
REPORT

Antibody characterization using novel ERLIC-MS/MS-based peptide mapping
Jing Zhen a, John Kima, Ying Zhoua, Ervinas Gaidamauskasa, Shyamsundar Subramanianb, and Ping Fenga

aDepartment of Analytical Sciences and Operations, Biologics CMC, Teva Pharmaceutical Industries, West Chester, PA, USA; bDepartment of
Upstream Development and Operations, Biologics CMC, Teva Pharmaceutical Industries, West Chester, PA, USA

ABSTRACT
Electrostatic repulsion hydrophilic interaction chromatography (ERLIC) coupled with mass spectrometry
(MS) is a technique that is increasingly being used as a trapping/enrichment tool for glycopeptides/
phosphorylated peptides or sample fractionation in proteomics research. Here, we describe a novel
ERLIC-MS/MS-based peptide mapping method that was successfully used for the characterization of
denosumab, in particular the analysis of sequence coverage, terminal peptides, methionine oxidation,
asparagine deamidation and glycopeptides. Compared to reversed phase liquid chromatography (RPLC)-
MS/MS methods, ERLIC demonstrated unique advantages in the retention of small peptides, resulting in
100% sequence coverage for both the light and heavy chains. It also demonstrated superior perfor-
mance in the separation and characterization of asparagine deamidated peptides, which is known to be
challenging by RPLC-MS/MS. The developed method can be used alone for peptide mapping-based
characterization of monoclonal antibodies, or as an orthogonal method to complement the RPLC-MS/MS
method. This study extends the applications of ERLIC from that of a trapping/fractioning column to
biologic therapeutics characterization. The ERLIC-MS/MS method can enhance biologic therapeutics
analysis with more reliability and confidence for bottom-up peptide mapping-based characterization.
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Introduction

Monoclonal antibodies are a burgeoning class of therapeutics in
development by the biopharmaceutical industry. Since the first
approval in 1986, nearly 60 antibodies weremarketed globally by
2015.1 In 2016 alone, FDA approved another seven therapeutic
antibodies as new molecular entities, representing almost one
third of the total new drugs approved in that year.2 Monoclonal
antibodies have been developed mainly for the treatment of
inflammatory/autoimmune diseases and oncology indications3

and, to a lesser extent, the treatment of other diseases such as
infectious diseases and neurologic disorders.4,5 Coincident with
further advances in immunotherapy technology and protein
engineering, monoclonal antibodies are among the fastest grow-
ing class of therapeutics in the pharmaceutical industry.6

Monoclonal antibodies contain hundreds of amino acids
and changes in any one of them could potentially cause
decreased efficacy or increased safety concerns. Unlike tradi-
tional small molecule drugs, antibodies are much larger
(~ 150 k Da) and are subject to a broad range of enzymatic
and non-enzymatic reactions during cell culture production,
purification and storage processes, potentially resulting in
protein variants. The most common variants include
N-terminal pyroglutamate (pE) formation, methionine (M)
oxidation, asparagine (N) deamidation, aspartic (D) isomer-
ization, C-terminal lysine (K) truncation and glycosylation.7

In addition, post-translational modifications occur naturally
in biological systems, resulting in a heterogeneous mixture of

antibody variants rather than a single pure species. Some of
these variants have been reported to cause reduced efficacy or
side effects.8 During manufacturing process development,
examples of sequence mutations and terminal peptide trunca-
tion have been reported.9 Thus, it is of high importance to
develop robust analytical methods to accurately measure these
variants in support of monoclonal antibody manufacturing
and finished product characterization. Due to the complex
structure and the sophisticated production processes of
monoclonal antibodies, the development of analytical meth-
ods can be significantly more challenging for antibody ther-
apeutics than for traditional small molecules. The most
commonly used tools for the analysis of monoclonal antibo-
dies are charged-based separation techniques, including capil-
lary isoelectric focusing and ion exchange chromatography.
Investigation of these separated charge variants generally
requires a bottom-up peptide mapping-based approach that
includes reversed-phase liquid chromatography coupled with
tandem mass detection (RPLC-MS/MS).

