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Results: We demonstrate that the UVPD spectra of mAb subunit ions with different charge states exhibit high

complementarity, and integration can result in higher sequence coverage compared to single charge states.
Finally, over 95 % sequence coverage of two different mAbs has been achieved with full sequence coverage of
CDRs, underscoring the great potential of this strategy in accurate sequencing of mAb variable regions.
Compared with the conventional higher energy collisional dissociation (HCD) strategy of mAb subunit
sequencing, the sequence coverage of CDRs at single UVPD subunit charge state has increased by an average of
30 %. In addition, almost complete sequence coverage of mAb ensures the accurate localization of mAb post-
translational modifications (PTMs), including glycosylation of two different sites, C-terminal lysine truncation,
and N-terminal cyclization of glutamine.

Significance: The integration of MCI-MDMS and UVPD realizes high sequence coverage and reliable PTM
determination of mAbs. This integrated strategy holds significant promise for accurate analysis of antibody-drug
conjugates, polyclonal antibodies and unknown mAbs including sequences and PTMs, and providing a crucial
tool for the discovery and development of therapeutic mAbs.

1. Introduction

Monoclonal antibodies (mAbs) have emerged as powerful targeted
biopharmaceuticals in the clinical cancer treatment [1,2]. Since the first
mADb drug was approved by FDA in 1986, therapeutic mAbs account for
one-fifth of FDA new drug approvals, with over 100 mAb drugs
approved by 2021 [3,4]. The great success of mAb drugs is mainly
attribute to their high specificity to protein targets, high affinity, and
low side effects, exhibiting great potential in the treatment of cancer,
autoimmune disease, and viral infections [5-8]. While the majority of
currently approved therapeutic mAbs belong to immunoglobulin G
(IgG), composed of two heavy chains (HC) (~50 kDa) and two light
chains (LC) (~25 kDa) [9], the field is rapidly expanding to include
other antibody formats. Humanized antibodies, engineered to minimize
immunogenicity in humans, are enhancing therapeutic efficacy and
safety. Bispecific antibodies target two different antigens simulta-
neously, potentially enhancing treatment efficacy and overcoming
tumor resistance mechanisms [10]. Antibody-drug conjugates (ADCs)
link a cytotoxic drug to an antibody, delivering the payload specifically
to cancer cells while minimizing damage to healthy tissues [11]. The
N-terminal parts of HC (~50 kDa) and LC (~25 kDa) are the comple-
mentarity determining regions (CDRs) with highly variable site se-
quences, which are used for the specific target binding [12,13]. There
are three CDRs in these variable regions, determining the specificity and
diversity of antibody-target recognition and binding [14-16]. Therefore,
mAb sequencing, especially CDR sequence determination, is crucial for
developing and ensuring the quality control of therapeutic mAbs across
all formats.

Tandem mass spectrometry (MS/MS) is emerging as a powerful tool
for antibody sequencing, commonly using bottom-up MS (BUMS)
strategy for proteolytic peptide analysis [15,17,18]. The digestion of
mAD into peptides facilitates the fragmentation by MS/MS, but loss the
connectivity of mAb functional sequences especially CDRs. Moreover,
the multi-step and tedious sample preparation procedures of BUMS
analysis tend to introduce artificial interferences. Top-down MS (TDMS)
strategy can analyze the mAb sequence directly without any sample
preparation. However, the large size and disulfide bonds of mAbs greatly
challenge the current MS fragmentation methods, commonly resulting
in low sequence coverages [19,20]. A compromise approach is the
middle-down MS (MDMS) strategy by pre-cleavage of IgG into three
subunits Fc/2, Fd, and Lc with molecular weights (MWs) about 25 kDa
by Streptococcus pyogenes (IdeS) [9,21-23]. Fornelli et al. applied MDMS
strategy to sequence the IdeS pre-cleaved adalimumab by integrating
3000 electron-transfer dissociation (ETD) MS/MS spectra, and 68.5 %
sequence coverage was obtained for the Lc subunit [9]. Furthermore,
different fragmentation methods including higher energy collisional
dissociation (HCD), hybrid ETD/HCD (EThcD), and 213-nm ultraviolet
photodissociation (UVPD) have been applied for MDMS sequencing of
mAbs [22]. Among them, during a single liquid chromatography
(LC)-MS/MS run, ETheD and 213-nm UVPD provided 50 % and 60 %

