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The multi-attribute method (MAM) has garnered attention as a new quality control method of
therapeutic monoclonal antibodies (mAbs). MAM analysis allows multiple relative quantifications
of several structural attributes of therapeutic mAbs; however, some issues remain to be addressed
in its procedures especially for sample preparation. The goal of this study was to optimize the
sample preparation method for MAM analysis of mAbs. Using a model mAb, we compared five
sample preparation methods based on sequence coverage, peptide redundancy, missed cleavage
and chemical deamidation. It was found that low pH buffer and short digestion time reduced
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artificial deamidation. The desalting process after carboxymethylation was essential to obtaining
quantification

high sequence coverage by a short digestion time. The generation of missed cleavage peptides
was also improved by using a trypsin/lysyl endopeptidase (Lys-C) mixture. Next, we evaluated the
usefulness of our method as a part of MAM analysis. Finally, 17 glycopeptides, 2 deamidated
peptides and N- and C-terminal peptides of the heavy chain were successfully monitored with
acceptable mass accuracy and coefficient of variation (CV, %) of the relative peak area. On the
other hand, 4 oxidated peptides indicated the unavoidable slightly higher inter-assay CV (%) of
the peak area ratio due to the instability in the MS sample solution. Collectively, we demonstrated
that our method was applicable as an easy and reliable sample preparation method for MAM
analysis, and the variation in the relative peak area could be influenced by the modification type
rather than by the amount of each peptide.
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Quality control of therapeutic monoclonal antibodies by multi-attribute method (MAM)
based on mass spectrometric peptide mapping

Introducti
ntroduction Union, and Japan [1]. Novel modalities that

Over the past decade, therapeutic monoclonal
antibodies (mAbs) have become one of the most
attractive biological therapeutics. As of 2019, more

include therapeutic mAbs related to SARS-CoV2
and biosimilars related to mAbs are being actively
developed, and the development of mAbs is

than 60 therapeutic mAbs have already been
approved in the United States, the European

expected to continue in the future [2-5]. In the
development of therapeutic mAbs, it is essential to
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characterize the structural aspects because certain
structural characteristics are strongly associated
with safety and efficacy. However, the rapid struc-
tural characterization of mAbs has been continu-
ously challenging due to their excessive structural
complexity. Currently, a panel of physicochemical
and biological methods has been used to evaluate
the quality attributes of mAbs [6]. The conven-
tional methods include high-performance liquid
chromatography (HPLC), sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE),
capillary gel electrophoresis and liquid chromato-
graphy/mass spectrometry (LC/MS). Most of these
conventional methods usually only indirectly
monitor one of the characteristics of mAbs, and
therefore, it is costly and time consuming to per-
form a comprehensive characterization of mAbs.
The multi-attribute method (MAM) approach is
based on mass spectrometric peptide mapping and
has garnered attention as a new and alternative
method based on conventional methods. In MAM,
the analyte, i.e., a therapeutic protein, is first digested
into peptides, and the sample is prepared for peptide
mapping. The enzymatic digests are analyzed by
liquid chromatography/tandem mass spectrometry
(LC/MS/MS) using ultra-high-performance liquid
chromatography (UHPLC) and high-resolution and
accurate mass spectrometry (HRMS). Then, the mass
spectrometric data are applied to a database search
analysis using peptide mapping software (Figure 1,
characterization step), and the resulting data are used
to create a processing method for monitoring the
MAM target peptides. In this step, it is important
that the target peptides are selected in accordance
with the quality control strategy of each drug, and
most of the actual target peptides would be mainly
peptides with several post-translational modifications
(PTMs), including the fragment crystallizable (Fc)
region-glycosylation, deamidation, isomerization,
oxidation, glycation, N-terminal pyroglutamination,
and C-terminal Lys cleavage. Data for MAM moni-
toring are acquired by a full mass scan using only
UHPLC/HRMS, and finally, the relative quantifica-
tion of target peptides is performed by using software
for MAM (Figure 1, monitoring step). If unknown
peaks are detected, then the peaks can be further
analyzed for identification by LC/MS/MS. The relative
amount of each peptide is usually estimated based on
the peak area intensity. Recently, several MAM
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Figure 1. Typical MAM flowchart. MAM is usually carried out in
two steps: a characterization step and a monitoring step. First,
mAb is digested with a protease, such as trypsin, for peptide
mapping. The enzymatic digests are analyzed by liquid chro-
matography/tandem mass spectrometry. Using the acquired
mass spectrometric data, modified peptides are comprehen-
sively identified. Target peptides are selected in accordance
with the quality control strategy, and the characterization
data are used to create a processing method for monitoring
the MAM target peptides. Next, MAM monitoring data are
acquired by a full mass scan analysis, and the relative quanti-
fication of the target peptides is performed based on the peak
area intensity.

