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Abstract

An 018-]abeling assisted LC-MS method was designed for unambiguous assignment of aspartyl/
isoaspartyl products produced by Asn deamidation and Asp isomerization. By preparing the acid-
and base—catalyzed deamidation standards in H,O18, isomer-specific mass tags were introduced to
aspartyl- and isoaspartyl-containing peptides, which could be easily distinguished by mass
spectrometry (MS). In contrast to the traditional ways to assign the isomers based on their elution
order in reverse phase HPLC, the new method is more reliable and universal. Furthermore, the
new method can be applied to the entire protein digest, and is therefore more time- and cost-
effective compared with existing methods that use synthetic aspartyl- and isoaspartyl-containing
peptide standards. Finally, since the identification of isomers in the new method only relies on LC-
MS analysis, it can be easily implemented using the most basic and inexpensive MS
instrumentation, thus providing an attractive alternative to tandem MS-based approaches. The
feasibility of this new method is demonstrated using a model peptide as well as the entire digest of
human serum transferrin.

INTRODUCTION

Deamidation of asparaginyl (Asn) and isomerization of aspartyl residues (Asp) in proteins
are the most frequent non-enzymatic post-translational modifications (PTMs) in vivo.l
Under physiological conditions, both deamidation and isomerization proceed through
formation of a succinimide intermediate, and lead to a mixture of aspartyl (Asp) and
isoaspartyl residues (isoAsp).23 Asn deamidation introduces an additional negative charge
on the protein surface; furthermore, formation of isoAsp residue elongates the protein
backbone by inserting an extra methylene group, resulting in the B-peptide linkage. Thus,
these modifications affect protein conformation,* function,® 8 activity,” 8 stability,?
aggregation? and even immune responses.11 12 /1 vivo, the level of isoAsp is controlled by
protein L-isoaspartyl O-methyltransferase (PIMT), which catalyzes the conversion of isoAsp
to Asp.13 The lack of such a mechanism in vitro leads to the accumulation of isoAsp with
time as the Asn deamidation and Asp isomerization can also occur during protein production
and long term storage. It is especially important for protein pharmaceuticals, where the
effect of isoAsp formation has been widely examined.14 Therefore, close monitoring of Asn
or Asp degradation products in protein pharmaceuticals is highly desirable and necessary.1®

Traditional ways of detection and localizing isoAsp residues in stressed protein involve
chemical hydrolysis and proteolysis. Edman sequencing is useful for identifying the
formation of isoAsp residue, because these reactions stop at the iso-peptide bond.16 PIMT is
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also frequently applied, since it leads to the methylation of isoAsp residues as an
intermediate step. Due to the longer retention time of methylated isoaspartyl-containing
peptide compared to its aspartyl counterpart on RP-HPLC analysis, valid assignment can be
made.1” Furthermore, the byproduct of the methylation reaction, S-Adenosyl-L-
homocysteine (SAH), has been used to achieve the global analysis of the isoAsp residue
content in protein samples, which has already been commercialized under the name
IsoQuant.18: 19 The utility of endoproteinase Asp-N for the differentiation of aspartyl- and
isoaspartyl-containing peptides has also been explored (taking advantage of the selective
cleavage of aspartyl-containing peptides but not their isoaspartyl counterparts).20: 21
Detection of deamidated peptides by MS is relatively straightforward, since a mass shift of
+0.984 Da occurs upon each deamidation event, which can be readily detected by MS with
high resolution. However, the differentiation between aspartyl- and isoaspartyl-containing
peptides from Asn deamidation or Asp isomerization presents a significant challenge for MS
due to their identical mass. Even when separated by HPLC, unambiguous identification of
the two isomers can be difficult using LC-MS analysis alone. In fact, most of the
assignments were made based on either the ca. 3:1 relative peak intensity ratio or the elution
order of the aspartyl- and isoaspartyl-containing peptides (isoaspartyl-containing peptides
are believed to be more hydrophilic than their aspartyl counterparts due to the greater acidity
at the side-chain, therefore have shorter retention time during RP-HPLC analysis). However,
as have been reported by other researchers,21: 22. 23 the elution order is strongly dependant
on the chromatographic conditions as well as the properties of the peptides. In fact, the
inverted elution order (isoaspartyl-containing peptides have longer retention time than
aspartyl-containing peptides) has been consistently observed in peptides with Asp/isoAsp
residues located at the non-acetylated N-terminus.22:24 We have also observed examples
with inverted elution order in this work (vide infra). Clearly, accurate assignment of
aspartyl- and isoaspartyl-containing peptides cannot be achieved by elution order alone.
Likewise, assignment of aspartyl- and isoaspartyl-containing peptides based on relative peak
intensity ratio (ca. 1:3) is not always reliable. Since these peptides usually eluted at different
time, their relative ionization efficiencies can be modulated differently by mobile phase and/
or co-eluting species, and may not reflect their fractional concentrations in solution.
Furthermore, the 1:3 ratio had been established based on the analysis of products of
deamidation of short, unstructured peptides, while in proteins this may vary due to influence
of the higher order structure.25:26