Peptide mapping plays a pivotal role in monoclonal anti-
body characterization, providing, for example, information on
post-translational modifications, sequence alterations. Coupled
with a mass spectrometer, peptide mapping is the most com-
monly used characterization tool to further investigate the root
causes for formation of different antibody charge variants. In
peptide mapping, the monoclonal antibody is firstly digested by
enzymes, like trypsin, into short peptides that are subsequently
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separated and identified by RPLC-MS/MS.10 RPLC-MS/MS has
been well established with high resolving capacity in terms of
peptides separation, but there are still inherent limitations due
to lack of a differentiating hydrophobicity/hydrophilicity. For
example, the sequence coverage from single-enzyme RPLC-
MS/MS experiments is generally less than 100% because small
peptides from the antibody digest are hydrophilic and often
elute with the mobile phase solution early in the chromatogra-
phy, and are thus excluded from introduction into the mass
spectrometer.11 As a result, possible mutations or variants on
these hydrophilic small peptides would potentially be missed
when using RPLC-MS/MS-based characterization. Another
challenge is the separation and characterization of asparagine
deamidated and non-deamidated peptides, especially in the
analysis of large peptides with more than one deamidation
sites. These peptides usually have similar hydrophobicity and
an overlapped mass spectra profile, and thus separation and
discernment by both RPLC and MS for characterization is
difficult.12,13 Considering the increasing important role of
monoclonal antibodies and their analytical complexity, we
aimed to develop a novel peptide mapping method for mono-
clonal antibody characterization, which could potentially be
used as an orthogonal tool for various biologics and peptides
characterization.

Electrostatic repulsion hydrophilic interaction chromatogra-
phy (ERLIC) was first reported by Alpert in 2008.14 Since then, it
has become increasingly popular as a trapping/enrichment tool
for glycopeptides/phosphorylated peptides or for sample fractio-
nation in proteomics research.15,16,16 The retention mechanism
of peptides on ERLIC is considered to be a combination of
electrostatic repulsion/attraction and hydrophilic interactions
(HILIC) (S2, Supporting Information). HILIC columns have
been used for released glycans characterization and biologics
formulation excipients characterization.17,18 On ERLIC, the col-
umn stationary phase is positively charged and repulses basic
peptides back to the mobile phase. Meanwhile, the mobile phase
contains a high percentage of organic solvents, resulting in a
water layer formed on the stationary phase, which would retain
the polar peptides through hydrophilic interaction. Direct
separation of a few synthetic peptides was investigated by
Alpert, which revealed that the separation methods can be
greatly affected by pH, buffer concentrations and buffer types.14

However, due to its complex retentionmechanism and the use of
non-volatile salts, ERLIC has not been used for direct peptide
mapping-based antibody therapeutics characterization. Instead,
to take advantage of the unique features of ERLIC, studies
generally integrated RPLC with ERLC in a 2D-LC mode, in
which ERLIC was either used in the first dimension for sample
fractionation, or used in the second dimension to further analyze
the purified fraction from RPLC.16,19–21 Recently, a long-length
ERLIC (LERLIC) material packed capillary column was used for
targeted glutamine deamidation analysis in proteomic study, but
with a relatively high run time (1200 min) to achieve satisfactory
separation.22 This long run time could potentially introduce
method artifacts and dilute the loaded sample, resulting in
lower sensitivity. The custom-made capillary column is not be
amenable to high-throughput analysis. Due to its complex
mechanism of peptide retention on the column, to our best
knowledge, direct peptide mapping on ERLIC for biologics

characterization has not previously been reported. We thus set
out to explore the possibility of coupling ERLIC with a state-of-
art high speed orbitrap mass spectrometer for monoclonal anti-
body characterization.

In this study, we further improved the ERLIC approach by
introducing a new method that includes a combination of a
pH gradient and a water/acetonitrile gradient. The method
powers ERLIC as an easy, one-dimension liquid chromato-
graphy for peptides separation. Compared with the most
recent LERLIC, our method uses a regular-size packed col-
umn instead of a capillary column; this improvement is much
more user-friendly for different labs and has fewer risks of
variations. The improved one-dimensional method makes
ERLIC easier to use and facilitates implementation compared
with its traditional uses in two-dimensional settings.