workflows have been provided by MS and software
vendors and have gradually been used by Chemistry,
Manufacturing and Control (CMC) employees [7].
Previously, Rogers et al. demonstrated that an MAM
approach using an Orbitrap-type mass spectrometer
and software for identification and quantification has
the potential to replace partial conventional chroma-
tographic and electrophoretic methods currently used
in the quality control of therapeutic mAbs [8].
Bomans et al. showed an MAM approach that com-
bines high-throughput sample preparation and LC/
MS using a Q-TOF-type mass spectrometer and
applied this approach to monitor Fc-glycosylation,
oxidation, deamidation, isomerization and glycation
[9]. Furthermore, a regulatory agency has also a keen
interest in the quality control of protein therapeutics
by MAM [10]. MAM can provide detailed qualitative
and quantitative information about the structural
characteristics of mAbs and may enable the improved
productivity and the reduced risk and cost of the
development stage. Therefore, MAM might be useful
as an alternative method to some conventional meth-
ods such as glycosylation profiling and evaluating
charge variants.

However, an issue that remains to be addressed in
MAM analysis is the sample preparation process.
The major problem is artificial modifications gener-
ated during sample preparation. This issue remains
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a hurdle for applying MAM to the quality control of
therapeutic mAbs during the commercial produc-
tion process. A previous report demonstrated that
Asn in certain motifs, such as Asn-Gly, are suscep-
tible to deamidation during enzymatic digestion
[11]. Generally, in the case of peptide mapping in
identification tests, insufficient attention could be
directed toward artificial chemical modifications
because the main purpose of peptide mapping is to
confirm the amino acid sequence of the protein.
However, MAM is categorized as a quantitative ana-
lysis method to evaluate the profile of molecular
variants, and it is critical to reduce artificial modifi-
cations during sample preparation for the reliable
quantification of peptides with PTMs.

In the current study, the sample preparation
method for MAM analysis was proposed by referring
to a previous report by Ren et al [12]. This proposed
method was compared with previously reported
methods and sample preparation kits using perfor-
mance metrics, namely, sequence coverage, peptide
redundancy, missed cleavage and chemical deamida-
tions. Next, the usefulness of the proposed method
was evaluated as a part of the MAM analysis. This
study is the first report to compare several sample
preparation methods for peptide mapping. We
believe that our sample preparation method is useful
for providing reliable data using MAM for the char-
acterization and quality control of therapeutic mAbs.

Materials and methods
Materials

Commercially available trastuzumab was used as
the model mAb. Formic acid (FA), acetonitrile,
0.1% FA and 0.1% FA/acetonitrile were obtained
from Kanto Chemical (Tokyo, Japan). Tris-HCI
and sodium monoiodoacetate (MIA), and guani-
dine-HCIl (GuHCI) and dithiothreitol (DTT) were
purchased from Sigma (MO, USA) and Thermo
Fisher Scientific (CA, USA), respectively.