sequence coverage for Fc/2, respectively, but the sequence coverage of
Fd was still less than 40 %. Recently, 193-nm UVPD realized about 80 %
mADb sequence coverage by combining data from four LC-MS/MS runs
[21].

This work introduces a novel multiple charge integration (MCI)-
MDMS strategy coupled with UVPD for enhanced mAb sequencing.
While conventional HCD and ETD fragmentation methods are signifi-
cantly influenced by the charge state of mAb subunit ions, leading to
variable fragmentation efficiency, 193-nm UVPD is relatively charge-
independent in terms of fragmentation efficiency [24], resulting in
different and complementary fragmentation patterns for protein ions
with different charge states. Thus, integrating the UVPD spectra of mAb
subunit ions with different charges could significantly improve the mAb
sequence coverage. Based on this MCI-MDMS and UVPD strategy, near
complete sequence coverage could be achieved for each mAb subunits,
greatly facilitating the validation and sequencing of CDRs as well as the
precise localization of post-translational modifications (PTMs) on mAb
sequence (Fig. 1).

2. Experiment section
2.1. Materials and reagents

Deionized water used in all experiments was purified by Milli-Q
system (Millipore Inc., Milford, Massachusetts, USA). Infliximab
(Remicade) and cetuximab (Erbitux) were purchased from TopScience
(Shanghai, China) with 98 % purity. IdeS protease was purchased from
Yeasen Biotechnology (Shanghai, China). Neuraminidase and acetoni-
trile (ACN) were purchased from Merck (Darmstock, Germany). Other
solvents were purchased from Sigma-Aldrich. All solvents and LC mobile
phases were purchased with LC-MS grade purity. Micro Bio-Spin™ P-6
Gel columns purchased from Bio-Rad (California, USA). PLRP-S beads
(1000 [o\, 5 pm) was purchased from Agilent (California, USA).

2.2. Sample preparation

The antibody sample was dissolved in PBS (50 mM sodium phos-
phate, 150 mM NacCl, pH 6.6) at 5 pg/pl. Then, IdeS was added at 1 unit/
pg of IgG, and two fragments of F(ab’); and Fc/2 were obtained by
specifically cutting the hinge region for 30 min at 37 °C. After digestion,
6 M urea was added to denature these two fragments for 20 min. Then, 5
mM TCEP was added to open the disulfide bond to reduce F(ab’), into Lc
and Fd fragments at room temperature for 30 min, followed by alkyl-
ation 30 min with 10 mM IAA in a dark environment. Micro Bio-Spin™
P-6 Gel columns were then used to exchange the buffer into 200 mM
ammonium acetate. Cetuximab samples additionally were adjusted to
pH 5 with 0.1 % formic acid (FA), and were treated with neuraminidase
at 37 °C for 16 h to remove sialic acid. The cleaved mAb subunit samples
were lyophilized and dissolved into 0.1 % FA aqueous solution at 1 pg/
pL before analysis. The samples were prepared three times under the
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same experimental conditions to ensure the reproducibility of the
experiment.

