotopes [18]. Stevenson et al.[21] developed a

method to quantify isoAsp residue in small pep-

tides by fast atom bombardment mass spectro-
metry.

In the present study, we developed a reversed-

phase HPLC technique that enabled the quantita-

tive and sensitive analysis of the isomerized Asp

residues in proteins. In this method, four types of

Asp isomers (L-Asp, D-Asp, L-isoAsp and D-

isoAsp) at a specific site in the protein can be

quantified individually, and isomerization from L-
form to D-form at a level as low as 0.3% can be

detected since this method does not require acid

hydrolysis. As a practical example, we analyzed

the isomerization of the Asp151 residue in human

aA-crystallin, which has been reported to show the

highest level of isomerization among the Asp

residues in this protein [22].

2. Materials and methods

2.1. Peptide synthesis

A dodecapeptide fragment, named T18 peptide

(146IQTGLD151ATHAER157; 18th tryptic frag-

ment from the N-terminus) of human aA-crystal-

lin was selected. Four types of T18 peptide in

which the Asp residue was L-Asp, D-Asp, L-isoAsp

or D-isoAsp were synthesized using a Shimadzu

PSSM-8 peptide synthesizer (Shimadzu, Kyoto,

Japan). Fmoc-L-Asp(OtBu)-OH, Fmoc-D-As-
p(OtBu)-OH, Fmoc-L-Asp-OtBu, and Fmoc-D-

Asp-OtBu were purchased from Watanabe Che-

mical Co. Ltd. (Hiroshima, Japan) and used to

synthesize the four types of Asp residue-isomerized

peptide. The synthesized peptides were confirmed

by analyses of the amino acid composition and the

amino acid sequence, and by mass spectrometry.
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2.2. HPLC separation

The synthesized peptides were dissolved and

mixed in water at a final concentration of approxi-

mately 25 mM, and subjected to separation by

reversed-phase HPLC using a Jasco HPLC system

880 (Nippon Bunko Co. Ltd, Tokyo, Japan) with

a C18 column, Develosil ODS-UG-5 (4.6 mm

i.d.�/150 mm, Nomura Chemical Co. Ltd, Aichi,
Japan). For the separation of T18 peptides, the

mobile phase was acetonitrile-sodium phosphate

solutions with various pH. The standard condition

for separating the four types of T18 peptides was

acetonitrile-sodium phosphate solution (pH 3.0, 15

mM) (11:89, v/v) as a mobile phase with monitor-

ing at 215 nm. The tryptic hydrolysate of aA-

crystallin was separated with a linear gradient of
0�/30% acetonitrile containing 0.1% TFA, over 30

min at a flow rate of 1 mL/min, with monitoring at

215 nm.

2.3. Expression of recombinant human aA-

crystallin

A DNA fragment containing human aA-crystal-

lin was obtained by PCR amplification from first-
stranded cDNAs of human fetal brain (Clontech,

CA) with a sense primer of 5?-CCATGGACGT-

GACCATCCAG-3? and an antisense primer of 5?-
GGCTGCTATCTAAAGGAGT-3?, with refer-

ence to Andley et al. [23]. The sense primer was

designed to include the NcoI site and the under-

lining in the nucleotide sequence shows the restric-

tion site. The PCR reaction was carried out for 40
cycles of denaturation (94 8C, 30 s), annealing

(60 8C, 30 s), and extension (72 8C, 60 s). The

PCR product was gel-purified and subcloned by

pBluescript TA vector (Strategene, CA). The

NcoI�/BamHI digestion product of the DNA

fragment of aA-crystallin was ligated into the

NcoI�/BamHI site of the T7 expression vector

pET-3d (Novagen, WI). The resulting construct
was transformed into the Escherichia coli strain

BL21 (DE3) pLysS (Novagen). Transformed E.

coli cells were grown at 37 8C in Lenox broth

medium containing 50 mg/ml ampicillin and 30 mg/

ml chloramphenicol, and cultured at 37 8C until

an A600 of 1.0 was reached. Isopropyl thio-b-D-

galactoside was added at a final concentration of
0.3 mM and the specimen was further cultured for

5 h at 37 8C. E. coli cells were harvested by

centrifugation at 5000�/g for 10 min, resuspended

in 50 mM Tris/HCl (pH 7.8) containing 30 mM

NaCl. The cell extract was obtained by freeze�/

thawing three times, and centrifuged at 20 000�/

g for 10 min to prepare the supernatant.

