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Glycosylationis acommon modificationthatoccurs during the
production of antibodies or other proteintherapeutics. The
glycan structures attached to the proteins can directly affect
protein stability, bioactivity, and immunogenicity. Therefore,
glycan variants ofaglycoprotein product mustbe adequately
analyzed and controlled throughout developmentand production
to ensure productquality. Reversed phase-liquid
chromatography-mass spectrometry (RP-LC-MS) has become a
primary technique for antibody and protein therapeutics
characterization. However, itis challenging to
chromatographically resolve some types of low abundant
glycoforms, such as high mannose glycopeptides (Figure 1).

CESI-MS provides aseparation mechanismorthogonal to LC-

MS based approaches for separation, identification and CESI8000 Plus and TripleTOF® 6600+ System

quantification. It provides the exceptionally high resolution power

of capillary zone electrophoresis (CZE) in conjunction with the peptides fromthe capillary (both hydrophobic and hydrophilic),
sampleidentification capability of mass spectrometry. CZEis thus providing better sequence coverage ofthe antibody.

uniquely able to separate peptides based on charge difference,
unlike a reversed phase HPLC, and provides sensitive and
reproducible results. The ultra-low flow rate of CESI (~20 nL/min)
is highly beneficialin maximizing ionization efficiencyand

In this technical note, bottom-up peptide mapping of adalimumab
(Humira) and its post-translational modifications (PTMs) were
performed by CESI-MS analysis. We were able to
electrophoretically separate various classes of glycopeptides and

minimizing ion suppression. In addition, the open tubular format i ] i o ]
confirmusing diagnostic ions inthe MS/MS spectra.

of CESI withoutany solid stationary phase, allows elution of all
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Figure 1. Separation of highly mannose glycopeptides by CESI-MS hydrophilic peptides which are often missed in LC-MS

and LC-MS.
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Methods

Sample preparation and mAb digestion: Adalimumab (1
mg/ml) was digested with trypsin (gold trypsin, Promega) in a
1:20 (v/v) enzyme-to-antibody sample ratio for 2h at 37°C. Prior
to trypsin digestion, antibody was reduced with 20 mM
dithiothreitol (DTT) at56°C for 30 min and alkylated with 20 mM
iodoacetamide (IAM) in the dark for 30 min. The alkylation
reaction was quenched with 10 mM DTT. A detailed protocol is

described in a CESI peptide digest preparation technical note.?

Capillary electrophoresis and mass spectrometry: CESI
method parameters: Trypsin digested sample was diluted in a
1:2 (v:v) ratio with 100 MM ammonium acetate at pH 4. Forthe
analysis, aBare-Fused Silica Surface OptiMS Cartridge was
used (P/N B07367). Sample was injected hydrodynamically at5
psifor60 s, resulting in approximately 44 nLinjected volume,
which is approximately 39 ng ofadalimumab on the cartridge.

MS method parameters: The TripleTOF® 6600+ System was
coupled with the NanoSpray® Il lon Source with CESI adapter
(P/N B07366) and controlled by Analyst® Software 1.8.1. The
peptide mapping of adalimumab was performed using data
dependentacquisition (DDA) with 10 MS/MS cycles (150 and 50
ms accumulation times for MS and MS/MS, respectively). The
acquisition mass range was from 100 to 2250 m/z with cycle time
of 0.8 s. The precursors with charges from +1 to +5 and intensity
above 100 cps were triggered for MS/MS fragmentation.
Selected precursors were fragmented using arolling collision
energy (CE) with spread of+ 5 V. The CE curveslope (Table 2)
was modified for better glycopeptide fragmentation.? Source
parameters were setto ion spray voltage 1850 V, source
temperature 30°C and curtain gas 5 psi.

Table 2. The CE curve slope used to calculate CE for rolling
collision energy

Separation conditionsare listed in Table 1. Charge Slope Intercept
Table 1. CESlseparation conditions used for the peptide Unknown 0.037 1
mapping of adalimumab 1 0.038 5
Time Pressure Voltage Direction Solution/Note 2 0.037 1
Event (min) (psi) kV) 3 0.036 2
1 Rinse 2.5 100 Forward 0.1 M NaOH 4 0.038 2
2 Rinse 2.5 100 Forward 0.1 M HCI 5 0.038 2
3 Rinse 4 100 Forward Water
4 Rinse 3 75 Reverse 10% Acetic acid
. o Liquid chromatography and mass spectrometry: The Waters
5 Rinse 4 100 Forward 10% Acetic acid .
CSH C18 column (2.1x150 mm, particles 1.7 um) was used to
6 Injection  60s 5 Forward  10% Acetic acid separate 2 ug of trypsin digested adalimumab using ExionLC™
7 Injection 25s 0.5 Forward 10% Acetic acid AD System coupled to a X500B QTOF system. The 0.1% formic
8 Separation 50 0 15 Forward  10% Acetic acid acid in water (mobile phase A) and 0.1% formic acid in
oS ) 5 0 L . 4 smi q acetonitrile (mobile phase B) were used. The LC gradientwas
eparation orwar min ramp down set accordingly, from1to 5 min, 1% of mobile phase B, from 5 to
6 min, 1to 10% of mobile phase B, from6 to 32 min, 10% to
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Figure 2. Separation of high mannose glycopeptides of adalimumab using CESI-MS and LC-MS techniques. A) CESI-MS separation, B) RP-LC-
MS separation and C) fragmentation spectra of the Man5 glycoform with adjusted rolling CE curve (Table 2) formaximum recovery of the y-ions
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Figure 3. Separation of fucosylated glycopeptides of adalimumab using CESI-MS and LC-MS techniques. A) CESI-MS separation, B) RP-LC-MS
separation and C) fragmentation spectra of the GOF glycoform using adjustedrolling CE (Table 2)

