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Abstract: Protein deamidation can severely alter the physicochemical characteristics and biological
functions of protein therapeutics. Cobratide is a non-addictive analgesic with wide clinical acceptance.
However, the Asn residue at position 48 from the N-terminus of the cobratide amino acid sequence
(N48) tends to degrade during purification, storage, and transport. This characteristic could severely
affect the drug safety and clinical efficacy of cobratide. Traditional methods for quantitating deami-
dation reported in previous research are characterised by low efficiency and accuracy; the quality
control of cobratide via this method is limited. Herein, we developed an improved 18O-labelling
method based on the detection of a unique peptide (i.e., the protein fragment of cobratide containing
the N48 deamidation hotspot after enzymolysis) using an Orbitrap high-resolution mass spectrom-
eter to quantify deamidated cobratide. The limits of detection and quantification of this method
reached 0.02 and 0.025 µM, respectively, and inter- and intra-day precision values of the method
were <3%. The accuracy of the 18O-labelling strategy was validated by using samples containing
synthesised peptides with a known ratio of deamidation impurities and also by comparing the final
total deamidation results with our previously developed capillary electrophoresis method. The
recoveries for deamidation (Asp), deamidation isomerisation (iso-Asp), and total deamidation were
101.52 ± 1.17, 102.42 ± 1.82, and 103.55 ± 1.07, respectively. The robustness of the method was
confirmed by verifying the chromatographic parameters. Our results demonstrate the applicability of
the 18O-labelling strategy for detecting protein deamidation and lay a robust foundation for protein
therapeutics studies and drug quality consistency evaluations.

Keywords: cobratide; deamidation impurity; high-resolution mass spectrometry; 18O-labelling

1. Introduction

Post-translational modifications (PTMs), such as deamidation (e.g., Asn to Asp) and
deamidation–isomerisation (e.g., Asn to isoAsp), have tremendous effects on the high-
level structure, kinetic stability, and biological function of functional proteins and protein
therapeutics [1–7]. Furthermore, PTM is the most common degradation pathway for protein
therapeutics. During this process, the side-chain carbonyls of Asn residues in a protein
sequence are converted into a succinimide intermediate and then hydrolysed into Asp and
isoAsp [8].

The rate of deamidation–isomerisation has been demonstrated to be especially high
when the C-terminus of the Asn residue is connected to a Gly residue [9]. Thus, protein
therapeutics of this type tend to generate deamidation impurities during production
and storage.

Cobratide, a protein component isolated from the venom of Chinese cobra (Naja
atra) [10], is exceptionally effective in relieving chronic, long-term, and refractory pains,
especially tumour-related pains. Owing to its extremely low addictiveness, cobratide has
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a wide range of clinical applications [11], particularly as an analgesic for children. The
protein was also recently discovered to exhibit therapeutic potential for COVID-19 [12]. The
structure of cobratide includes a deamidation hotspot at position 48 from the N-terminus
(N48), where the C-terminus of an Asn residue is connected to a Gly residue. Thus,
developing a highly accurate method to quantify deamidation impurities in cobratide is of
great importance in ensuring consistency in its manufacturing and storage.

At present, high-resolution mass spectrometry (MS) remains the most powerful tool
for determining heterogeneity in protein samples; as such, tremendous efforts have been de-
voted to expanding the applications of MS in qualitative and quantitative research [13–16].
However, the direct determination of the extent of protein deamidation using the top-down
strategy is challenging and cannot be achieved by MS or chromatography. In MS, the mass
difference between a protein and its deamidation mutant is only 0.98 Da, and the protein is
usually multi-charged. Moreover, the peak with the highest signal in a cobratide sample
has a charge of 5 or 6, which means the nearest isotope peak between cobratide and its
deamidated variant is only approximately 0.003 Da. In chromatography, only one amino
acid differs between cobratide and its deamidated variant. Thus, obtaining good resolu-
tion between the protein and its two deamidation variants (i.e., deamidated (Asn→Asp)
and isomerised–deamidated (Asn→isoAsp)) is difficult. In previous work, we success-
fully separated cobratide and its deamidation components via capillary electrophoresis
(CE)–UV spectroscopy; however, we could not achieve the separation of the deamidated
and isomerised–deamidated proteins [17]. These issues explain why the precise rates of
deamidation (Asn→Asp) and isomerisation–deamidation (Asn→isoAsp) of the protein
are usually quantified using a bottom-up approach. In this approach, the protein is first
denatured and then digested to facilitate the analysis of deamidation. However, steps such
as denaturation and enzymolysis can cause artificial deamidation, which induces false
positives. Several analytical methods based on the optimisation of digestion conditions
have been established to solve this problem [18–22]. In a previous study, we successfully
improved the accuracy of deamidation impurity analysis by modifying the digestion condi-
tions [22]. However, this method can only limit the introduction of deamidation impurities
during enzymatic digestion; it cannot prevent deamidation due to other artificial factors
prior to enzymatic digestion (e.g., deamidation due to protein denaturation or reductive
alkylation). Therefore, quantifying the true extent of deamidation in a protein sample is a
worthwhile endeavour.