2.4. Purification of recombinant human aA-

crystallin

The supernatant of expressed E. coli cell suspen-

sion was separated by Sepharose CL-6B (20 mm

i.d.�/420 mm) equilibrated with 10 mM phos-

phate buffer (pH 7.4) containing 50 mM NaCl.
The same solution was used as the eluent at a flow

rate of 0.6 ml/min. The fraction eluted in the first

peak was recovered and applied to a DEAE

TOYOPEARL column (20 mm i.d.�/100 mm;

Tosoh Co. Ltd. Tokyo, Japan) equilibrated with

10 mM phosphate buffer (pH 7.4) containing 50

mM NaCl. aA-crystallin was eluted with a linear

gradient of 10 mM phosphate buffer (pH 7.4)
containing between 50 and 500 mM NaCl, and the

fractions eluted with 150�/300 mM NaCl were

recovered. The sample was dialyzed against 50

mM phosphate buffer (pH 7.4), and the protein

concentration was determined.

2.5. Incubation and tryptic digestion of

recombinant human aA-crystallin

Recombinant aA-crystallin (2 mg/ml) dissolved

in 50 mM phosphate buffer (pH 7.4) was placed

into glass tubes (7 mm i.d.�/80 mm), and the tubes

were sealed using a gas burner. The samples were

heated at 90 8C for 15 min to inactivate proteo-

lytic impurities, incubated at 37 8C for 140 days,

and frozen at �/30 8C to stop the reaction. These
samples are designed ‘aged’ recombinant aA-

crystallin. Recombinant aA-crystallin was digested

with TPCK-treated trypsin (Sigma�/Aldrich, MO)

for 1 h at 37 8C at an enzyme-to-substrate ratio of

1:10 (mol/mol), and used as the sample to prepare

T18 peptide.
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2.6. Amino acid composition analysis

The peptides were hydrolyzed with gas-phase 6

N HCl in vacuo at 108 8C for 24 h. The

hydrolysates were dried with a stream of N2 gas,

and dissolved with water. The amino acids were

separated by HPLC with an ion-exchange column

(MCI GEL AFR2PC, 6 mm i.d.�/50 mm, Mitsu-

bishi Chemicals, Tokyo, Japan), detected as o-

phthalaldehyde derivatives, and monitored with

Jasco FP-920 (Nippon Bunko) with the excitation

and the emission wavelengths of 344 and 443 nm,

respectively.

2.7. Amino acid sequence analysis and L-isoaspartyl

methyltransferase assay

The amino acid sequences were determined

using Edman degradation on a pulsed-liquid

protein sequencer, equipped with an on-line phe-

nylthiohydantoin amino acid analyzer (Shimadzu

PPSQ-21, Kyoto, Japan). ISOQUANT Isoaspar-

tate Detection Kit (Promega, WI, USA) was used

to determine the activity of L-isoaspartyl methyl-

transferase. HPLC analysis to detect S -adenosyl-

L-homocystein was performed according to a

method described by Schurter and Aswad [18].

2.8. Determination of the D/L ratio of Asp

The samples for the analysis of the amino acid

composition were also used to determine the D/L

ratio of Asp, and dissolved in 0.13 M borate buffer

(pH 10.4). Samples were incubated with o -phtha-

laldehyde and n -tert-butyloxycarbonyl-L-cysteine

to form diastereoisomers with fluorescence. The D/

L ratio of Asp was determined using RP-HPLC

with a Nova-Pak ODS column (3.9 mm i.d.�/300

mm, Waters, Tokyo, Japan), using fluorescence

detection with the excitation and the emission

wavelengths of 344 and 443 nm, respectively. The

analysis was performed with acetonitrile�/acetate

buffer (pH 6.0, 0.1 M) (11:89, v/v) as a mobile

phase, at a flow rate of 0.8 ml/min at 50 8C [24].