Other approaches to aspartyl- and isoaspartyl-containing peptides differentiation were
mainly focused on applying different tandem mass spectrometry techniques. Several
successful examples were reported by using different collision-activated dissociation (CAD)
techniques, where the differentiation was mainly based on the specific reporter ions2’ or the
relative fragment ion intensity ratios.28 However, these approaches are highly dependent on
the peptide sequence and very sensitive to experimental conditions. A much more successful
strategy is the application of electron-based fragmentation techniques (electron capture
dissociation, ECD, and electron transfer dissociation, ETD), which generate a pair of
reporter ions (c'+57 and z-57) that are unique to isoaspartyl-containing peptides,?® and
another pair of reporter ions (z-44 and (M+nH)(M-1*_60) that are unique to aspartyl-
containing peptides.3%: 31 This approach has already been applied in a high-throughput
manner to achieve proteome-scale identification and quantitation of isoaspartyl residues in
biological samples.32: 33 However, this technique is limited to ECD-capable instruments,
and sometimes can be hampered due to the low abundance of the reporter ions.2!

Recently, a number of O!8-labeling based strategies were developed to facilitate the Asn

deamidation or Asp isomerization studies.34 35 Most of them were taking advantage of the
increased mass increment after deamidation due to O18 incorporation (from 1 Da to 3 Da).
Particularly, by using H,018 for sample storage and protein digestion, /7 vitroand in vivo
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occurring deamidation processes can be readily differentiated.36: 37 However, none of these
methods have explored the ability of using O18-labeling for aspartyl- and isoaspartyl-
containing peptides differentiation and assignment. In this work, we demonstrate the
possibility of using O!8-labeling and LC-MS method for unambiguous differentiation of
aspartyl- and isoaspartyl-containing peptides. Taking advantages of different deamidation
mechanisms in acidic and basic environments, isomer-specific mass tags were introduced to
018-Jabeled aspartyl- and isoaspartyl-containing peptides, which could be easily
distinguished by MS. Feasibility of this new method is demonstrated using a synthesized
peptide EWSVNSVGK, followed by successful aspartyl- and isoaspartyl-containing
peptides assignment for at least six peptides containing Asn residue, and two peptides
containing Asp-Gly motif, from the tryptic digestion of an 80 kDa non-glycosylated form of
human serum transferrin (hTf), which is a part of a number of biopharmaceutical products
that are currently under development,15: 38. 39, 40, 41

MATERIALS AND METHODS

Non-glycosylated human serum transferrin (hTf) was provided by Prof. Anne B. Mason
(University of Vermont College of Medicine, Burlington, VVT); Peptides EWSVNSVGK
were custom synthesized by Peptide 2.0 (Chantilly, VA, USA); Proteomic-grade trypsin and
H,018 (97% purity) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Al
other chemicals and solvents used in this work were of analytical grade or higher.