Liu et al. developed an analytical approach based on 18O labelling using H2
18O as the

solvent throughout the sample preparation process [23,24]. Time-of-flight (TOF) MS was
then employed to differentiate the inherent deamidation of the sample from its artificial
deamidation. This method established a foundation for the precise determination of
deamidation ratios in protein samples. However, the use of trypsin for enzymatic digestion
generates a large number of cleavage sites, which often results in multiple protein fragments
with the same deamidation site due to missing and erroneous cuts. This issue increases the
difficulty of calculating the exact extent of deamidation in a protein sample. In addition,
the lack of a validation strategy for this method limits its application scope, especially
in new drug applications for biopharmaceuticals and quality consistency evaluations
of biosimilar and generic drugs. These problems can be resolved as follows: (1) the
analytical conditions of the method, including the sample pre-treatment, data acquisition,
and data analysis procedures, must be improved; (2) the necessary calculations must be
simplified by improving the sample preparation process to obtain a unique peptide with the
deamidation site (i.e., a single peptide containing the deamidation site after enzymolysis)
so that the rate of deamidation of cobratide could be calculated using only this unique
peptide and the 18O-labelled unique peptide (i.e., the unique peptide incorporated with
18O at the –OH group of the C-terminal of this fragment) after enzymolysis in H2O and
H2

18O, respectively; (3) accuracy must be enhanced by improving the resolution of isotopic
peaks so that the false positive peak could be eliminated; and (4) a rational and thorough
method validation strategy must be formulated. Considering these points, we developed an
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improved method that employs quadrupole-Orbitrap tandem high-resolution MS (THRMS)
to quantify deamidation impurities in cobratide samples based on the 18O labelling of a
unique peptide. Our method could improve the accuracy of protein deamidation analysis
and expand the applicability of the 18O-labelling strategy in terms of instrumentation and
range of applications. The findings in this study could serve as a reliable reference for
subsequent studies on quality consistency for other protein therapeutics.

2. Results
2.1. Glu-C for Enzymatic Digestion

In the bottom-up strategy, the availability of several peptides containing some PTM
site would theoretically require the inclusion of the PTMs of all of these peptides when
calculating the relative abundance of PTMs in the protein sample. Cobratide contains many
K and R residues. When we used trypsin for enzymatic cleavage in a previous study, we
did not obtain a unique peptide for the N48 site (Figure 1a). Therefore, in this study, we
used Glu-C protease for enzymatic cleavage. This modification allowed us to obtain the
unique peptide fragment for positions 39–51 (RGCGCPSVKNGIE) containing the N48 site
of the cobratide amino acid sequence (Figure 1b).
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Figure 1. Enzymatic cleavage by (a) trypsin and (b) Glu-C protease. Enzymatic cleavage with Glu-C
protease gives a unique peptide that includes the N48 site. Peptide recovery was calculated using
Biopharma Finder software, which defines the concept as the percentage of the total peak area
for a given peptide (modified and unmodified forms) relative to the self-weighted average of all
components. Thus, a recovery of >10% is considered good recovery.

2.2. Introduction to the Calculation

Orbitrap THRMS was used to analyse samples prepared in H2O and H2
18O. Bio-

pharma Finder software was used to determine the retention time and charge number of
the R39-E51 peptide; note that the retention time of the isotope-labelled peptide is essen-
tially identical to that of the unlabelled peptide. The triply charged peaks of this peptide in
the normal water samples produced the strongest responses. The monoisotopic masses ob-
tained were Asn-16O: m/z = 478.5576 and isoAsp-16O and Asp-16O: m/z = 478.8857). By con-
trast, the corresponding triply charged peptides in the H2

18O-treated samples had monoiso-
topic masses of Asn-18O: m/z = 479.2256 and isoAsp-18O and Asp-18O: m/z = 479.5541. The
mass spectra of these ions are shown in Figure 2.
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2.3. Calculation of the Percentages of Asp and isoAsp Contents

The steps below describe how the percentages of Asp and isoAsp contents are calculated.