3. Results

3.1. Determination of the HPLC conditions for

analysis of the isomerization of Asp residue in T18

peptide of human aA-crystallin

A dodecapeptide fragment, named T18 peptide

(146IQTGLD151ATHAER157; 18th tryptic frag-

ment from the N-terminus) was chosen to analyze
the isomerization of Asp151 residue in human aA-

crystallin because this residue has been reported to

show the highest level of isomerization among the

Asp residues of aA-crystallin [22]. Four types of

T18 peptide in which the Asp residue was L-Asp,

D-Asp, L-isoAsp or D-isoAsp were synthesized,

and these peptides were used as standards to

establish the RP-HPLC condition to analyze the
isomerization of Asp151. The separation of these

four types of T18 peptide was studied using mobile

phase of various pH adjusted with phosphate

solution. Studies in the pH range from 2.4 to 7.0

revealed that the four peptides could be separated

from each other in phosphate solution at pH 2.7,

3.0 and 4.0 (Fig. 1). The elution order at pH 2.7

and 3.0 was peptides containing D-Asp, L-Asp, L-
isoAsp, and D-isoAsp residues. At pH 3.3, the

peptides containing L-Asp and L-isoAsp were

retained equally. The elution order for peptides

containing L-Asp and L-isoAsp was reversed at pH

4.0. When 0.01% TFA, with a pH of nearly 3, was

used as the mobile phase instead of phosphate

solution, the four peptides were not separated

completely because of the tailing of peptide peaks
(data not shown). Finally, the isomerization of

Asp151 in T18 peptide was analyzed with acet-

onitrile�/sodium phosphate solution (15 mM, pH

3.0) (11:89, v/v) as a mobile phase. Under this

condition, quantification was shown to be linear

(r2�/0.9995) from 50 to 50 000 pmol, and the

limits of detection and quantification for these

peptides were approximately 10�/17 and 30�/50
pmol, respectively.

3.2. Preparation of T18 peptides from recombinant

human aA-crystallin

Recombinant human aA-crystallin was ex-

pressed in E. coli and purified by subsequent
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column operations (see Section 2), and the purity

of recombinant aA-crystallin was found to be over

90%, judging from the densitometric analysis of

SDS�/PAGE gel stained with Coomassie brilliant

blue (data not shown). DNA sequencing analysis

revealed that the predict amino acid sequence

generated by the insert DNA in expression vector

was identical to that of human aA-crystallin (data

not shown). It has reported that an initiation Met

residue followed by an Asp residue could not be

removed in E. coli [25], and we confirmed that the

recombinant aA-crystallin still contained the in-

itiation Met.

The purified recombinant aA-crystallin formed

a large aggregate with a molecular mass of nearly

800 kDa (data not shown). Since this feature of

recombinant aA-crystallin was very similar to that

of native aA-crystallin [26], thus we used the

recombinant aA-crystallin as a starting material

to determine the isomerization of Asp151. The

purified aA-crystallin (2 mg/ml) was dissolved in

50 mM phosphate buffer (pH 7.4) and incubated

at 37 8C for 140 days. The aged aA-crystallin was

digested by TPCK-treated trypsin, and the diges-

tion product was separated by RP-HPLC with a

linear gradient of 0�/30% acetonitrile containing

0.1% TFA (Fig. 2). To confirm the retention of

T18 peptides, a mixture of synthesized T18 pep-

tides, in which the Asp residue was L-Asp, D-Asp,

L-isoAsp or D-isoAsp, was separated under the

same conditions. The fraction that included the

four types of T18 peptide was recovered, concen-
trated, and used as a sample for analyzing the

isomerization of Asp151.

3.3. Assignment of the peaks corresponding to the

four types of synthetic T18 peptide prepared from

aged recombinant aA-crystallin

The samples isolated from aged recombinant

aA-crystallin were separated by RP-HPLC under

the conditions determined above (Fig. 3). Peaks
with retention times identical to those of T18

peptides in which the Asp residue was L-Asp, D-

Asp, L-isoAsp or D-isoAsp, designated peaks A, B,

C and D (Fig. 3), were detected in the collected

fractions of aged recombinant aA-crystallin incu-

bated for 140 days at 37 8C. In the sample of

Fig. 1. Effect of pH on the separation of four T18 peptide isomers of human aA-crystallin. Four T18 peptide isomers in which the Asp

residue was L-Asp, D-Asp, L-isoAsp or D-isoAsp were mixed, and separated by RP-HPLC with a mobile phase of various pH (pH 2.4�/

7.0). aL, bL, aD and bD indicate the peptides in which the Asp residue was L-Asp, L-isoAsp, D-Asp and D-isoAsp, respectively.
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recombinant aA-crystallin without incubation,

peaks A and D were not detected at all, and

peak C was detected at less than 0.5% compared to

peak B (data not shown). The four peaks were

recovered, and their amino acid sequences were

determined by automated Edman degradation

(Fig. 4). Sequence analysis of peak B gave the

sequence IQTGLDATHAER (Fig. 4A). Analysis

of the amino acid composition of peak B sup-

ported the amino acid sequence (data not shown).