The synthesized peptide (~0.4 mg) was dissolved in 20 pL of DMSO and 178 pL of H,018,
and then split into two equal volumes. Acid-catalyzed deamidation and base-catalyzed
deamidation were initiated by the addition of 1 uL of TFA (pH ca. 1) and 1 pL of
ammonium hydroxide (pH ca. 10) respectively. Both solutions were incubated at 50 °C, and
sampled over 48 hours by taking an aliquot every 12 hours. The extent of deamidation was
monitored by LC-MS analysis.

Deamidation of hTf and consequent identification of deamidated sites and aspartyl- and
isoaspartyl-containing peptides assignment were carried out as follows. A solution
containing 100 g of hTf in 200 L of 0.1 M ammonium bicarbonate (pH 8.0) was reduced
with 10 mM of DTT at 50 °C for 20 min, and followed by alkylation of free sulfhydrals with
20 mM of iodoacetic acid (50 °C for 20 min in the dark). After removing the excess of
iodoacetic acid by a spin concentrator with a molecular weight cutoff of 10,000 Da, the
digestion was initiated by addition of trypsin at a 15:1 substrate to enzyme ratio and
followed by incubation at 37 °C for 4 hours. The tryptic peptides were recovered by
spinning down the digestion solution (50 pL of 100 .M ammonium bicarbonate buffer was
added to wash the filter and recovered and combined with the digestion solution). After
drying the digestion products under a stream of nitrogen, the acid- and base-catalyzed
deamidation was carried out using the procedure outlined above (24 hours of incubation).

The O18-labeled deamidation standards were analyzed by LC/MS/MS using an LC Packings
Ultimate (Dionex/Thermo Fisher Scientific, Sunnyvale, CA) nano-HPLC system coupled
with a QStar-XL (AB SCIEX, Toronto, Canada) hybrid quadrupole/time-of-flight mass
spectrometer. The samples were first loaded onto a trap column (C18 PepMap 100, 5 um,
100 A, 300 wm i.d. x 1 mm) at a relatively high flow rate (30 pL/min) for preconcentration
and cleaning. Then the peptides were resolved using a C18 column (Acclaim PepMap 100
C18, 3 um, 75 pmi.d. x 15 cm) at a flow rate of 0.2 pL/min. For the model peptide, the
gradient was as follows: 0-20% solvent B in 6 min, 20-26% solvent B in 40 min, 26-80%
solvent B in 3 min, 80% solvent B in 2 min, followed by 0% solvent B in 10 min. For the
tryptic digests of hTf, the following gradient was used: 0-16% solvent B in 6 min, 16-24%
solvent B in 40 min, 24-36% solvent B in 30 min, 36-80% solvent B in 4 min, 80% solvent
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B in 5 min, followed by 0% solvent B in 15 min. The mobile phase A was water with 0.1%
formic acid. Mobile phase B was acetonitrile with 0.1% formic acid.

The ECD MS/MS experiments were carried out using an Agilent 1100 HPLC system
(Agilent Technologies, Santa Clara, CA) coupled with a SolariX 7 (Bruker Daltonics,
Billerica, MA) Fourier transform ion cyclotron resonance mass spectrometer. The O18-
labeled deamidation standards were separated by RP-HPLC, and the produced ions were
selected and subjected to ECD MS/MS to produce fragment ions.