2.3.1. Calculation of Total Deamidation

The first step in the proposed THRMS-based 18O-labelling method is the quantifica-
tion of the total deamidation impurities of the sample (Asn→ Asp and Asn→ isoAsp),
including both inherent and preparation-induced deamidation impurities. As is shown
in Figure 3, We summed the extracted ion chromatograms (EICs) for all isotopic peaks
of the three peptides to obtain the total signal strength of each peptide and improve the
selectivity of Asn, isoAsp, and Asp (the peaks used are shown in Supplementary Infor-
mation). By calculating the ratios between the total peak areas of the isotopic peaks of
these peptides, we can obtain the total deamidation ratios of Asp and isoAsp, including
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the intrinsic deamidation of the sample and the artificial deamidation introduced by the
sample preparation process.
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Figure 3. TIC and EICs of Asn, isoAsp, and Asp. (a) TIC plots of Asn, isoAsp, and Asp. (b) Mass
spectrum of the Asn-18O peak in the isotopically labelled sample. (c) EIC of the isotopic peaks from
Asn-18O in the 18O-labelled sample. (d) Mass spectrum of Asp-18O and isoAsp-18O in the isotopically
labelled sample. (e) EIC of the isotopic peaks from Asp and isoAsp in the 18O labelled sample.

2.3.2. Calculation of Isotope Overlaps

In the sample prepared in normal water (i.e., the ‘H2O sample’), the monoisotopic
peak (peak 1) is more intense than peak 3. In the sample prepared in 18O-enriched water
(i.e., the ‘H2

18O sample’), peak 3 is more intense than peak 1 (Figure 2b, at m/z = 479.8929
and m/z = 479.2256). According to Liu et al. [23,24], as illustrated in Figure 4, the signal
of peak 3 in the H2

18O samples consists of: (1) the natural 18O abundance of the peptide,
(2) the signal arising from the incorporation of one 18O at the C-terminus, and (3) the
18O introduced to the sample by deamidation during sample preparation. Therefore, the
overlaps by (1) and (2) must be solved to calculate the percentage of 18O introduced during
sample preparation.
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Figure 4. Signal components of peak 3 from the Asp-18O peptide. Peak 3 contains three components:
the signal of deamidation during the sample treatment, the overlap from the 18O incorporated into
the –OH group of the C-terminal (obtained in Section 2.3.2.2), and the overlap from the natural
isotopic abundance (obtained in Section 2.3.2.1).

2.3.2.1. Determination of the Overlap by the Natural Isotopic Abundance

As shown in Figure 2a (Asn-16O), Peak 1 in the mass spectrum represents the monoiso-
topic peak of the non-deamidated R39-E51 fragment in normal H2O, while peak 3 represents
the isotopic distribution of the substance with the monoisotopic signal of peak 1. In other
spectra of Figure 2, peak 3 is overlapped by the same ratio of natural isotopic abundance
in Figure 2a (Asn-16O). Therefore, the ratio of overlap by the natural isotopic abundance
in the deamidated peak could be calculated by the ratio of peak 3 to peak 1 in the mass
spectrum of Asn-16O in normal H2O (see in Figure 2a, Asn-16O).

2.3.2.2. Determination of the Overlap by Peptides with Two C-Terminal 18O Atoms

Because the peptide samples were prepared in 18O-enriched water, 18O is incorporated
at the –OH group of the C-terminus, which increases the molecular weight of the peptides
by 2 (m + 2, with a difference of 0.66 in triply charged species). In Section 2.3.2.1, we
calculated the deamidation ratio of the sample in normal water. Therefore, the overlap due
to 18O incorporation at the C-terminus can be calculated by dividing peak 3 (m/z = 479.2259)
by peak 1 (m/z = 479.8929) in the Asn-18O fragment (Figure 2b) and then subtracting the
overlap calculated in Section 2.3.2.1.

Note that the integrated peak areas of the extracted isotopic ion currents (Figure 3c,e)
were used in these calculations to maximise precision.
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2.3.3. Calculation of the Deamidation Ratio Prior to Sample Preparation

In the H2
18O sample, the total Asp signal of the peptide incorporating one C-terminal

18O atom is given by the sum of peak 1 (m/z = 479.554) and peak 3 (m/z = 480.221) in
the Asp-18O and isoAsp-18O peptides (Figure 4) minus the two overlaps calculated in
Section 2.3.2. For the Asp-18O and isoAsp-18O peptides, peak 1 represents the deamidation
of Asn prior to sample preparation. Therefore, the percentage of total deamidation due
to the deamidation of the cobratide sample prior to sample preparation is given by the
area of peak 1 divided by the total deamidation (peak 1 + peak 3 − sum of overlaps from
Section 2.3.2) × 100.