Peaks C and D both had the same sequence as that

of peak B, but with a large reduction in yield at

cycle 6 (Fig. 4B and C). This result indicated that

the Asp residues in these peaks had b-linkages.

The amino acid composition of peak C corre-

sponded to that for T18 peptide, and this peak

fraction became a substrate for protein L-isoas-

partyl methyltransferase (data not shown). More-

over, the retention times of peaks C and D differed

from that of the peptide ‘IQTGL’ (Fig. 3). A D/L

ratio analysis of Asp showed that peaks C and D

consisted of L-Asp and D-Asp, respectively (data

not shown). Thus, these results indicated that

peaks C and D were the T18 peptide in which

the Asp residue was L-isoAsp and D-isoAsp,

respectively. Since there was too little peak A to

determine its sequence and composition of amino

acid, it was analyzed by RP-HPLC under other

conditions (Fig. 5). While the elution order in the

mobile phase at pH 4.1 differs from that under the

standard conditions (pH 3.0), a peak with same

area as peak A in the standard conditions

appeared at the same retention time as the T18

peptide containing D-Asp. This strongly suggested

that peak A was the T18 peptide in which the Asp

residue was D-Asp. In summary, the four types of

T18 peptide prepared from aged recombinant aA-

crystallin could be well separated and quantified

by RP-HPLC under the conditions determined

using the standard peptides.

Fig. 2. Preparation of T18 peptides from tryptic hydrolysate of

aged aA-crystallin. (A) Recombinant aA-crystallin incubated

for 140 days at 37 8C was digested with TPCK-treated trypsin.

The hydrolysate was separated by RP-HPLC with a linear

gradient of 0�/30% acetonitrile containing 0.1% TFA, over 30

min at a flow rate of 1 ml/min. The fraction indicated by the bar

was recovered. (B) A mixture of the four T18 peptide isomers

was separated by RP-HPLC using the same conditions as

above.

Fig. 3. Analysis of T18 peptides of aged aA-crystallin by RP-

HPLC. (A) The fraction that included the four types of T18

peptide isolated from aged recombinant aA-crystallin was

separated by RP-HPLC with acetonitrile�/sodium phosphate

solution (15 mM, pH 3.0) (11:89, v/v) as a mobile phase. The

peaks with retention times that were the same as those of T18

peptides in which the Asp residue was D-Asp, L-Asp, L-isoAsp

or D-isoAsp are marked A, B, C and D, respectively. The

retention times of the peptides ‘IQTGL’ and ‘IQTGLDATH’

are also shown. (B) The mixture of four T18 peptide isomers

was separated by RP-HPLC using the same conditions as

above.
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3.4. Quantification of the isomerization of Asp151

residue in recombinant human aA-crystallin

The peak areas corresponding to T18 peptides

containing D-Asp, L-isoAsp or D-isoAsp were

compared to that of T18 peptide containing L-

Asp, and the ratios indicated both levels of

isomerization and enantiomerization on condition

that these peptides had an equal extinction coeffi-

cient (Fig. 6). The isoAsp/Asp and D-Asp/L-Asp

ratio were 0.37 and 0.03, respectively, in the T18

peptide prepared from 140-day aged recombinant

aA-crystallin. Notably, this method showed that

the relative amount of the peak corresponding to

the T18 peptide containing D-Asp was 0.3%. Acid

Fig. 4. Yields of peaks B, C and D isolated from aged aA-

crystallin during amino acid sequence analysis (A) The

sequence of peak B in Fig. 3 was analyzed by a pulsed-liquid

protein sequencer. Yields are normalized to the first cycle

(100%). (B) The relative yields of peak C in Fig. 3. (C) The

relative yields of peak D in Fig. 3.

Fig. 5. Analysis of T18 peptides of aged aA-crystallin by RP-

HPLC at a different pH. (A) The fraction that included the four

T18 peptide isomers isolated from aged aA-crystallin was

separated by RP-HPLC with acetonitrile-sodium phosphate

solution (15 mM, pH 4.1) (11:89, v/v) as a mobile phase. The

peaks with retention times that were the same as those of the

four standard T18 peptide isomers are indicated by arrows. (B)

The mixture of four T18 peptide isomers was separated by RP-

HPLC using the same conditions as above.