Compared with traditional RPLC-MS/MS used for anti-
body variant characterizations, ERLIC-MS/MS, with unique
advantages over the separation of deamidated peptides,
requires less running time but yields similar results. This
feature could reduce time spent on method development
and running samples, leading to reduced cost and increased
efficiency for biopharmaceutical companies. ERLIC-MS/MS
would also simplify antibody sequence coverage studies by
providing 100% sequence coverage of small peptides using a
single digest enzyme. In comparison, to achieve the same goal,
an RPLC-MS/MS-based method has to rely on missed clea-
vage, or two different enzyme systems, which is less certain,
time-consuming and incurs extra costs.

Results

Separation method development

Because ERLIC has a complex mechanism in terms of retaining
peptides, a number of parameters, including pH, salt and the
water/acetonitrile gradient, need to be finely screened and
optimized to enable separation of a mixture of even a few
peptides.14 A combination of electrostatic repulsion/attraction
and hydrophilic interactions is involved. In essence, the posi-
tively charged and/or non-polar peptides will be repulsed or
attracted into the elution phase, while acidic and/or polar
peptides will be bound or attracted to the stationary phase.
Other mechanisms, including tryptic peptide C-terminus zwit-
terion formation, which directs peptide orientation towards the
stationary phase, were also investigated by Alpert et al.23 In our
study, we aimed to couple ERLIC with a mass spectrometer for
peak identification. To be compatible with the mass spectro-
meter, the method development initially started with an acet-
onitrile/water gradient containing 0.1% formic acid, but the
basic peptides were poorly separated. This could be explained
by the basic peptides being positively charged in a neutral or
acidic environment and repulsed from the stationary phase.
Subsequently, the method was modified with increased pH
and addition of ammonium salt, with gradients of acetoni-
trile/water and a constant 200 mM ammonium formate buffer
at pH 4.5. Under this condition, basic peptides were better
separated. However, with the addition of salt and an increased
pH value, the acidic peaks were bound tightly with the column
through electrostatic interaction and detected as late eluting

952 J. ZHEN ET AL.



peaks. In some cases, acidic peptides with low pI values were
bound too strongly to be eluted from the column. After a series
of method optimizations, a finely tuned method with a combi-
nation of pH and H2O/ACN gradients, plus the addition of
ammonium salt, was developed. A representative chromato-
gram is shown in Figure 1. The pH gradient was achieved by
gradually increasing the ratio of ammonium acetate (pH 6.8) to
ammonium formate (pH 2.5). Comparison of gradient 1 and 2
shows that a shallower pH and H2O/ACN gradient yields a
better separation profile (S5, Supporting Information).

Peptides analysis

The overall resolving power of ERLIC was not as high as for the
RPLCmethod; however, second dimension separation was easily
achieved by the high speed, high resolution orbitrap mass spec-
trometer, which could fragment 10 ions in a cycle time of 1
second for peptide identification.24 As shown in Figure 2, the
tryptic peptides were clearly separated on the ERLIC-MS/MS in
two-dimensional scale. In our ERLIC-MS/MS analysis, each
tryptic peptide was successfully identified by accurate mass,
some of which were further confirmed by their MS/MS fragment
ions when necessary. The sequence coverage by ERLIC was
100% for both the light and heavy chains. The peptide identities
were also labelled in Figure 2 according to sequence. Detailed
sequence information, measuredmasses, retention times of both
light chain and heavy chain peptides are provided in S7 and S8
(Supporting Information). Some unlabeled peaks in Figure 2 are

mainly due to contribution from different mass/charge ratios
(m/z value) of the same peptide, missed cleavages or non-specific
cleavages. Since, in an optimized process, the ERLIC column
readily retains small peptides and even single amino acids with
proper solvents selection and running gradient, it should be
possible to retain the entirety of tryptic digests of monoclonal
antibodies with 100% sequence coverage. Small hydrophilic pep-
tides of denosumab were successfully retained and identified
from the ERLIC-MS/MS data (S9, Supporting Information).
Comparatively, RPLC-MS/MS-based peptide mapping generally
voids small hydrophilic peptides, resulting in sequence coverages
of less than 100%. The results clearly demonstrated ERLIC-MS/
MS as a potentially powerful tool in the bottom-up characteriza-
tion of monoclonal antibodies for sequence coverage analysis,
fingerprint analysis and other sequence-based analyses.