Sample preparation methods

Method 1

Trastuzumab (5 pg) was dissolved in 150 pL of
0.25 M Tris-HCI buffer (pH 7.5 or pH 8.5) con-
taining 7.5 M GuHCI. After adding 3.0 uL of 0.5 M

DTT, the solution was incubated at room tempera-
ture for 30 min. Then, 0.5 M MIA (7.0 pL) was
added to the solution, and the mixture was incu-
bated at room temperature for 15 min in the dark.
The reaction was stopped by the addition of 0.5 M
DTT (4.0 pL). The carboxymethylated proteins
were buffer exchanged into a 0.1 M Tris-HCl
buffer at pH 7.5 or pH 8.5 (digestion buffer)
using an NAP-5 column (GE Healthcare,
Buckinghamshire, UK) and incubated with trypsin
(Trypsin Gold, MS Grade, Promega, WI, USA)
and/or trypsin/Lys-C mixtures (Trypsin/Lys-C
Mix, MS Grade, Promega) at 37°C. The total
amount of enzyme was 2.0 pg, and the enzymes
were prepared in three conditions: trypsin and
Lys-C at a ratio of 1:1, 3:1 or trypsin only. The
digestion time was performed under four condi-
tions: 30 min, 1 h, 2 h and 16 h. The final digest
was quenched with the addition of 5 uL of
20% FA.

The tryptic digests were desalted using an Oasis
HLB pElution plate (Waters, MA, USA), as indi-
cated in Table 3. The elution was dried by
SpeedVac and dissolved in 50 uL 0.1% FA for
LC/MS analysis.

Method 2

Trastuzumab (5 pg) was dissolved in 50 pL of
0.5 M Tris-HCl at pH 8.6 containing 7 M GuHCI
and 5 mM EDTA. After adding 2.0 pL of 1 M
DTT, the solution was incubated at 65°C for
30 min. Then, 1 M MIA (4.8 pL) was added to
the solution, and the mixture was incubated at
room temperature for 40 min in the dark. After
the reaction was stopped by the addition of 1 M
DTT (1.2 pL), the mixture was desalted using
a PD10 column and freeze-dried. The carboxy-
methylated proteins were dissolved in 100 uL of
50 mM Tris-HCI buffer (pH 8.5) and incubated
with 50 ng of Trypsin Gold at 37°C for 16 h. The
enzymatic digest was desalted using an Oasis HLB
pElution plate. The elution was dried and dis-
solved in 50 pL of FA solution.

Method 3

MPEX PTS Reagents (GL Sciences, Tokyo, Japan)
were used as Method 3. Trastuzumab (5 pg) was
dissolved in 20 uL MPEX B. After adding 1.0 uL of
0.1 M DTT in MPEX Reagent A, the solution was



incubated at room temperature for 30 min. MPEX
Reagent A (1.0 uL) containing 0.55 M MIA was added
to the solution, and the mixture was incubated at
room temperature for 30 min in the dark. After
incubation, MPEX Reagent A (77 uL) and 2.0 L of
(2 mg/mL) trypsin only, trypsin/Lys-C (1:1) or tryp-
sin/Lys-C (3:1) were added, and the solution was
incubated at 37°C. The digestion times were 30 min,
1 h, 2 h and 16 h. MPEX Reagent C (100 pL) were
added to the sample solution after digestion. The
mixture was acidified by 1.0 pL of MPEX Reagent
D and vortexed vigorously. After centrifugation of the
mixture, the aqueous phase containing peptides was
collected. The resulting peptides were desalted using
an Oasis HLB pElution plate. The elution was dried
and dissolved in 50 pL of FA solution.

Methods 4 and 5

The AccuMAP™ Low pH Protein Digestion Kit
(Promega, Madison, WI, USA) and SMART
Digest'™ Trypsin Kit (Thermo Fisher Scientific)
were used in Methods 4 and 5. The digestion
procedure was performed according to the corre-
sponding kit protocol.

In Method 5, after digestion, reductive alkyla-
tion was performed as follows: DTT was added
to a final concentration of 10 mM, and the
solution was incubated at 57°C for 30 min.
MIA was added to a final concentration of
20 mM, and the mixture was incubated at
room temperature for 30 min in the dark. The
reaction was stopped by adding 20% FA (1.0 pL)
and 11 mM DTT. The enzymatic digest was
desalted using an Oasis HLB pElution plate.
The elution was dried and dissolved in 50 pL
of FA solution.