2.3. LC-MS/MS analysis

The mADb subunit samples were loaded onto a 3 cm x 200 pm i.d.
reversed phase (RP) trap column (PLRP-S, 1000 10\, 5 pm) and separated
by a 15 cm x 75 pm i.d. PLRP-S separation column (1000 A, 5 pm). The
mobile phase A was 0.1 % FA and the mobile phase B was 0.1 % FA in 80
% ACN. The RP separation gradient was from 5 to 35 % mobile phase B
in 5 min and from 35 to 60 % mobile phase B in 30 min with a flow rate
of 300 nL/min. The LC was coupled with an Orbitrap Fusion Lumos
Tribrid mass spectrometer (Thermo Fisher, San Jose, CA, USA) through a
nano-electrospray ionization (nESI) source. A 193-nm ArF excimer laser
(Gam laser, Orlando, FL, USA) was equipped for UVPD and MS/MS
analysis as described in our previous report [25-27]. The temperature of
the ion transfer capillary was 305 °C, the ESI voltage was 2000V, and the
RF lens was set to 55 %. Before targeted MS analysis, the retention time
and charge state distribution (CSD) of IgG subunits are pre-determined
through a survey LC-MS/MS analysis. The MS1 full scan was set to a
resolution of 15 K and a mass range of 400-2000 m/z. Then, targeted
LC-MS/MS data was collected through selected ion monitor (SIM) mode.
The MS/MS spectra were collected with a resolution of 240K. The AGC
of MS/MS was set at 5E6 with maximum injection time of 500 ms. A 5-ns
single pulse of laser irradiation was used for 193-nm UVPD analysis,
with pulse energy varied within 0.6-1.4 mJ dependent on the CS of
precursor ions. In SIM mode, hundreds of MS/MS spectra can be ob-
tained continuously within the elution time of each mAb subunit.
Averaging the spectra obtained from a single targeted LC-MS/MS anal-
ysis can greatly improve signal-to-noise ratio (S/N) and distribution of
isotopic peaks. To compare with 193-nm UVPD, identical LC-MS/MS
analysis was also performed using HCD with a normalized collision
energy of 25 %.

2.4. Data analysis

The spectra of each antibody subunit acquired in a single LC-MS/MS
were averaged and transformed to three individual raw files by Free-
Style (verison 1.5). The raw files were converted to mzML format by
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MSConvert [28] and then deconvolved using TopFD GUI (from TopPIC
Suite, version 1.4.13) with a S/N of 10 [29]. The deconvoluted masses of
UVPD fragment ions were firstly searched against a custom database
including the monoisotopic masses of a, a+1, b, ¢, x, x+1,y, y-1, y-2, z
and z+1 fragment ions with a mass tolerance of +20 ppm using custom
R scripts for estimating the averaged mass error [25]. Further, the
deconvoluted masses of UVPD fragment ions were re-calibrated and
subjected to a second round of matching with a mass tolerance of +5
ppm. HCD spectra were processed similar as UVPD spectra but searched
for b and y type product ions. In the ion matching process, alkylation
(C2H3ON) was added to the Cys site at opened disulfide bond, and
glycosylation (GOF, Cs¢Hg2039N4) was added to the Fc/2 subunit Asn61.
For cetuximab, additional glutamine cyclization (GIlnl, -NH3) and
glycosylation (Asn88, CggHi112049N4) were added to the Fd subunit for
fragment ion matching. And the disulfide linkage between Cys131 and
Cys189 of both infliximab and cetuximab was retained after treatment of
TCEP and IAA [30], which was confirmed by MS1 and corresponding
UVPD spectra. The disulfide linkage can be homolytic dissociated by
UVPD [31]. Thus, the modifications of H loss at Cys131 and Cys189
were set to facilitate the assignment of fragment ions (Fig. S1).