2.3.4. Correction of the Deamidation Ratio

Because obtaining 100% pure H2
18O water is not possible, the calculations must be

corrected to account for the presence of normal water. The isotopic purity of the H2
18O

water was 98.0%, and the corrected result was calculated as (result from Section 2.3.3 −
(100% − result from Section 2.3.3) × 0.02/0.98).

2.3.5. Calculation of the Relative Percentage of Asp/isoAsp Present in the Sample Prior to
Sample Preparation

The relative percentage of Asp/isoAsp could be obtained by multiplying the peak
areas of Asp, isoAsp, and total deamidation in Section 2.3.1 with the percentage obtained in
Section 2.3.4. The total deamidation obtained was compared with that determined by the
CE–UV method we had previously developed and the deviation between the two methods
was less than 1% (Table 1).

Table 1. Comparison of the quantification results of isoAsp and Asp determined in five batches of
samples using both the proposed method and our previously reported CE–UV method.

Sample
Deamidation Result (Proposed Method) Deamidation Result

(CE–UV) a

isoAsp Asp Total
Deamidation Total Deamidation

S1 12.0% 4.3% 16.3% 15.8%
S2 17.8% 9.0% 26.8% 25.9%
S3 16.9% 7.4% 24.3% 24.9%
S4 4.7% 2.3% 7.0% 8.1%
S5 13.1% 6.0% 19.1% 18.3%

a Total deamidation determined by the CE–UV method we had previously reported [17].

2.4. Validation

The proposed method was validated by calculating its linearity, precision, accuracy,
and limit of quantification (LOQ) according to the International Conference on Harmoniza-
tion (ICH) guidelines [25].

2.4.1. Specificity

The specificity of the proposed method refers to its ability to accurately measure the
extent of deamidation in the presence of a blank solution. The results indicated that the
matrix solution did not interfere with quantification of deamidation.

2.4.2. Precision

The inter- and intra-day precision values of the proposed method over two consecutive
days were evaluated by calculating the relative standard deviation (RSD) of six sets of
sample solutions prepared from sample S1, as shown in Table 2. The inter- and intra-day
precision values of the method were both lower than 3%.
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Table 2. Intra- and inter-day precision of the improved isotope labelling method for sample S1.

RSD (%)
Impurity Intra-Day a Inter-Day b

IsoAsp 1.6% 2.8%
Asp 2.0% 2.2%

Total Deamidation 1.7% 2.1%
a n = 6 for each sample; b n = 12 for each sample over two consecutive days.

2.4.3. Limit of Detection (LOD) and Limit of Quantification (LOQ)

The sensitivity of the proposed method depends on whether the signal of the R39-
E51 peptide could be quantified or detected after enzymolysis. Because the test sample
contains different levels of deamidation, LOD and LOQ were described using the data of
three synthesised peptide fragments, namely, T37-N53 (Asn), T37-N53 (Asp), and T37-N53
(isoAsp). After the enzymolysis of a series concentration of mixed solutions ranging from
0.015 to 0.15 µM. the lowest signal-to-noise ratio (S/N) of all signals of the three peptide
fragments (Asn, Asp, and isoAsp) could be used to determine the LOD and LOQ, which
were found to be 0.02 µM (S/N = 5) and 0.025 µM (S/N = 16), respectively.

2.4.4. Robustness

The area ratio of Asp and isoAsp may vary when the liquid chromatographic parame-
ters fluctuate. Thus, the effect of several parameters, such as flow rate, injection volume,
column temperature, and mobile phase ratio, was studied. Differences in these parameters
did not lead to marked variations in the area ratios (Table 3).

Table 3. The robustness of the method.

NO Parameter Level a Area Ratio
Mean (%) a RSD (%)

1 Flow rate
A 1.54 0.0
B 1.54 0.0

2 Mobile phase A 1.57 1.3
B 1.55 0.4

3
Column oven
temperature

A 1.56 0.0
B 1.55 0.9

4 Injection volume A 1.55 0.9
B 1.54 0.0

a The upper (A) and lower (B) levels of the robustness parameters are shown as follows: flow rate:
A = 0.18 mL/min, B = 0.22 mL/min; mobile phase: A (content of formic acid) = 0.09%, B (content of formic
acid) = 0.11%; column oven temperature: A = 43 ◦C, B = 47 ◦C; injection volume: A = 9 µL, B = 11 µL.