RESULTS AND DISCUSSION

The mechanisms of Asn deamidation under both basic conditions and acidic conditions have
been extensively studied.? Unlike deamidation under basic conditions, which generates both
aspartyl- and isoaspartyl-containing peptides, acid-catalyzed deamidation only leads to
formation of aspartyl-containing peptides. By preparing the forced deamidation standards in
H,018 under different conditions, different levels of O18 incorporation in aspartyl- and
isoaspartyl-containing peptides can be achieved, which can be exploited for unambiguous
isomer differentiation (Scheme 1). As previously reported,*? acid-catalyzed labeling and
deamidation result in O18 incorporation in all carboxylic groups, leading to a maximum
mass increment of 4n + 9 Da (4 Da from each acidic residues, 4 Da from C-terminus, and 5
Da from deamidation-formed Asp residue), where nis the number of acidic residues and
carboxymethylated Cys residues in this peptide. On the other hand, base-catalyzed
deamidation only leads to a mass increment of 3 Da (1 Da from deamidation and 2 Da from
incorporation of one O18 atom), because only one 018 atom is incorporated during the
hydrolysis of succinimide intermediate. Indeed, due to the much lower rate of Asp/iSoAsp
isomerization under basic condition, the formation and subsequent hydrolysis of succinimide
intermediate for the second time is limited within the experimental time-scale.

Preparation of O18-labeled deamidation standards

Under basic conditions, Asn deamidation in proteins occurs at a much lower rate compared
to deamidation of short unstructured peptides due to the protection afforded by the higher
order structures. Therefore, both acid- and base-catalyzed deamidation standards were
prepared using peptides as starting material. Some variations in the deamidation rate under
basic conditions were still observed, since this process is influenced by the sequence of the
peptide, especially the neighboring residue on the C-terminal side of Asn. Particularly,
deamidation occurs much faster in Asn followed by a polar residue with a relatively small
side chain (Gly, Ser, Thr and Asp), compared to that followed by a hydrophobic residue
with a bulky side chain (Val, Leu and lle).#3 In order to accelerate the deamidation process,
elevated pH (1% NH4OH, pH ~ 10) and temperature (50 °C) were applied. In contrast, the
deamidation rate of Asn under acidic conditions is barely affected by the peptide sequence.
By incubating the model peptide EWSVNSVGK in H,018 at 50 °C and in the presence of
1% TFA, the deamidation process was monitored by LC/MS analysis overtime. After 24
hours’ incubation, nearly 15% of the peptides were in aspartyl form, and the isotopic peak
with maximum 028 incorporation could be readily detected (see Supplementary Material).
It is probably worth to mention that the peptide cleavage is a side reaction during acid-
catalyzed deamidation, although significant peptide cleavage was only observed at Asp-Pro
site (the most susceptible site for acid cleavage) for 24 hours’ incubation. Thus, the acid-
and base-catalyzed deamidation standards were both prepared by 24 hours’ incubation using
the conditions described above.

Forced deamidation of the model peptide EWSVNSVGK was carried out in H,O18 under
both acidic and basic conditions using the procedure described above. Subsequently, the
018-Jabeled deamidation standards were analyzed by LC-MS. As previously reported,42: 44
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oxygen atom exchange occurs between carboxylic groups and solvent at low pH, leading to
a maximum mass increment of 8 Da (/g) for peptide EWSVNSVGK (Figure 1A). In
addition, the hydrolysis of the amide group in Asn residue under acidic conditions leads to
an additional mass increase of up to 5 Da (the /3 species). Indeed, only one deamidation
product with a maximum mass increase of 13 Da (designated as peak 3 in the chromatogram
shown in Figure 1A) is observed under acidic conditions. In contrast, the base-catalyzed
deamidation leads to the formation of two indistinguishable deamidation products
(designated as peaks 1 and 3 in the chromatogram shown in Figure 1B), with a maximum
mass increase of 3 Da (the /3 species) for both. The analysis of the mixture of acid- and
base-catalyzed deamidation standards reveals co-elution of species /& and /3 (peak 3),
which can be unambiguously assigned to aspartyl-containing peptide. The other
chromatographic peak for species /4 (peak 1) can be assigned to isoaspartyl-containing
peptide (Figure 1C). The corresponding mass spectra also allow the unambiguous
differentiation between the two isomers to be made.