3. Result and discussion
3.1. The development of MCI and UVPD strategy

We collected the MS/MS spectra of protein ions with specific charge
state through SIM mode and averaged them to enhance S/N. Subse-
quently, the averaged UVPD spectra of protein ions with different
charges were deconvoluted and integrated, facilitating the derivation of
the protein sequence. At first, myoglobin (Mb) was utilized as a standard
protein to demonstrate the efficiency of this MCI and UVPD strategy.
The total ion chromatogram and CSD of Mb are shown in Fig. S2. Using
targeted scanning in the SIM mode, we collected UVPD spectra of Mb
ions with charge states from 16+ to 20+. Although the overall sequence
coverages obtained by each run were comparable (about 80 %),
different UVPD fragmentation patterns were observed at different
charge states (Fig. S3A). Mb ions with different charge states have
different conformations, resulting in different UVPD fragmentation
pattern. Based on the heterogeneity of UVPD fragmentation patterns to
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Fig. 1. The workflow schematics of multiple charge integration (MCI)-middle down mass spectrometry (MDMS) approach coupled with ultraviolet photodissociation

(UVPD) and tandem MS (MS/MS) analysis for mAb sequencing.
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charge states, the combination results of Mb ions with charge states 16+
to 18+ could improve the Mb sequence coverage to 92 %, which could
not be simply achieved by repeat analysis of Mb ion with a single charge
state (about 86 %, Figs. S3B-C). Overall, the combination of MCI and
UVPD can greatly boost the sequence coverage of MS-based protein
sequencing.

3.2. MCI-MDMS and UVPD strategy for infliximab sequencing

Then, the therapeutic IgG1 antibody infliximab was pre-cleaved to
three subunits Fc/2, Fd, and Lc as described in experimental section. The
separation of the three subunits of Infliximab is shown in Fig. S4A. A
wide CSDs mainly from 16+ to 30+ were observed for the three subunits
and the measured MWs were Fc/2, 25298.82 Da (GOF); Lc, 23707.78 Da;
and Fd, 26029.12 Da (Figs. SSA-C). The SIM acquisition time corre-
sponding to each subunit is shown in Table S1. In addition, two common
PTMs including glycosylation and C-terminal lysine truncation were
observed in the heavy chain (Fd and Fc/2) of infliximab with clear mass
difference among different glycoforms (Fig. 2). The glycoforms identi-
fied at the C-terminus of infliximab heavy chain (Fc/2) were mainly GO,
GOF, G1F, and G2F.

Then, targeted MS/MS fragmentation was performed on the different
charge states of infliximab subunits. A narrow isolation window of 5 m/z
was applied to avoid the interferences from adjacent peaks, which is
especially critical for PTM localization [32]. Moreover, the UVPD pulse
energy was optimized for subunit ions with different charge states. In
general, protein ions with high charge state have more protonation sites
and extended comformation, promoting more extensive cleavage during
UVPD process [33]. Therefore, we adjusted the UVPD pulse energy from
1.4 to 0.6 mJ when the subunit charge state was increased from 16+ to
30+ to avoid over-fragmentation. An averaged sequence coverage of
about 55 % could be obtained for a single charge subunit by UVPD,
which is inferior to the results of Mb. This could be attributed to the
higher MW and charge state of mAb subunits, leading to the unfavorable
overlaps of the isotopic peaks in UVPD spectra.
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The sequence coverage of infliximab subunits with different charge
states are similar but exhibit different fragmentation patterns
(Fig. 3C-E). Integrating the UVPD spectra of different charge states
could improve the sequence cleavages to over 95 % for all the three
subunits of infliximab. Near full sequence coverage greatly improves
sequencing reliability and enables more accurate identification of CDR
sites. For comparison, the Fc/2, Lc, and Fd of infliximab with specific
charge states were also subjected to targeted MCI-MDMS and HCD
analysis, resulting in inferior performance especially for sequencing the
N-glycosylated Fc/2 (Fig. S6). HCD prefers to fragment glycans while
leaves the protein backbone undissociated [34]. As a high energy and
fast activation method, UVPD generates rich types of
sequence-informative fragment ions, while minimizes the loss of un-
stable modifications [35]. About 270 fragments are assigned to
sequence-matched ions in the averaged UVPD spectra, which is 6-folds
of HCD. Further integrating the fragment ions obtained from Fc/2
(25+, 26+ and 27+), Lc (21+, 22+ and 23+), and Fd (24+, 25+ and
26-+) subunits with 3 different charge states, the sequence coverages are
improved from 25.8, 34.7, 32.4 % for HCD to about 76.1, 80.8, 74.4 %
for UVPD, respectively, which greatly facilitated the sequencing and
localization of N-glycosylated site (Fig. 3B). For CDRs, the results of
UVPD are also significantly better than those of HCD. After integrating 3
charge states, HCD has only 0, 0, and 33.3 % sequence coverages for the
three CDRs of Lc subunit, while UVPD has 40, 100, and 62.5 % sequence
coverages. In CDRs of Fd subunit, HCD has sequence coverages of 50,
11.1, and 62.5 %, while UVPD has sequence coverages of 50, 88.9, and
87.5 %. Overall, the MCI-MDMS strategy is capable of therapeutic mAb
sequencing with full coverage of all variable regions (Fig. 3C-E), which
is much better than previous workflow based on specific charge state
sequencing.