2.4.5. Recovery

Because preparing cobratide and its deamidation degradant as single components is
difficult, we used three synthesised peptide fragments containing the N48 site to evaluate
the accuracy of our method. The percentage recoveries of IsoAsp, Asp, and total deamida-
tion were found to be 101.52%, 102.42%, and 103.55% (Table 4), respectively. These values
confirm the accuracy of the developed method. The use of peptide fragments with content
data is necessary to measure recovery (Figure 5). To this end, we used the T37-E53 amino
acid sequence of cobratide (i.e., T37-N53Asn, T37-N53Asp, and T37-N53isoAsp), as shown in
Figure 5. These fragments were subjected to enzymatic digestion in the sample solution,
followed by MS analysis. The recoveries of these characteristic peptides are shown in
Table 3.
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Table 4. Calculated recoveries a.

Impurity Recovery (%) RSD (%)

IsoAsp 101.52 ± 1.17 1.15
Asp 102.42 ± 1.82 1.78

Total Deamidation 103.55 ± 1.07 1.03
a n = 6 for each impurity.
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3. Discussion

In bottom-up proteomics, the relative abundance of PTMs can only be calculated by
summing the PTMs of all peptide fragments containing the mutational site. As the isotopic
labelling method has yet to be automated, the calculation of relative PTM abundances
using this approach is highly time- and effort-intensive. In this work, we obtained unique
peptides for the deamidation hotspot of cobratide by optimising the enzymatic digestion
process. This step allowed for the quick and accurate calculation of the deamidation ratio
of cobratide.

Because a method to validate deamidation ratios using the 18O-labelling strategy
has yet to be reported, verifying the accuracy of this method is not yet possible. In
this work, three synthetic polypeptide fragments containing the deamidation hotspot of
cobratide (Asn: T37-N53asn; Asp: T37-N53asp, isoAsp: T37-N53isoAsp) were introduced to
the recovery calculation process at predetermined proportions to enable the calculation of
the deamidation ratio of cobratide. This step allowed us to validate the proposed method.

Because the chromatographic behaviours of deamidated and non-deamidated peptides
do not differ significantly, difficulties in completely resolving Asn and Asp in some peptide
fragments, such as R39-E51, were encountered in this study (Figure 3a). Therefore, the ion
currents of the isotopic signals of Asn, Asp, and isoAsp were extracted, and the peak areas
of these signals were summed. This step enabled us to calculate the total deamidation ratio
accurately even when the peptide peaks were not fully separated by TIC. Furthermore,
the ultra-high resolution of the Orbitrap THRMS instrument for isotopic peaks was used
to calculate the ion currents of the Asn, Asp, and isoAsp polypeptides, which are critical
for calculating the total deamidation of cobratide before and after sample preparation.
This modification means the proposed method could be performed using a larger variety
of instruments, which is certainly advantageous as previous isotopic labelling methods
could only be performed using TOF mass spectrometers, for a wider range of applications.
Furthermore, the optimisation of chromatographic conditions, which is well known to
be a tedious process, is no longer necessary in our method, which greatly increases its
development efficiency.

4. Materials and Methods
4.1. Chemicals and Reagents

The cobratide used in this study was produced by Yun Nan Nanzhao Pharmaceutical
Co., Ltd. (Dali, China). Ammonium bicarbonate, iodoacetamide, urea, and dithiothreitol
(DTT) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 18O-enriched water
(98.0% purity) was obtained from CIL (Cambridge, UK). MS-grade trypsin (20 µg), ace-
tonitrile, formic acid, and trifluoroacetic acid (TFA) were purchased from Thermo Fisher
(Waltham, MA, USA).
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4.2. Preparation of the Test Solution

The cobratide samples were first dissolved in 100 mM phosphate buffer with 18O-
enriched water to achieve a concentration of 10 mg/mL. The sample was then denatured,
reduced at 56 ◦C for 30 min using 10 mM DTT in the presence of 1.2 M guanidine chloride in
ammonium bicarbonate buffer, and treated with 20 mM iodoacetamide at room temperature
for 30 min in the dark to alkylate the free thiol groups. The buffer in the sample was
then exchanged with 100 mM phosphate buffer prepared in 18O-enriched water using an
ultrafiltration centrifuge tube. Glu-C was added to each sample solution at a concentration
ratio of 1:10 (Glu-C/protein) and then incubated overnight at 37 ◦C. A normal water
control was prepared by treating the samples as described above using buffers dissolved in
16O water.