Since the ERLIC separation mechanisms involve charge
and hydrophilicity interactions, we hypothesized that there
would be a relationship between the retention time on
ERLIC and the peptide pI value and hydrophilicity. This
relationship was proven in this experiment by a negative
correlation between peptides pI values and retention times
(S6, Supporting Information). Peptides with lower pI values
have longer retention times. This would be explained by the
electrostatic interactions between the peptides and the col-
umn, as basic peptides with high pI values are repulsed from
the stationary phase with less binding and reduced retention
times. Peptide retention time on ERLIC would also be affected
by peptide hydrophilicity, which would explain why peptides

Figure 1. Representative gradient 2 and the base peak chromatogram of the denosumab tryptic peptides on ERLIC-MS/MS.

Figure 2. 2D presentation of ERLIC-MS/MS based peptide mapping of denosumab tryptic peptides (gradient 2).
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with close pI values have different retention times. This
observed relationship indicated that the peptide retention
pattern on ERLIC would be theoretically calculated from its
sequence. Similar approaches on peptide retention time cal-
culations have been demonstrated on RPLC, hydrophilic
interaction chromatography (HILIC) and capillary zone elec-
trophoresis-based peptide separations.25–28 The potential for
retention time prediction would serve as an orthogonal tool to
further confirm the peptide identities deduced from mass
spectra fragments and reduce the false identification of pep-
tides during protein characterization.

Protein variants analysis

A number of enzymatic and non-enzymatic variants/modifi-
cations on the tested antibody are considered critical quality
attributes (CQA) in biologics development. Further analysis
of these variants was performed on ERLIC-MS/MS. As shown
in Table 1, the major charge variant peptides, including term-
inal peptides, methionine-oxidized peptides, asparagine dea-
midated peptides, and glycopeptides were successfully
identified based on their molecular ions and fragment ions
on ERLIC-MS/MS. All results correlated well with data from
RPLC-MS/MS-based peptide mapping.

Terminal peptides
N-terminal pyroglutamate (pE) formation is one of the many
post-translational modifications commonly observed during the
manufacturing and storage of monoclonal antibodies. Both
N-terminal glutamine (Q) and glutamic acid (E) can

spontaneously cyclize to form pyroglutamate in vitro, with glu-
tamic acid (E) conversion to pE observed at a slower rate than for
glutamine (Q).29 Formation of pE from glutamine (Q) results in
loss of one amine group to generate an acidic variant.30 On
denosumab, the N-termini of both light chain and heavy chain
have glutamic acid (E). On the light chain, the peptide retention
time decreased from 49.4 min to 43.5 min after the conversion
from E to pE. The measured pE formation percentage was
0.16%. On the heavy chain, the peptide retention time decreased
from 47.4 min to 41.6 min after the conversion fromE to pE, and
pE formation percentage was 0.06% (Figure 3). The decreased
retention time is likely due to decreased peptide hydrophilicity
and a higher peptide pI value, as pyroglutamate is less hydro-
philic and less acidic than glutamic acid.

C-terminal lysine variation is also commonly observed in
therapeutic monoclonal antibodies. Although this modifica-
tion does not affect drug bioactivity, it can contribute to the
formation of charge variants and is generally monitored to
demonstrate manufacturing consistency. The C-terminal pep-
tide SLSLSPGK has a pI value of 10.04 and a retention time of
33.0 min. After lysine truncation, we observed that the pep-
tide had a decreased retention time of 28.6 min with a lower
pI value of 5.974 (S10, Supporting Information), contradicting
the general principle discussed before where peptides with
higher pI values have relatively shorter retention times. This
could be explained by the decreased hydrophilicity after the
loss of lysine. The measured percentage of C-terminal lysine
truncation by integrated EIC intensity was 99.03%. The mea-
sured variants percentages of terminal peptides correlated well
with the RPLC-MS-based method.