3.3. Cetuximab sequencing and MCI-MDMS strategy optimization

Cetuximab, different from other mAbs, contains an additional
glycosylation site at the N-terminus of the heavy chain, showing
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Fig. 2. The MSI1 spectra of infliximab (A) and cetuximab (B) Fc/2 subunits with GO, GOF, G1F, and G2F glycoforms. The cetuximab Fd subunit showed abundant
G2FS1 glycoforms due to the presence of sialic acid, and G2F, G1F and GOF glycoforms were mainly retained after sialic acid removal, among which the G2F

abundance was greatly increased (C).
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Fig. 3. Comparison of sequence coverages obtained by HCD and UVPD for 25+ of Fc/2, 21+ of Lc, and 24+ of Fd (A) and three charge state integration (B) in
infliximab sequencing. The UVPD fragmentation patterns of all charge states of infliximab Fc/2 (C), Lc (D), and Fd (E), showing the cleavage sites and sequence
coverage among different charge sates as well as the integrated sequence coverages. The CDRs are marked with a shaded part.

complicated glycoforms due to the existence of sialic acid [36]. Thus,
neuraminidase [37] was pre-added to eliminate sialic acid during sam-
ple processing. The elution window and CSD of cetuximab were deter-
mined (Fig. S4B and Fig. S5D-E), and the MWs of cetuximab subunits
were measured as Fc/2, 25330.55 Da (GOF); Lc, 23695.66 Da; and Fd,
27603.37 Da (G2F). Three PTMs located in the heavy chain were
observed on cetuximab subunits Fd and Fc/2 including glycosylation,
C-terminal lysine truncation, and N-terminal glutamine cyclization. The
glycoforms identified in the Fc/2 fragment were similar to the infliximab
Fc/2 fragment, while the glycosylation of the Fd fragment changed from
G2FS2, G2FS1, G2F, G1F and GOF to G2F, G1F and GOF after desialy-
lation, and the most abundant glycoforms was G2F (Fig. 2B and C). The
UVPD spectra for all charge states of cetuximab subunit ions were
collected and integrated, and over 95 % sequence coverages were also
obtained for the three subunits (Fig. S7). Moreover, all six CDRs of
cetuximab were completely sequenced by the MCI-MDMS and UVPD
strategy, which was also much better than HCD.

Then, we sought to improve the sequencing throughput while
retaining high sequence coverage by selectively integrating specific
charge states with high complementarity in UVPD fragmentation pat-
terns. In general, the subunit ions with adjacent charge states share
conformation in gas phase, resulting in similar fragmentation patterns
and low complementarity [38]. To maximize the utilization of this
complementarity, all collected charge states were classified into three
categories: low (16+ to 20+), medium (21+ to 25+), and high (26+ to

30-+). Different combinations of these charge states were employed to
achieve the highest possible sequence coverage. The results demonstrate
that there is better fragment complementarity between charge states
that are further apart, which is consistent with previous observations
(Fig. S8). Therefore, a combination of three charge states—low, me-
dium, and high—for each subunit was utilized to achieve optimal
sequence coverage.