To validate this approach, a mixture of acid- and base-catalyzed deamidation standards
prepared from model peptide EWSVNSVGK was further analyzed by LC-MS/MS using
ECD to produce fragment ions. ECD MS/MS analysis allows a distinction to be made
between aspartyl- and isoaspartyl-containing peptides, since it can generate a pair of reporter
ions (c,+58 and z,_-57) that are unique to isoaspartyl-containing peptides, and another pair
of ions (zy.--44 and (M+nH-60)("1)+ that are unique to aspartyl-containing peptides (r is
the position of Asp/isoAsp residue from the N terminus and k is the total number of residues
in the peptide). Both ion /3 and ion /3 (elution at t; and t3) were selected for ECD MS/MS
analysis (Figure 2). The reporter ion (z5-57) was only observed from the fragmentation of
ion /3 at elution time ty, which confirmed the identity of this species as base-catalyzed
isoaspartyl-containing peptide. On the other hand, both (z5-44) and (M+2H-60)*" fragment
ions were observed in the ECD spectrum of species / acquired at elution time t3, but not
from the fragmentation of species /4 at elution time t;, which confirmed the identity of this
species as base-catalyzed aspartyl-containing peptide. In addition, the corresponding ions
(z5+4)-44 and (M+2H+8)-60 with additional incorporation of O18 atoms were observed in
the fragmentation of ion /;3, which confirmed the identity of this species as acid-catalyzed
aspartyl-containing peptide. Despite the 018 incorporation in the carboxylic group of the
Asp residue, the reporter ions did not carry any 08 atom due to the consequent loss of 018
atoms in the form of either CO, (44 Da) or C,H40, (60 Da) during the fragmentation. These
results are in excellent agreement with the proposed mechanism?? for the neutral loss
involving Asp residues during ECD fragmentation. The ECD MS/MS analysis clearly
validates the O'8-labeling approach to identification of aspartyl- and isoaspartyl-containing
peptides in deamidated peptides.

Following validation of the new methodology with ECD MS/MS, it was applied to detect
and identify deamidation products of an 80 kDa plasma protein hTf, whose ability to
traverse physiological barriers and be internalized by malignant cells is attracting significant
attention in the biopharmaceutical sector. Deamidation of protein pharmaceuticals is always
a big concern during the protein production and storage. A general procedure to monitor the
deamidation in proteins is by detecting the deamidated peptides in the protein digest (mostly
by trypsin) mixtures. However, as has been reported before,23 the traditional overnight
tryptic digestion can introduce false positives (artificial deamidation, especially in Asn-Gly
motif). Therefore, in this study, a shortened digestion time (4 hours) was used to minimize
the digestion-induced deamidation. In addition, an extra step of removing alkylation reagent
as well as an increased enzyme to substrate ratio was applied in order to improve the
digestion efficiency. The tryptic digests were further subjected to acid- and base-catalyzed
deamidation in H,018, and followed by LC/MS analysis. Successful assignment of aspartyl-
and isoaspartyl-containing peptides was achieved for six Asn-containing peptides and two
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Asp-Gly motif containing peptides from hTf. Based on the number of acidic residues in the
peptide (), a specific ion (/;+9) Was extracted together with ion /4. As discussed earlier, the
co-eluting species /4,+9 and A indicated the presence of aspartyl-containing peptide, while
the other elution peak of ion / indicated the presence of isoaspartyl-containing peptide. In
the case of peptide DSGFQMNQLR, due to the presence of two Gln residues which are also
targets of acid-catalyzed deamidation, three peaks of ion /13 eluting at different times were
observed. Nevertheless, even in this case the assignment of aspartyl-containing peptide can
still be made based on the co-elution of one of such peaks with one of the elution peaks of
ion /3. By subtracting, the other two peaks of ion /3 can be assigned to either one of the
Gln-deamidated peptides. Furthermore, by extracting ion 5, the isoaspartyl-containing
peptide produced by Asp isomerization can be easily detected. Since Asp isomerization
occurs much slower than Asn deamidation under basic conditions, it was only observed in
peptides with an Asp-Gly motif, which is the most susceptible isomerization site.