LC/MS

LC/MS analysis was performed on UHPLC using
a Vanquish UHPLC System coupled to an MS
using an Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Fisher Scientific). The
UHPLC was equipped with an ACQUITY UPLC
CSH C18 column (1.7 pm particle size, 2.1 mm
inner diameter (I.D.), 150 mm length; Waters,
Manchester, UK) utilizing a column temperature
of 45°C. Milli-Q® water containing 0.1% FA and
acetonitrile containing 0.1% FA were used as

BIOENGINEERED (&) 987

mobile phases A and B, respectively. The flow
rate was set to 300 uL/min, and the gradient pro-
gramme was as follows: an isocratic flow at 2%
B for 2 min and a linear gradient from 2% B to
40% B for 35 min, 40% B to 90% B for 1 min
followed by an isocratic flow at 90% B for 5 min
and 90% B to 2% B for 2 min, and finally re-
equilibrated at 2% B for another 15 min. The
total run time per sample was 65 min. The mass
spectrometric conditions were as follows: electro-
spray voltage, 3.5 kV in positive ion mode; source
temperature, 375°C; full mass scan range, m/z
350-2000; full mass scan Orbitrap resolution,
120,000; collision energy for data-dependent
higher-energy  collisional  dissociation-MS/MS
experiment using ion trap, 28% and MS/MS isola-
tion window, 2 u. Internal mass calibration was
performed using a lock mass of m/z 391.284
and m/z 445.120.

Data analysis

Peptide mapping conditions

The raw MS files were subjected to BioPharma
Finder™ 3.1 (Thermo Fisher Scientific) for peptide
mapping. The peptide identifications were per-
formed by database searching against trastuzumab
sequence-based accurate mass of a full mass scan
and assignments of product ions in MS/MS spec-
tra. The search parameters were as follows: a mass
tolerance of +5 ppm, confidence score of >95 and
peak area of >1000. Carboxymethylation
(+58.005 Da) was set as a static modification of
Cys residues. Oxidation (+15.995 Da) of Met and
Trp, deamidations (+0.984 Da) of Asn and Gln,
pyroglutaminated Glu (-18.011 Da) of N-terminal
Glu, residual C-terminal Lys (+128.095 Da) and
several glycosylations. Targeted modified peptides
were extracted as wbpf form files for preparing the
processing file for MAM monitoring.

Conditions for MAM monitoring

The wbpf form file was subjected to MAM mon-
itoring software, Chromeleon 7.2.10. For MAM
monitoring, single mass scan data were acquired
by LC/MS using full mass scan analysis. The para-
meters to sort target peptides from the single mass
scan data were set as follows: mass tolerance: +5
ppm, peak width: 1 spectrum, and extracted ions: 3
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isotopic ions against a target m/z value. The inte-
grated peak area of the extracted ions was calcu-
lated, and the relative peak area of the monitoring
peptide was calculated using the integrated peak
area of multiple target m/z values by the following
formula:

Relative peak area(%) =
The peak area of modified peptide % 100
The total peak area of unmodified peptide and modified peptide

For example, the relative peak area ratio of the
pyroglutaminated N-terminal peptide was calcu-
lated as the percentage of the peak area of the
doubly charged ion (m/z 932.50) from the pyro-
glutaminated ion against the total peak area of the
doubly and triply charged ions (m/z 941.51 and m/
z 628.01) from the unmodified peptide and the
doubly charged ion (m/z 932.50) from the pyro-
glutaminated ion.

Calculations of performance metrics of peptide
mapping

The performance metrics of peptide mapping were
calculated by the following formulas:

sequence coverage(%) =

The number of amino acid residues covering sequence < 100 ()

The theoretical amino acid residue numbers of sequence

peptide redundancy =
The total number of amino acid residues form total peptides (i)
The number of amino acid residues covering sequence

zero missed cleavage rate =
The total number of peptides without missed cleavage
The theoretical peptide number

(iii)

deamidation level on Asn55 of H — chain =
The peak area of deamidated peptide

x 100
The total Peak area of peptide with or without , Asn55 deamidation of H — chain

(iv)