After optimizing, a sequence cleavage of nearly 90 % could be ach-
ieved for Lc subunit and nearly 80 % could be achieved for Fc/2 and Fd
subunits of cetuximab with confident identification of CDR sites and
PTM modifications, while reducing the overall analytical time by near 5-
folds (Fig. 4). The complementarity of matched amino acid sites among
the three charge states is summarized and the numbers of uniquely
matched sites at each subunit accounts for 30 %-35 % of the total. These
results emphasize the significance of using complementary charge states
to achieve higher sequencing coverage and throughput.

4. Conclusion

In summary, we propose a novel UVPD based MCI-MDMS strategy
for therapeutic mAb sequencing. By coupling this approach with 193-nm
UVPD, we achieve nearly full sequence coverage of mAbs, particularly in
the critical CDRs. Additionally, this method enables the confident
identification and localization of PTM sites, including glycosylation, N-
terminal glutamine cyclization, and C-terminal lysine truncation.
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EXDITtAIDIYHY1C Q- GININ-NIW P TETHF 1 GHA- GETIKIL-E-L-K-R{THV-AYAPLSIVIFHTHFPIPL

21 SDEQ LK S-GITIAISIVIVIC-L-LININ-FIY{PIR ETAKIV-Q WK V- D-N{ALIQISIGIN{SIQL. -

E{SHV{THEQDISKIDISITIVSIASSTTHLITHLIS IKAIDEHEIKIHIKIEYIAICEEVETHHIQIGH
200 LISISIPVITIKISIFINIRIGEIC ©

(C) Cetuximab_Fd 77.2%

v QVIQ LIKIQISIGIPIG-LVIQIP!S @ 5-L-SLITICITIVISIG FIS L TNY G VHWVIR Q St

#1 PIG-KIGILIEMWILIGIV- T SIGIGINET-DIYINITEP-FITS-RILIS-I-N-KIDIN{SHKI SIQIVIFIFL

" KIMIN-SILIQ-SINIDITHA LYY ! C-AIRIAILITHY- YDV E FAIYWIGIQ-GT-Liv-T-VIS-AtAL
STHKIGIPS VFIPHLIAIPS-S-K-S-T-StGHG- THAIA-L-GICHIVIKIDIVFIPLEIPHVATVAS
N SIGIALLIT-SIGIVIHITHFIPAVILIQISSGHLIYISILISIS WIVTIVPISISISILGHTIOTIY,

201 THCINPVAN{HKPSINETHKIVIDHKIRIVEERPIKI S-C-DIK-TH-T-CPIPICIP-A{PHEIL-LIG ©

CDR Glycosylation Site

Glutamine cyclization

NIGISIPIRILILITIK IAISIEISHTISIGH TPl S-RIFISIGISIGISIGITIDIFITILISHTNISIVIELS- -
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Fig. 4. UVPD fragmentation patterns of the three subunits of cetuximab integrated with low, medium, and high charge states. Fd fragment N-terminal glutamine
cyclization, heavy chain N-terminal and C-terminal glycosylation, and CDRs have been highlighted in different colors. For each panel, the right side shows the
corresponding Venn diagram of shared/unique matched amino acid sites for each of the three charge states. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

Subsequently, by integrating different charge states with high UVPD
fragmentation complementarity, we identify the optimal combination of
low, medium, and high charge states. This integration further increases
sequencing throughput while ensuring high sequence coverage. The
combination of MCI-MDMS and UVPD represents a new and powerful
method for mAb sequencing, realizing high sequence coverage and
reliable PTM determination. This approach holds significant potential
for the future sequencing of unknown mAbs, providing a crucial tool for
the discovery and development of therapeutic mAbs.
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