Table 1. The characterization of major variant peptides of denosumab (gradient 2).

Amino Acids Peptide/Modifications pI Valuea R.T (min) Modification Percentageb

Terminal Peptides
LC-[1–18] EIVLTQSPGTLSLSPGER 4.3 49.38 0.16

E1 N-p-Glu formation ↑ 43.50
HC-[1–19] EVQLLESGGGLVQPGGSLR 4.3 47.37 0.06

E1 N-p-Glu formation ↑ 41.57
HC- [441–448] SLSLSPGK 10.0 32.95 99.03

K448 Loss of C-Lys 6.0 28.63
Methionine Oxidation
HC- [77–87] NTLYLQMNSLR 9.8 31.2 0.14

M85 M Oxidation – 35.2
HC- [99–126] DPGTTVIMSWFDPWGQGTLVTVSSASTK 3.9 45.5 2.53

M106 M Oxidation – 47.7
HC- [250–256] DTLMISR 6.7 40.1 4.30

M253 M Oxidation – 44.5
HC-[357–361] EEMTK 4.3 61.4 4.13

M359 M Oxidation – 67.1
HC- [394–410] TTPPMLDSDGSFFLYSK 3.9 48.6 2.59

M398 M Oxidation – 51.8
Asparagine Deamidation
HC-[372–393] GFYPSDIAVEWESNGQPENNYK 3.7 65.13 96.21

N385 Asn to isoAsp ↓ 71.35 0.54
N390 Asn to isoAsp ↓ 71.12 0.16
N390 Asn to Asp ↓ 70.58 0.77
N385 Asn to Suc – 63.08 0.28
N390 Asn to Suc – 62.49 2.04

Glycosylation
HC-[294–302] EEQFNSTFR 4.3 55.20 1.46

N298 [G0] ↓ 70.75 7.76
N298 [G0F] ↓ 70.90 64.59
N298 [G1F] ↓ 71.10 14.63
N298 [G2F] ↓ 71.26 1.00
N298 [G0F-GlcNAc] ↓ 70.66 1.85
N298 [M5] ↓ 70.88 8.70

aSymbol arrow “↑” means value increases; symbol arrow “↓” means value decreases.
bRelative percentage is an approximation based on integrated peak area within 10 ppm of theoretical mass.
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Methionine oxidation
A number of amino acids, such as methionine, cysteine, trypto-
phan and lysine, have the potential to be oxidized by reactive
oxygen species. Among them, methionine is often the most sus-
ceptible residue to be oxidized, especially when exposed on the
surface of the antibody with more accessibility to solvents and
reactive oxygen species. Methionine oxidation can lead to
decreased therapeutic effects and antibody stability.31 In this
study, ERLIC-MS/MS was successfully applied for the character-
ization of methionine oxidation. Based on previous studies,
methionine residues identified as prone to oxidation included
M85,M106,M253 andM398.As shown in Figure 4, representative
peptide H17-DTLMISR and its oxidized form were successfully
extracted from the total ion chromatogram and further confirmed
by their accuratemolecular ions andMS2 fragment ions. Signature
fragment ion, M-64 Da, which corresponds to the neutral loss of
methanesulfenic acid (-CH3SOH), was also observed in the MS2
spectrum.32 After methionine oxidation, the peptide retention
time of H17 increased from 40.1 min to 44.5 min. As shown in
Table 1, this retention time shift was also consistently observed in
other methionine peptides, which could be explained by the
increased peptide hydrophilicity after oxidation. The percentages
of methionine oxidation measured by ERLIC-MS/MS were close
to the data from traditional RPLC-MS/MS.