Results
Optimization of the sample preparation method

Using trastuzumab as a model mAb, we drafted
the sample preparation method for MAM
(Method 1) by referring to the previously reported
method (reference method) of Ren et al [12]. Both
method conditions are summarized in Table 1. In
Method 1, trastuzumab was denatured, reduced
and carboxymethylated, and the buffer was
exchanged into the digestion buffer using an
NAP™-5 column. These steps were the same as
the reference method; however, the denaturation
buffer volume in Method 1 was only 150 pl,
whereas that of the reference method was 500 pl.
The volume was changed due to a reduction in
protein diffusion in the NAP™-5 column, which
improved protein recovery during the buffer
exchange process. Another distinction between
the two methods was the enzyme composition.
After the buffer exchange step, the sample was
digested with a mixture of trypsin and lysyl endo-
peptidase (Lys-C) (trypsin/Lys-C = 3:1) in Method
1, although trypsin was only used in the reference
method. In addition, the enzyme concentration
during digestion of Method 1 was ten times that
of the reference method. We thought that these
changes contributed to reducing the redundancy
of peptides (peptide redundancy) observed in the
peptide mapping.

Next, we compared Method 1 with four different
methods: a traditional method (Method 2),
a commercial kit for proteomics (Method 3), and
two commercial kits for peptide mapping (Methods
4 and 5). The method utilities were evaluated by the
scores based on four performance metrics: (i)
sequence coverage, (ii) peptide redundancy, (iii)
zero-missed (undigested) cleavage ratio and (iv)
deamidation level on Asn55 in the IYPTN>>GYTR
peptide from the heavy chain (H-chain). The calcu-
lation methods of each parameter are described in
the Materials and Methods section. Higher
sequence coverage is important to enable compre-
hensive monitoring. Lower peptide redundancy and
a higher zero-missed cleavage ratio in the peptide
map are important to simplify the selection of
monitoring peptides because it is methodologically
not easy to monitor multiple peptides for a certain
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Table 1. The operating condition of the sample preparation methods compared in this study.

Method 1
(Proposed Reference
Parameter method) Method 2 Method 3 Method 4 Method 5 method
Denaturing
reagent GuHCI GuHCI SDC and SLS GuHCI Not applicable GuHdI
RCM DTT/MIA DTT/MIA DTT/MIA TCEP/IAA (After digestion) DTT/MIA DTT/MIA
(temp.) (room temp.) (65°C) (room temp.) (37°0) (57°Q) (room temp.)
Treatment after Desalting/ Desalting by Dilution Dilution Not applicable Desalting/
RCM buffer PD10 column buffer
exchange by and exchange
NAP5 lyophilization by NAP5
column column
Enzyme Trypsin:Lys-C Trypsin Trypsin:Lys-C (3:1) Trypsin:Lys-C* (1:1) Immobilized trypsin Trypsin
(3:1)
The amount of 0.4 0.01 0.4 4 unknown 0.04
enzyme per
unit weight of
protein
Digestion buffer  Tris-HCl (7.5)  Tris-HCI (8.5) ABC (8.5~) Ammonium acetate Unknown (7.0) Tris-HCI (7.5)
(pH) (5.5-7.0)
Digestion temp. 37°C 37°C 37°C 37°C 70°C 37°C
Digestion time 30 min 16 h 16 h 4h 45 min 30 min
Required time 1 3 2 1 1 1

(days)

a, Low pH resistant recombinant Lys-C. RCM, reduction/carboxymethylation or carbamidomethylation; GuHCI, guanidine hydrochloride; SDC, sodium
deoxycholate; SLS, sodium N-dodecanoylsarcosinate; DTT, dithiothreitol; MIA, sodium monoiodoacetate; temp., temperature; TCEP, tris(2-carbox-
yethyl)phosphine hydrochloride; IAA, iodoacetamide; Lys-C, lysyl endopeptidase; ABC, ammonium bicarbonate.

modification. The deamidation level of Asn55 in
the H-chain is also evaluated as a model of artificial
modifications during sample preparation because it
is well known that the Asn in the Asn-Gly sequence
is prone to deamidation [13,14] (Figure 2). Because
Asn55 is in the complementarity determining
region (CDR) of trastuzumab, where the deamida-
tion level needs to be controlled, this peptide can
also be a model that is measured by MAM during
the quality control of mAb products. The scores are
summarized in Table 2. The weights of scores were
set to 10:8:3:10 against (i):(ii):(iii):(iv) by consider-
ing the impact on the comprehensiveness, ease and
reliability of the relative quantification. The remark-
able points against the metrics of Methods 1-5 are
described below.