The elution order of these aspartyl- and isoaspartyl-containing peptides was mostly in
agreement with the general observation that isoaspartyl-containing peptides elute earlier
than aspartyl-containing peptides due to the greater acidity at the side-chain. However, the
inverted elution order did occur in the case of peptides NLREGTCPEAPTDECKPVK and
DGAGDVAFVK, where both the Asn and Asp-Gly were localized at the N-terminus. It is
possible that the more favorable interaction between the N-terminal amine group and the
carboxyl group of isoAsp residue could increase the overall hydrophobicity of the peptide,
leading to longer elution time (Figure 4). Indeed, another peptide CLKDGAGDVAFVK, as
an extended version of peptide DGAGDVAFVK with three more residues at the N-terminal
side of Asp, exhibited ‘normal’ elution order vis-a-vis aspartyl- and isoaspartyl-containing
peptides. This could be explained by the unfavorable ionic interaction at N-terminus.
Furthermore, peptide SVIPSDGPSVACVKK also exhibited inverted elution order after Asp
isomerization, probably due to the hydrogen bonding between the side-chains of Ser and
iS0Asp residues. These results suggest the unreliability of assigning the aspartyl- and
isoaspartyl-containing peptides based on the elution order. Finally, formation of isoaspartyl-
containing peptide was generally observed to be more efficient than the formation of
aspartyl-containing peptide during the base-catalyzed deamidation of tryptic peptides, which
could also be used to support the assignment.

CONCLUSIONS

A new method based on O!8-labeling and LC-MS detection was developed for unambiguous
assignment of aspartyl- and isoaspartyl-containing peptides produced by Asn deamidation
and Asp isomerization. By preparing the acid- and base—catalyzed forced deamidation
standards in H,018, specific mass tags were introduced to aspartyl- and isoaspartyl-
containing peptides, which could be easily distinguished by MS. Compared to the traditional
method where the assignment of the isomers is based on the assumption of elution orders,
this new method is more accurate and reliable. Furthermore, since the method can be applied
to the entire digests of a protein, multiple assignments can be made simultaneously. The
procedure is considerably more cost-effective and faster than the use of synthetic aspartyl-
and isoaspartyl-containing peptide standards. The new method also offers an attractive
alternative to the direct ECD MS/MS analysis of deamidation products, which relies on
detection of reporter ions and, therefore, may not produce a conclusive answer if the
fragment ion intensity is insufficient. Furthermore, isomer identification can be carried out
with the new methodology using a generic and inexpensive LC-MS system without tandem
capabilities, such as single quadrupole MS.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

LC-MS analysis of the O18-labeled acid-catalyzed (A) and base-catalyzed (B) deamidation
standards generated using model peptide EWSVNSVGK, and their mixture (C). The total
ion chromatogram (TIC) is shown in black trace, and the extracted ion chromatogram (XIC)
of ionic species fy, A, &g, and /13 are shown in grey trace, respectively. The elution peaks are
labeled with numbers, and the corresponding mass spectra are shown in the insets. N: Asn;
D: Asp; isoD: isoAsp.
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Figure2.

The ECD MS/MS analysis of O18-labeled deamidation standards generated using model
peptide EWSVNSVGK. The inset in each panel represents the total ion chromatogram
(TIC), and the ion selected for each ECD MS/MS analysis is highlighted by the grey area.
The signature ions for aspartyl- and isoaspartyl-containing peptides are also highlighted by
the grey area. The number in brackets after the amino acid residues indicates the mass
increment in this residue due to O18 incorporation.
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Figure 3.

The aspartyl- and isoaspartyl-containing peptides assignment from the tryptic digestion of
hTf. The number in brackets after the peptide sequence indicates the total number of acidic
residues and carboxymethylated Cys residues in this peptide. The XICs of ionic species /,
K and /un+g are shown in black, dark grey and light grey, respectively. N: Asn; D: Asp;
isoD: isoAsp; E: Glu.
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Examples of peptides exhibited both normal and inverted elution order for their aspartyl-
and isoaspartyl-forms, and the possible explanations. The XICs of ionic species /pand 5 are

shown in black and grey, respectively.
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