Deamidation
Deamidation of asparagine (Asn, N) to aspartic acid (Asp, D) and/
or isoaspartic residues (iso Asp, isoD) is a common non-enzy-
matic degradation pathway of monoclonal antibodies.
Deamidation can introduce a negative charge to the antibody
and affect antibody shelf-life if not formulated appropriately.33 If
the deamidation site is located in the complementarity-determin-
ing region, it can significantly reduce target binding affinity and
therapeutic effects.34,35 Therefore, it is important to accurately

measure the percentage of deamidation formation and monitor
its changes during different stages of monoclonal antibody pro-
duction and storage. Characterization of deamidated asparagine
on a protein molecule is challenging and the most common and
efficient way is to apply a bottom-up peptide mapping method by
RPLC-MS/MS. However, as peptide size increases, the peptide
hydrophobicity differences between deamidated and non-deami-
dated peptides become very narrow, resulting in a separation
challenges by RPLC-MS/MS.36 In addition, the molecular weight
of a deamidated peptide is only ~ 1 Dalton heavier than the non-
deamidated peptide and overlap of isotopic peaks can further
complicate the analysis. Therefore, to further distinguish the two
species on a mass spectrometer can be challenging.

Method development for RPLC-MS/MS generally requires
substantial effort and fine-tuning for the separations. For example,
the tryptic peptide “GFYPSDIAVEWESNGQPENNYK” (also
known as PENNY peptide), located in the Fc constant region of
the monoclonal antibody, has been widely studied because it
appears in the majority of monoclonal antibody drugs approved
or in development. Even after years of research on the PENNY
peptide using RPLC-MS/MS, there is still a need for amore robust
analytical method for its characterization.13,33,36–38 The PENNY
peptide has three asparagine residues: N385, N390 andN391. Two
of these, N385 andN390, are prone to deamidate and each residue
can potentially form three deamidated products (succinimide
intermediate, isoaspartic acid and aspartic acid). Combined with
the inherent difficulties of deamidation separations on RPLC and
MS, it can be difficult to fully characterize the PENNY peptide
with a high level of accuracy and assurance.

In our study, ERLIC demonstrated superior capability in the
characterization of deamidated peptides of a monoclonal anti-
body. As shown in Figure 5A, robust baseline separation of Asp
and isoAsp deamidated products (Peaks 4, 5 and 6) from the
non-deamidated peptide (Peak 3) was readily achieved using
Gradient 1. The mass profiles of deamidated peptides (Peaks 4,

Figure 3. Representative chromatograms and mass spectra of terminal peptides
(gradient 2). (A) The extracted ion chromatograms of N-terminal peptide of
heavy chain; (B) The MS2 mass spectra of N-terminal peptide of heavy chain.

Figure 4. Representative chromatograms and mass spectra of methionine-con-
taining peptides H17 and its oxidized form (gradient 2).
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5 and 6) are ~ 1Dalton heavier than the original peptide of Peak 3
(S11, Supporting Information). The site of deamidation was also
identified by analysis of MS2 fragment ions and the major frag-
ment ions are labelled accordingly in Figure 5B. Peaks 4 and 5
were identified as deamidation at position N390 because they
contained the signature fragment ion y6 with m/z 765, corre-
sponding to fragment [PEDNYK+ H]+ or [PEisoDNYK+ H]+.

Peak 6 was identified as deamidation at position N385 by the b14
ion [GFYPSDIAVEWESD+ H]+ or [GFYPSDIAVEWESisoD
+ H]+. It was reported that the isoAsp peptide was more acidic
and eluted later than the Asp peptide on the ERLIC column;20

therefore Peak 4 was tentatively assigned as 390Asp and Peak 5 as
390isoAsp, which needs to be further confirmed through compar-
ison with synthetic peptides. In the Gradient 1 method, the
retention time differences were sufficiently large between non-
deamidated Peak 3 (37.23 min) and deamidated Peak 4
(40.9 min), Peak 5 (43.7 min) and Peak 6 (45.0 min). Each
deamidated peak was also well separated from each other. For
characterization of deamidation, ERLIC-MS/MS required less
time and effort for method development, resulting in superior
separation capacity, than for the RPLC-MS/MS method. The
ERLIC method was also successfully applied for the monitoring
of succinimide intermediate 390Suc (Peak 1) and 385Suc (Peak 2)
formation from the same analysis. The mass shift was approxi-
mately 17 Daltons lower as shown in the mass spectra due to the
loss of an ammonium molecule (S11, Supporting Information).
The identification and differentiation are based on detection of
signature peptide y6, which is m/z 747 [PESucNYK+ H]+ for