Sequence coverage (%)

The peptides were identified according to precur-
sor ion mass error tolerance (within +5 ppm) and
confidence score (>0.99) in the BioPharma
Finder™ 3.1 software. When the model trastuzu-
mab was treated by Method 1 using digestion
buffer at pH 7.5 or pH 8.5 for different digestion
times (30 min, 1 h, 2 h and 16 h), the sequence
coverage decreased over time (Table 2). The

highest sequence coverage was observed in the
digestion time of 30 min (H-chain, 96.9%; light
chain, 100%), which was digested by trypsin only
at pH 7.5. The reason why a shorter digestion time
was better in this result may be that short peptides,
which were generated by the complete digestion,
were  undetectable in  peptide  mapping.
Interestingly, the treatment by Method 3 indicated

Heavy chain

EVQLVESGGG LVQPGGSLRL SCAASGFNIK DTYIHWVRQA PGKGLEWVAR 50
IYPTNGYTRY ADSVKGREFTI SADTSKNTAY LOMNSLRAED TAVYYCSRWG 100
GDGFYAMDYW GQGTLVTVSS ASTKGPSVFP LAPSSKSTSG GTAALGCLVK 150
DYFPEPVTVS WNSGALTSGV HTFPAVLQSS GLYSLSSVVT VPSSSLGTQT 200
YICNVNHKPS NTKVDKKVEP KSCDKTHTCP PCPAPELLGG PSVFLEPPKP 250
KDTLMISRTP EVTCVVVDVS HEDPEVKENW YVDGVEVHNA KTKPREEQYN 300
STYRVVSVLT VLHQDWLNGK EYKCKVSNKA LPAPIEKTIS KAKGQPREPQ 350
VYTLPPSREE MTKNQVSLTC LVKGFYPSDI AVEWESNGQP ENNYKTTPPV 400
LDSDGSFFLY SKLTVDKSRW QQGNVFSCSV MHEALHNHYT QKSLSLSPGK 450

Light chain

DIQMTQSPSS LSASVGDRVT ITCRASQDVN TAVAWYQQOKP GKAPKLLIYS 50
ASFLYSGVPS RFSGSRSGTD FTLTISSLQP EDFATYYCQQ HYTTPPTEFGQ 100
GTKVEIKRTV AAPSVFIFPP SDEQLKSGTA SVVCLLNNFY PREAKVQWKV 150
DNALQSGNSQ ESVTEQDSKD STYSLSSTLT LSKADYEKHK VYACEVTHQG 200
LSSPVTKSFN RGEC

Figure 2. The amino acid sequences of the heavy and light
chains from trastuzumab. Bolds indicate Lys (K) and Arg (R). The
C-terminal side of Lys was cleaved by trypsin and Lys-C; the
C-terminal side of Arg was cleaved by trypsin. The amino acid
sequence was confirmed according to the WHO International
Nonproprietary Names (INNs) list. Trastuzumab emtansine,
WHO Drug Information, Vol. 25, No. 1, 2011, Recommended
INN: List 65, P89.
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that the sequence coverage increased over time,
which contrasts with that of the treatment by
Method 1, suggesting a slow digestion speed in
Method 3. The peptide maps by Methods 2, 4
and 5 showed satisfactory coverages. No differ-
ences in the sequence coverage was observed
between the enzymatic conditions of the trypsin
only and trypsin/Lys-C mixture digestions.

Peptide redundancy

The trends of peptide redundancy of Methods 1 and
3 were similar. Both peptide redundancies decreased
by increasing the digestion time. The redundancies
also decreased in the order of the enzymatic condi-
tions as follows: trypsin only>trypsin:Lys-C (1:1)
>trypsin:Lys-C (3:1), as shown in Figure 3(a). In
addition, using Method 1, the peptide redundancy
was lower when the digestion buffer was at pH 8.5
than when the digestion buffer was at pH 7.5.
Collectively, the conditions with the lowest peptide
redundancy in Method 1 were as follows: pH of
digestion buffer, 8.5; enzymatic conditions, trypsin:
Lys-C (3:1); and digestion time, 16 h. Method 2
(traditional method) showed a high peptide redun-
dancy (>2) even though there was enough digestion
time. This result may be caused by a lower amount of
enzyme. The peptide redundancy of Methods 4 and
5 were relatively higher than that of the other meth-
ods, suggesting insufficient digestion in Methods 4
and 5.