25% ofmobile phase B, 32 to 65 min, 25% to 40% of mobile
phaseB, from 65 to 70 min, 40 to 60% of mobile phase B and
from 70 to 70.5 min, 60 to 90% ofmobile phase B. The analysis
length was 75 min using DDA with 8 MS/MS cycles (250 and 40
ms accumulation times for MS and MS/MS, respectively). The
MS parameters were ion spray voltage 5500 V, gas 1 60 psi, gas
2 60 psi, curtain gas 55 psi, source temperature 350°C and
rolling collisionenergy.

Data processing: Data searched with a BPV Flex 2.0 and
additional glycopeptide confirmation was performed by
processing through Byonic™ (Protein Metrics). The two
software, BPV Flex and Byonic, were setto search data with a
maximum oftwo miss-cleavages and +/-5 ppmerror.
ProteinPilot™and PeakView® Software were used to further
confirmpeptide mapping analysis of adalimumab.

Results and discussion

The biologics segmentis growing significantly within the
therapeutic industry.3 As biotherapeutic products are derived
from recombinant DNA technology and produced in host

organisms, monitoring of CQAs (Critical Quality Attributes) is
crucial to ensure the consistencyof product quality, safety and
efficacy. Glycosylationis considered as one ofthe crucial CQA
of mAbs and biosimilars. Aunique feature of CESI compare to
LCMS analysisis the ability to separate various glycopeptides
and characterize the mAb in a singlerun. In this study, we focus

on full characterization of adalimumab.
Separation and identification of glycopeptide of adalimumab

A high-resolution CESI-MS technique is well suited for the
analysis of glycopeptides as it separates peptides based on their
charge-to-massratio. Ofthese glycopeptides, high mannose
glycopeptides are consideredto be some of the most challenging
to analyze due to their low abundancein the samples. Figure 1
and 2A showa comparison of CESI-MS and LC-MS separation
of high mannose glycopeptides. Man5, Man6, Man7 and Man8
were electrophoretically separated from each other, which
allowed for the identification of low abundant species compared
to the LC analysis (Figure 2B). Furthermore, Figure 2C illustrates
fragmentation spectraof Man5 glycopeptide. They-ion 793 m/z
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Figure 4. Minor glycopeptides of adalimumab separated using CESI-MS and LC-MS techniques. A) CESI-MS separation, B) RP-LC-MS

separation and C) fragmentation spectra of the GOF-GINAc
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represents the loss of five mannoseresidues, leaving the two o VVSVLTVLHQDWLNGK
core GIcNAc residues attached to the peptide backbone. The y-
ions 1041 m/z and 879 m/z are losses of2an 4 mannose @ 1509
residues, respectively. Sequential loss of oligosaccharides % 1085
together with precursor provided co nfirmgtory evidence for thg § o VVSVLTVLHOQDWLNGK
presence ofthe Man5 glycoform. To obtain agood fragmentation )
pattern for glycopeptides as well as peptides with the DDA, the 0,060
rolling collision energy curve slope was lowered compared to uoows SSOTm_ nﬁ:s 00399
instrument pre-setvalues (Table 2).2 In addition to y-ions, Unmodified [M+3H]
common glycan fragments (m/z 204, 366 and 528) are found in C sea] OB 6036733
the spectra (Figure 2C, 3C and 4C). These fragments have a g 604.0077 s0d 3415
high sensitivity, but low specificity as they are common for all N- [ A o SN0

. £ T 477 04 6668 605.00
glycopeptldes.4 6036662 604.0012 604.3353 60 Bo[)@ea:qi;;[e?; i
Fucosylate glycopeptides is another class thatis importantto Teods T o s ® 6050
monitoras a CQA. This group is normally identified by LC-MS, '
but are challengingto separate using aRP column, which is Figure 5. Unmodified vs. peptide with deamidated asparagine are
commonly used for peptide mapping. In Figure 3A, CESI-MS separated by CESI-MS.
shows three fucosylate glycopeptides (GOF, G1F and G2F) well
separated in comparisonto the LC-MS analysis (Figure 3B), CESI-MS peptide mapping and post-translational
which missed the low abundant G2F glycopeptide. Figure 3C modifications

represents the MS/MS spectrum of GOF glyco peptide.
P P glycopep CESI-MS is an effective and complementary technologyto

In additionto higher abundantglycopeptides, we were able to characterize mAbs on the peptide level with ahigh sequence
confirm afew minor species, such as G0, GOF-GINAc and G1F- coverage;in the case of adalimumab, we confidently map at
GINAc (Figure 4). Altogether, we have confidently identified 10 least 95% ofits sequence and have confirmed 11various
differentglycopeptides of adalimumab as listed in Table 3, plus glycopeptides.