4.3. Liquid Chromatography/Mass Spectrometry

An Ultimate 3000 UHPLC device (Thermo Fisher, Waltham, MA, USA) equipped with
an XBridge BEH C18 column (2.1 × 150 mm, 2.5 µm particle size, Waters, Milford, MA,
USA) was coupled with a Q-Exactive Orbitrap high-resolution mass spectrometer (Thermo
Fisher) to analyse the peptides. Approximately 10 µg of each sample was injected into
the column at an initial condition of 98% mobile phase A (0.1% formic acid in water) and
2% mobile phase B (0.1% formic acid in acetonitrile). The peptides were eluted by first
increasing the concentration of mobile phase B to 32% within 42 min and then to 90%
mobile phase B within 5 min. The column was washed using 100% mobile phase B and
then equilibrated using 2% mobile phase B prior to the next injection. The column oven
was set to 45 ◦C, and the flow rate was 0.2 mL/min. The mass spectrometer was operated
in full-scan mode from m/z 200 to 1500 coupled with full MS/dd-MS2 in positive-ion mode.

4.4. Validation Parameters of the Proposed Method

The proposed method was validated according to the ICH guidelines by calculating its
specificity, precision (repeatability and intermediate precision), accuracy (recovery), LOD,
and LOQ.

4.4.1. Specificity

Blank buffer was prepared and analysed for validation of the method specificity.

4.4.2. Precision

Precision was determined by calculating the repeatability (intra-day precision) and
intermediate precision (inter-day precision) of the method. S1 samples were prepared
according to the procedure described above (n = 6) and analysed according to the proposed
method (for intra-day precision) over two consecutive days (for inter-day precision).

4.4.3. Accuracy

Accuracy was expressed as the percentage recovery for each parameter, including
Asp, isoAsp, and the total deamidation of cobratide in the S1 sample with three peptides
(T37-N53Asn, T37-N53Asp, and T37-N53isoAsp). A mixed recovery solution (T37-N53Asn:T37-
N53Asp:T37-N53isoAsp = 90:7:3) was prepared to evaluate accuracy.

4.4.4. Sensitivity

The LOD and LOQ were determined based on the signal-to-noise ratio (S/N). In this
approach, a series of test solutions with different concentrations was prepared, and the
LOD and LOQ were determined at S/N ratios of 3:1 and 10:1, respectively.

4.4.5. Robustness

The liquid chromatographic parameters (i.e., flow rate, injection volume, column
temperature, and mobile phase ratio) were varied, and their effect was evaluated in terms
of the peak area ratio. If the RSD (%) was <2%, the method was considered to be robust.
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5. Conclusions

A novel method was developed for the precise quantification of the deamidation
ratio of cobratide. This method uses an Orbitrap THRMS instrument with an improved
18O-labelling strategy based on a unique peptide. A validation method in which synthetic
characteristic peptides of a specific deamidation site were added at predetermined ratios
was also designed for the proposed strategy. This method greatly increased the credi-
bility of the proposed analytical strategy and paves the way for this strategy to become
the standard quality control method for protein therapeutics. Studies on the use of the
proposed quantification method for other protein therapeutics are currently under way.
The development of computational techniques and automation software for this method is
also being explored.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27196154/s1, Table S1: The isotopic peaks in extracted
ion chromatograms (EICs) for Asn, Asp and iso-Asp.

Author Contributions: All authors contributed to the writing of the manuscript. H.F. is a co-author
and was responsible for designing the experiments and providing funding support. B.L. and L.H.
are the first co-authors and were responsible for writing the article and conducting most of the
experiments. R.X. and Y.W. were responsible for performing some of the experiments and analysing
part of the data. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Beijing Natural Science Foundation (7194337).

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Wang, J.; Lundström, S.L.; Seelow, S.; Rodin, S.; Meng, Z.; Astorga-Wells, J.; Jia, Q.; Zubarev, R.A. First Immunoassay for

Measuring Isoaspartate in Human Serum Albumin. Molecules 2021, 26, 6709. [CrossRef] [PubMed]
2. Kawasue, S.; Sakaguchi, Y.; Koga, R.; Yoshida, H.; Nohta, H. Assessment method for deamidation in proteins using carboxylic

acid derivatization-liquid chromatography-tandem mass spectrometry. J. Pharm. Biomed. Anal. 2020, 181, 113095. [CrossRef]
[PubMed]

3. Soulby, A.J.; Heal, J.W.; Barrow, M.P.; Roemer, R.A.; O’Connor, P.B. Does deamidation cause protein unfolding? A top-down
tandem mass spectrometry study. Protein Sci. 2015, 24, 850. [CrossRef] [PubMed]