BIOENGINEERED (&) 991

Zero-missed cleavage ratio

The theoretical number of tryptic peptides from
trastuzumab is 53 (> 3 amino acids, > 350 Da,
and the Lys-Pro sequence is not cleaved by
trypsin or Lys-C). We calculated the percentage
of the detected zero-missed cleavage ratio
against the 53 peptides. As a result, the zero-
missed cleavage ratio values of Methods 1, 2, 4
and 5 were more than 70%. However, the zero-
missed cleavage ratio value of Method 3 with
a short digestion time (30 min - 1 h) were in
the range of 50-70%, suggesting a slow digestion
speed of Method 3.

Deamidation

These metrics showed remarkable differences
among the 5 methods (Figure 3(b)).
Deamidation occurs during the production
process of mAbs as well as the sample pre-
paration step for MAM. Therefore, to evalu-
ate the true value of the deamidation level of
the sample, it is important to avoid deamida-
tion during sample preparation. In our study,
the highest deamidation value of 86.06%,
which may also include artificial deamidation,
was observed by Method 3. In Method 1,
using digestion buffer pH 7.5, the deamida-
tion level increased from 0.5-0.6% to 22.4--
26.6% with increasing digestion time. The
same trend was observed using the digestion

]| @
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Enzyme Trypsinonly  Trypsin:Lys-C Trypsin:Lys-C  Trypsin only Trypsln Lys-C TrypsiniLys-C Trypsi
11 31

only Topsinys sC TrypsiniLys-C Tryp nnnnn ly
1 1
Trypsin only Trpsinys.C

Buffer Tris-HCI, pH7.5

Tris-HCI, pH8.5

Ammonium bicarbonate, pH8.5~

Tris-HCI, pH8.5 Ammonium acetate

Method 1

2 3 a5

Figure 3. Comparison of performance metrics between the five sample preparation methods.

(a) peptide redundancy, (b) deamidation level.
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buffer at pH 8.5. By comparing the digestion
buffer at pH 7.5 and pH 8.5, the deamidation
levels when using the buffer at pH 8.5 were 5
times higher than those at pH 7.5. On the
other hand, there were no differences among
the three digestion conditions (trypsin only,
trypsin:Lys-C (1:1), trypsin:Lys-C (3:1)). The
values of Methods 2 and 3 were higher than
those of Method 1 for the same digestion
time. Method 4, which was characterized by
a digestion at a low pH level, showed the
lowest deamidation levels (0.3%) among the
five methods. Method 5 also had a relatively
low deamidation level. Considering these
results, the most important factors for the
suppression of deamidation were digestion
time and pH of the digestion buffer.

Method evaluation based on scores

Total scores of all data were calculated
according to the preset score for each metric
(Table 2). The highest score was 53 for
Method 1 using the digestion buffer at pH
7.5, enzymatic condition of trypsin:Lys-C
(3:1), and digestion time of 30 min.
Therefore, Method 1 was determined to be
suitable as the sample preparation method
(proposed method) for MAM analysis. The
details of the proposed method are summar-
ized in Table 3.

Evaluation of usefulness in MAM analysis

Extraction of monitoring peptides

To evaluate the wusefulness of the proposed
method, the tryptic digest from trastuzumab was
analyzed by data-dependent LC/MS/MS for pep-
tide characterization. Figure 4 shows the base peak
chromatogram from the full mass scan in the data-
dependent scan. The main peaks were detected in
the range from 2 min to 30 min. The peptides were
identified according to precursor ion mass error
tolerance (within +5 ppm), confidence score
(>0.95) and peak area (>1000) of BioPharma
Finder™ 3.1 software. We selected only the more
intense unmodified peptides out of the redundant
unmodified peptides to simplify the peptide map.
As a result, 39 unmodified peptides were extracted.
The sequence coverages of the H-chain and light