G1 glycopeptides based on their precursor masses.
glycopep P Forthe nextstep, we focused on PTMs, such as deamidation

Our findings arein good alignmentwith results from release N- and oxidation. Figure 5illustrates examples ofthe separation
glycan analysisusing the SCIEX C100HT Biologics Analyzer.® between the unmodified and deamidated form of
NSLYLOMNSLR
Table 3. Glycoforms observed with high confidence &
Glycan Structure Mass Observed Mass 15e6
Mass m/z error &
(+2) Th (ppm) 2 1.0e6
I~
GOF " es 14445339  1317.525 1.3 = 5 0es
G1F Lo 1606.5867 1398.552 0.4 NSLYLQMNSLR
, 0.0e0 —
G2F T 1768.6395  1479.579 05 30 31 32 33 34 35 36 37 38
Time, min
Man5 o 1216.4228 1203.467 3.1 . _
y Unmodified [M+2H]*2
Man6 oo tenn 1378.4756 1284.492 -4.1
v Je5 1 *660.8444 (2)
Man7 = 1540.5284 1365.524 0.2 w 670.3457 (2)
- a 2a5 ;
~ i ot Y 42
Mans - 17025812 1446547 2.0 2 e 6708462 (2) Oxidation [M+2H]*2
B 5 671.3459(2) *677.8399 (2)
G1 Taee 1460.5288 1325534 03 € OcoM———oI>L I i
'677 8447 (2)
GO e 1298.47596  1244.492 48 -1e5
; &0 672 674 676 &s 680
GOF-GINAC e 1241.4545 1215.982 -4.1 miz, Da
G1F-GINAC et 1403.5026 1297.010 -2.6

Figure 6. Unmodified vs. peptide with methionine oxidation is
separated by CES-MS.
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VSVLTVLHQDWLNGK peptide. The deamidated peptide was
determined to be 6% ofthe total amountof peptidein the
sample. Deamidation is one ofthe most common PTMs
occurringin therapeutic proteins produced using recombinant
DNA technology.

Methionine oxidationas PTM can influence biological activity of
the mAb and potentially induce an immunogenic response
associated with mAb manufacturing and storage.® An example of
methionine oxidationis shownin Figure 6, NSLYLQMNSLR
peptide contains 1.2% ofthe oxidized form of unmodified

peptide.

In addition, CESI-MS is capable of analyzing challenging short
peptides or hydrophilic peptides, that could be easily missed by
LC-MS’. Figure 7 shows identification with MS/MS confirmation
of shortand hydrophilic peptide (VSNK [M+H]*1).

VSNK [M+1H]*! XICl

6edy AN
% [\1904
g 404 I\
z [\
E‘ \
8 2e4 [
£ [\

0e0 - -

180 182 184 186 188 190 192 194 196 198 200
Time, min
MS spectrum
. *447.2570 (1)
g 6000
2 4000
£ 448 2609 (1)
£ 20001 *4451193(1 e
£ m 4461200 (1) | | 4492627 (1)
® ) J 5
446 a7 ¥ 448 449 450 451

mz.Da

MS/MS spectrum

tyecursor

[129 1040
2261157 2441272

3131487

% Intensity

3581750 4472353
| 3042075

150 200 250 300 350 400 450 500
mz.Da

Figure 7. Identification of hydrophilic peptide VSNK [M+H]*".

Conclusions

Peptide mapping remains akey analytical methodologyto
characterize biotherapeutics fromdrug discovery through
production and it provides the ability to assign specificlocations
to productattributes. It allows monitoring of amino acid
substitution as well as post-translation modificationsthatare

critical for a biotherapeutic’s safety and efficacy.

CESI-MS peptide mappingis valuable orthogonal technology

that provides additional sequence coverage comparedto LC-MS.

In this study, we characterized several CQAs, such as
glycosylation, deamidation and oxidation of adalimumab
peptides, within the samerun. A high sequence coverage
(>95%) was obtained fromless than 40 ng ofadalimumab
loaded into the CESI cartridge.

CESI-MS additionally separated 11 diverse glycopeptides
including 4low abundanthigh mannose glycopeptides of
adalimumab. Theseare in good agreementwith literature
examples.® Adjusted CE slope allowed MS/MS confirmation of
glycopeptides based on their specific y-ions as well as N-glycan
diagnostic fragments without sacrificing results of adalimumab
peptide mapping.
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