Peak 1 and m/z 764 [PENNYK+ H]+ for Peak 2. As shown in
Figure 5A, the succinimide intermediates Peak 1 and Peak 2
eluted earlier than the original peptide, which is due to the
decreased hydrophilicity after the formation of the succinimide
ring and the loss of an amine group.

Glycosylation
Glycosylation increases monoclonal antibody heterogeneity by
the incorporation of a number of different glycans on the heavy
chain. It is one of the most complex and prominent forms of
protein post-translational modification. Glycosylation can affect
monoclonal antibody structural stability, biological activity,
immunogenicity and pharmacokinetics.39 The characterization
of antibody glycosylation can be divided into the following three
analytical strategies: top-down (intact protein), bottom-up (gly-
copeptide) and released glycans.40 The bottom-up peptide map-
ping-based characterization is also typically performed on RPLC-
MS/MS. The most common glycopeptide on monoclonal antibo-
dies is H20 (294EEQFNSTFR302) with different glycans attached at
N298. ERLIC-MS/MS was also used for glycopeptide analysis and
demonstrated similar capability as RPLC-MS/MS in the charac-
terization of tryptic peptide H20 (294EEQFNSTFR302) with differ-
ent glycans attached. As shown in Figure 6, the detected
glycopeptides (G0F-GlcNAc, G0, G0F, G1F, G2F and M5) were
successfully extracted from the total ion chromatogram by their
accurate masses. The percentage of each glycoform was estimated
by the integrated intensity from each extracted ion chromato-
gram. The most abundant glycopeptide species were G0F (64.6%)
andG1F (14.6%). The results correlated well with results from our
intact analysis, released glycan analysis and RPLC-MS/MS-based
glycopeptide characterization. It was interesting to note that the
glycopeptide retention times followed the order: [G0F-GlcNAc]
(70.7 min) < [G0] (70.8 min) < [G0F] (70.9 min) < [G1F]
(71.1 min) < [G2F] (71.3 min). This observation suggested that
the increasing size of the glycans on the glycopeptide increased the

Figure 5. (A) The separation of non-deamidated and deamidated peptides of
“GFYPSDIAVEWESNGQPENNYK” in gradient 1. (B) The MS2 fragment ion mass
spectra analysis of labelled peaks.

Figure 6. The extracted ion chromatograms of major glycopeptides in mono-
clonal antibody denosumab (gradient 2).
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retention time on the ERLIC column. This could be explained by
the increased hydrophilicity from the addition of extra sugar
moieties. Similar to RPLC, the major glycoforms all elute in a
narrow retention time window, but can be easily resolved by a
mass spectrometer. The glycopeptide identities were determined
based on their accurate masses and isotopic mass profiles and
fragment ions. The results clearly demonstrated that ERLIC-MS/
MS can be applied for glycopeptide characterization.