4. Lu, X.; Lin, S.; De Mel, N.; Parupudi, A.; Delmar, J.; Pandey, M.; Wang, X.; Wang, J. Deamidation in Moxetumomab Pasudotox
Leading to Conformational Change and Immunotoxin Activity Loss. J. Pharm. Sci. 2020, 109, 2676. [CrossRef] [PubMed]

5. Cacia, J.; Keck, R.; Presta, L.G.; Frenz, J. Isomerization of an aspartic acid residue in the complementarity-determining regions
of a recombinant antibody to human IgE: Identification and effect on binding affinity. Biochemistry 1996, 35, 1897. [CrossRef]
[PubMed]

6. Bults, P.; Bischoff, R.; Bakker, H.; Gietema, J.A.; van de Merbel, N.C. LC-MS/MS-Based Monitoring of In Vivo Protein Biotransfor-
mation: Quantitative Determination of Trastuzumab and Its Deamidation Products in Human Plasma. Anal. Chem. 2016, 88, 1871.
[CrossRef]

7. Jin, Y.; Yi, Y.; Yeung, B. Mass spectrometric analysis of protein deamidation—A focus on top-down and middle-down mass
spectrometry. Methods 2022, 200, 58. [CrossRef]

8. Clarke, S. Propensity for spontaneous succinimide formation from aspartyl and asparaginyl residues in cellular proteins. Int. J.
Pept. Protein Res. 1987, 30, 808. [CrossRef]

9. Gazerani, P.; Cairns, B.E. Venom-based biotoxins as potential analgesics. Expert Rev. Neurother. 2014, 14, 1261. [CrossRef]
10. Zhang, Y. Why do we study animal toxins? Dongwuxue Yanjiu 2015, 36, 183. [CrossRef]
11. Lin, F.; Reid, P.F.; Qin, Z.H. Cobrotoxin could be an effective therapeutic for COVID-19. Acta Pharmacol. Sin. 2020, 41, 1258.

[CrossRef] [PubMed]
12. Hao, P.; Adav, S.S.; Gallart-Palau, X.; Sze, S.K. Recent advances in mass spectrometric analysis of protein deamidation. Mass

Spectrom. Rev. 2017, 36, 677. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules27196154/s1
https://www.mdpi.com/article/10.3390/molecules27196154/s1
http://doi.org/10.3390/molecules26216709
http://www.ncbi.nlm.nih.gov/pubmed/34771115
http://doi.org/10.1016/j.jpba.2020.113095
http://www.ncbi.nlm.nih.gov/pubmed/31962249
http://doi.org/10.1002/pro.2659
http://www.ncbi.nlm.nih.gov/pubmed/25653127
http://doi.org/10.1016/j.xphs.2020.06.002
http://www.ncbi.nlm.nih.gov/pubmed/32534028
http://doi.org/10.1021/bi951526c
http://www.ncbi.nlm.nih.gov/pubmed/8639672
http://doi.org/10.1021/acs.analchem.5b04276
http://doi.org/10.1016/j.ymeth.2020.08.002
http://doi.org/10.1111/j.1399-3011.1987.tb03390.x
http://doi.org/10.1586/14737175.2014.962518
http://doi.org/10.13918/j.issn.2095-8137.2015.4.183
http://doi.org/10.1038/s41401-020-00501-7
http://www.ncbi.nlm.nih.gov/pubmed/32843715
http://doi.org/10.1002/mas.21491


Molecules 2022, 27, 6154 12 of 12

13. Rolland, A.D.; Prell, J.S. Approaches to Heterogeneity in Native Mass Spectrometry. Chem. Rev. 2022, 27, 122–7909. [CrossRef]
14. Alseekh, S.; Aharoni, A.; Brotman, Y.; Contrepois, K.; D’Auria, J.; Ewald, J.; Ewald, J.C.; Fraser, P.D.; Giavalisco, P.; Hall, R.D.; et al.