Fig. 6. Relative amounts of four types of T18 peptide in aA-

crystallin incubated for 140 day at 37 8C. The amounts are

normalized to area of the T18 peptide in which the Asp-residue

is L-Asp (100%). The data are the average of three independent

analyses, and the bars show the standard deviation.
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hydrolysis, which is required in a conventional D/
L-amino acid analysis, causes isomerization of Asp

residues at an additive rate of 2 to 5% [14,15]. On

the other hand, since the present method does not

require acid hydrolysis, we can detect isomeriza-

tion from the L-form to D-form at a level as low as

0.3%.

4. Discussion

The present method does not require acid

hydrolysis and the isomerized Asp residue can be

determined by RP-HPLC alone. Isomerization

from the L-form to D-form can be detected at a

level as low as 0.3% in this study. In the traditional

method, such a level of isomerization can not be

determined, since acid hydrolysis, which is re-
quired in a conventional D/L-amino acid analysis,

causes isomerization of Asp residues at an additive

rate of 2 to 5%. Recently, monitoring the isomer-

ization of Asp residues has been reported to be

important for clinical diagnosis and for controlling

the quality of pharmaceutical proteins

[16,17,19,20]. This method, which drastically re-

duces the time required for analysis and improves
the sensitivity for detecting isomerized Asp resi-

dues, should assist in clinical decision-making.

However, the present method may not be

suitable identifying which Asp or Asn residue in

a protein is isomerized. The method can be used

for a peptide only if its amino acid sequence is

known, and the four peptide isomers are synthe-

sized as a standard for HPLC analysis. The key to
this method is whether the four peptide isomers

can be separated by RP-HPLC. We have pre-

viously separated peptide isomers with various

amino acid sequences: four types of other peptides

in human aA-crystallin, 55TVLD
¯

SGISEVR65 and
79HFSPED

¯
LTVK88, and a peptide in human

transferrin, 297D
¯

SAHGFLK304 (underlined Asp

residues vary between L-Asp, D-Asp, L-isoAsp
and D-isoAsp), separated by RP-HPLC with

acetonitrile-sodium phosphate solution as a mo-

bile phase [27]. Cloos and Fledelius also show that

the four C-terminal telopeptide isomers of type I

collagen, 1209AHD
¯

GGR1214 could be separated by

RP-HPLC with acetonitrile�/TFA as a mobile

phase [16]. These results show that the high

resolution RP-HPLC in the present method could

make it possible to monitor various peptides in

which an Asp residue is isomerized.

aA-crystallin is a major structural protein of the

eye lens, and is associated with aB-crystallin. Since

the proteins in the eye lens have very long half-

lives, various posttranslational modifications, such

as racemization, can occur [28�/31]. Fujii et al. [22]

showed that several Asp residues revert to the D-

isomer during aging, and the Asp151 residue

showed the highest level of isomerization in human

aA-crystallin in vivo. Thus, the Asp151 residue in

human aA-crystallin was used as a target to

analyze isomerization of the Asp residue in the

present study. We used recombinant aA-crystallin

in this study, and showed that its feature was quite

similar to that of native aA-crystallin. A recombi-

nant protein expressed by E. coli was constructed

by L-form amino acids, and we showed that no

enantiomerization and very little isomerization

occurred in the Asp151 residue in freshly prepared

aA-crystallin. Thus, we and other groups have

used recombinant proteins to examine in vitro

posttranslational modification. Deamination and

isoaspartate formation have been analyzed in two

recombinant proteins: human growth hormone

and human tissue plasminogen activator [4,32].

The use of recombinant proteins as starting

materials should simplify the analysis of in vitro

posttranslational modification.

5. Conclusion

The isomerization of Asp and Asn residues in

proteins is reported to be a critical modification

that is associated with various diseases, such as

Alzheimer’s disease and an autoimmune response,

and mice that cannot repair an isomerized Asp

residue reportedly have short life spans. Thus, the

present method for quantification of isomerization

by RP-HPLC should greatly facilitate the assess-

ment of such protein modifications for clinical

diagnosis and to control the quality of pharma-

ceutical proteins.
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