Discussion

In this study, a novel ERLIC-MS/MS method was developed and
successfully applied for the characterization of IgG2 monoclonal
antibody denosumab, including sequence coverage and variant
analysis. Due to its unique separationmechanism, ERLIC-MS/MS
was successfully used for identification of all peptides from a
trypsin digest, including small peptides and even single amino
acids, with 100% sequence coverage. The relationship between
peptide retention time and pI values was observed with inverse
correlation between retention times and pI values. The most
common charge variants (i.e., C-terminal pyroglutamate forma-
tion, N-terminal lysine truncation and asparagine deamidation)
were successfully characterized by ERLIC-MS/MS with results
similar to those obtained from traditional RPLC-MS/MS. More
importantly, ERLIC demonstrated superior capability in the
separation of deamidated and non-deamidated peptides as
demonstrated by analysis of the “PENNY” peptide in the Fc
region. Finally, the ERLIC-MS/MS method was successfully used
for the analysis of methionine oxidation and glycosylation,
demonstrating broad utility for characterizing multiple product
variant attributes in a single run. The results clearly demonstrated
that ERLIC can be used as a useful tool in monoclonal antibody
characterization either alone or as an orthogonal method to
validate the results from RPLC-MS/MS. Since the ERLIC column
is still in the early stages of development, commercially availability
is somewhat limited. However, it is reasonable to expect that, with
the further advancement of ERLIC technologies, ERLIC-MS/MS
could play an increasing role for the detailed and multi-attribute
characterization of monoclonal antibodies and other biologics
products. ERLIC-MS/MS could also be used for other biologics
attributes monitoring besides antibodies. It would also be used for
protein degradation products analysis. The method would poten-
tially save time and cost for biopharmaceuticals characterization.

Materials and methods

Reagents and chemicals

The model antibody denosumab used in this study was produced
by Amgen (Thousand Oaks, CA). The ERLIC column PolyWAX
LP 100 × 2.1 mm, 3 µm, 300 Å was purchased from PolyLC Inc.
(Columbia, MD). Based on information from manufacturer, in
the PolyWAX LP column material, linear polyethyleneimine
(PEI) was used for absorption to the porous, microparticulate
silicas and formed a strong and stable layer of crosslinked hydro-
philic surface. At pH 4 or below, the amine residues are very well
charged and the column will perform like in a strong anion
exchange mode.41 Reagents dithiothreitol (DTT), iodoacetamide,
tris-HCl buffer, ammonium formate and ammonium acetate

were purchased from Thermo Fisher Scientific (Waltham, MA).
Guanidine buffer and formic acid (FA) were purchased from
Sigma Aldrich (St. Louis, MO). Trypsin/Lys-C mixture was pur-
chased from Promega (Madison, WI). Zeba spin desalting col-
umns (7K MWCO, 0.5 mL) was purchased from Thermo Fisher
Scientific (Waltham, MA).

Analytical method

The sample preparation is described in S3 (Supporting
Information). ERLIC-MS/MS was performed on a Waters
Acquity UPLC system coupled to a Q-Exactive plus orbitrap
mass spectrometer. The mass spectra raw data was analyzed
using Thermo Xcalibur and PepFinder 2.0. The autosampler
was kept at 5°C. The column temperature was kept at 40°C. In
the process of method development, a number of method para-
meters were evaluated, including variation of pH, salts and
ACN/H2O gradients. Two representative methods to demon-
strate the separation features contributed by each running buf-
fers solution and their ratios in the mixture are described here.
Solvent A: 200 mMNH4CH3CO2, pH 6.8, solvent B: acetonitrile
and solvent C: 200 mM NH4HCO2, pH 2.5. The flow rate is
0.2 ml/min. Gradient 1 (S5, Supporting Information) starts from
5% A, 95% B and 0% C to 30% A, 55% B and 15% C in 50 min.
Then the gradient was further increased to 0%A, 10%B and 90%
C at 80 min and kept until 85 min. Then the gradient was
decreased to original 5% A, 95% B and 0% C at 87 min and
kept to equilibrate the column for 5 min. Gradient 2 (Figure 1)
from starts from 5%A, 95% B and 0%C to 30%A, 65%B and 5%
C in 65 min. Then the gradient was further increased to 0% A,
10% B and 90% C at 80 min and kept until 85 min. Then the
gradient was decreased to original 5% A, 95% B and 0% C at
87 min and kept to equilibrate the column for 5 min. The pI
value of each peptide was estimated based on isoelectric point
calculator (IPC), a web service providing accurate estimation of
protein and peptide pI values. The values used in this study are
the measured IPC peptide pI values.42 The mass spectrometer
setting is described in S4 (Supporting Information).
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