Mass spectrometry-based metabolomics: A guide for annotation, quantification and best reporting practices. Nat. Methods 2021,
18, 747. [CrossRef]

15. Abdelhamid, H.N.; Wu, H.F. Proteomics analysis of the mode of antibacterial action of nanoparticles and their interactions with
proteins. TrAC Trends Anal. Chem. 2015, 65, 30. [CrossRef]

16. Gao, P.; Xu, G. Mass-spectrometry-based microbial metabolomics: Recent developments and applications. Anal. Bioanal. Chem.
2015, 407, 669. [CrossRef] [PubMed]

17. Liu, B.; Wang, W.; Gao, T.; Huang, L.; Fan, H.; Chen, H.X. Separation, identification and quantification of associated impurities in
cobratide using sheathless CE-MS and CE-UV. Anal. Methods 2021, 13, 3845–3851. [CrossRef]

18. Alfaro, J.F.; Gillies, L.A.; Sun, H.G.; Dai, S.; Zang, T.; Klaene, J.J.; Kim, B.J.; Lowenson, J.D.; Clarke, S.G.; Karger, B.L.; et al.
Chemo-enzymatic detection of protein isoaspartate using protein isoaspartate methyltransferase and hydrazine trapping. Anal.
Chem. 2008, 80, 3882. [CrossRef]

19. Ni, W.; Dai, S.; Karger, B.L.; Zhou, Z.S. Analysis of isoaspartic Acid by selective proteolysis with Asp-N and electron transfer
dissociation mass spectrometry. Anal. Chem. 2010, 82, 7485. [CrossRef]

20. Krokhin, O.V.; Antonovici, M.; Ens, W.; Wilkins, J.A.; Standing, K.G. Deamidation of -Asn-Gly- sequences during sample
preparation for proteomics: Consequences for MALDI and HPLC-MALDI analysis. Anal. Chem. 2006, 78, 6645. [CrossRef]

21. Liu, S.; Moulton, K.R.; Auclair, J.R.; Zhou, Z.S. Mildly acidic conditions eliminate deamidation artifact during proteolysis:
Digestion with endoprotease Glu-C at pH 4.5. Amino Acids 2016, 48, 1059. [CrossRef] [PubMed]

22. Huang, L.; Liu, B.; Fan, H.H. Determination method of deamidation impurities in cobratide using mass spectrometry technique.
Acta Pharm. Sin. 2021, 56, 2352–2359.

23. Du, Y.; Wang, F.; May, K.; Xu, W.; Liu, H. Determination of deamidation artifacts introduced by sample preparation using
18O-labeling and tandem mass spectrometry analysis. Anal. Chem. 2012, 84, 6355. [CrossRef] [PubMed]

24. Liu, H.; Wang, F.; Xu, W.; May, K.; Richardson, D. Quantitation of asparagine deamidation by isotope labeling and liquid
chromatography coupled with mass spectrometry analysis. Anal. Biochem. 2013, 432, 16. [CrossRef] [PubMed]

25. Validation of Analytical Procedures: Text and Methodology, ICH Q2 (R1). In Proceedings of the International Conference on
Harmonization (ICH) of Technical Requirements for Registration of Pharmaceuticals for Human Use, Geneva, Switzerland, 6
November 2005. Available online: https://database.ich.org/sites/default/files/Q2%28R1%29%20Guideline.pdf (accessed on
29 July 2022).

http://doi.org/10.1021/acs.chemrev.1c00696
http://doi.org/10.1038/s41592-021-01197-1
http://doi.org/10.1016/j.trac.2014.09.010
http://doi.org/10.1007/s00216-014-8127-7
http://www.ncbi.nlm.nih.gov/pubmed/25216964
http://doi.org/10.1039/D1AY00717C
http://doi.org/10.1021/ac800251q
http://doi.org/10.1021/ac101806e
http://doi.org/10.1021/ac061017o
http://doi.org/10.1007/s00726-015-2166-z
http://www.ncbi.nlm.nih.gov/pubmed/26748652
http://doi.org/10.1021/ac3013362
http://www.ncbi.nlm.nih.gov/pubmed/22881398
http://doi.org/10.1016/j.ab.2012.09.024
http://www.ncbi.nlm.nih.gov/pubmed/23017877
https://database.ich.org/sites/default/files/Q2%28R1%29%20Guideline.pdf

	Introduction 
	Results 
	Glu-C for Enzymatic Digestion 
	Introduction to the Calculation 
	Calculation of the Percentages of Asp and isoAsp Contents 
	Calculation of Total Deamidation 
	Calculation of Isotope Overlaps 
	Calculation of the Deamidation Ratio Prior to Sample Preparation 
	Correction of the Deamidation Ratio 
	Calculation of the Relative Percentage of Asp/isoAsp Present in the Sample Prior to Sample Preparation 

	Validation 
	Specificity 
	Precision 
	Limit of Detection (LOD) and Limit of Quantification (LOQ) 
	Robustness 
	Recovery 


	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Preparation of the Test Solution 
	Liquid Chromatography/Mass Spectrometry 
	Validation Parameters of the Proposed Method 
	Specificity 
	Precision 
	Accuracy 
	Sensitivity 
	Robustness 


	Conclusions 
	References