chain (L-chain) were 92.7% and 93.0%, respec-
tively (Figure 5 and Table S1). Here, some mod-
ified peptides that have the same amino acid
sequence as unmodified peptides were also found
in the characterization process. In the modified
peptides, we finally selected the glycosylated pep-
tides, deamidated or oxidated peptides, N-terminal
pyroglutaminated peptide and C-terminal peptide
with residual Lys as model MAM monitoring pep-
tides (Table 4). The modification sites were located
at 3 amino acids in the variable domain of the
H-chain (VH domain), 2 amino acids in one of
the constant domains of the H-chain (ChH2
domain) and 2 amino acids in the Cu3 domain,
and 2 amino acids in the variable domain of the
L-chain (VL domain) (Figure 6).

Analytical performance evaluation

Considering sensitivity and repeatability, the ana-
lytical performance evaluation was designed as
follows: mass accuracy (+5 ppm), intra-assay CV
(%) (repeatability) of the peak area (<15%) and
intra-assay CV (%) of the retention time (<5%)
against the most intense ion for each monitoring
modified peptide. In this study, MAM analyses of
tryptic digests from a single trastuzumab lot were
carried out in triplicate per day and repeated for
3 days (Figure S1). Therefore, the analytical per-
formance evaluation was carried out using the
mass spectrometric data obtained by these MAM
analyses. As a result, the mass accuracy of the 9
peptides was in the range from —2.48 ppm to 2.11
ppm (Table S2). The worst CV (%) of the peak
area ratio and retention time were 14.78% for TH-
22 and 0.29% for TH-19 (Table S3). These results
demonstrated the acceptable sensitivity and
repeatability of our method.

Evaluation of MAM analysis using our sample
preparation method

The average relative peak area percentages of 17
glycopeptides from all experiments are shown in
Figure 7. The average relative peak area of glyco-
peptides having three major glycans, A2GOF,
A2G1F and A2G2F, was 39.46% (CV, 0.26%),
32.87% (CV, 0.41%) and 5.01% (CV, 1.12%),
respectively, which agrees with a previous report
[15]. Minor components, such as M6 and
A1GIMS5 (hybrid-type glycan), were also detected



BIOENGINEERED (&) 993

Table 3. The detail multi-attribute method procedure for Method 1.

Denaturation Reduction/Carboxymethylation

Tryptic digestion Peptide purification

mAb sample (5 pg)®
L <GuHCI® (150 pL)
Denatured sample (150 pL)

Denatured sample solution
| <Reducing agent® (3 uL)
| «<Incubation at room
temperature for 30 min
1 <Alkylation agent® (7 pL)
| «<Incubation at room
temperature for 15 min (in dark)
| <Reducing agent® (4 uL)
Reduced and
carbamidomethylated protein
(RCM) sample solution (164 pL)

RCM sample solution
| <Buffer exchanged with
NAP5
| «Eluted with digestion
buffer (600 pL)
| «Digesting solution®

Tryptic digestion (620 pL)

Tryptic digest
+ <Washed with 90% ACN 0.1% FA
(200 pL, 50% ACN 0.1% FA (200 pL) and
0.1% FA (200 pL)x3
I «Sample applied to Oasis HLB pElution
plate

(10 + 10 pL) |« Washed with 0.1% FA (200 pL)
| <Incubation at 37°C for | «Eluted with 0.1% FA 50% ACN (100 pL)
30 min Dried using Speed Vac.

Dissolved in 0.1% FA (50 pL)
LC/MS sample (50 pL)

a, mAb sample was diluted to 5 mg/mL using PBS and dried using Speed Vac.

b, 7.5 M guanidine/HCl, 0.25 M Tris-HCl (pH7.5).
¢, 500 mM dithiothreitol.
d, 500 mM monoiodoacetate.

e, 0.1 mg/ml trypsin solution and 0.1 mg/ml trypsin and Lys-C mixture solution.

THA12
THA1
TTHe |
TH2 |
Ll TH23
Tt T L
TTH3 T t o [TH8

s | TTHA
| =1 TH25 | TL6
TH21 TTH4 ! i = 2T THAS5
LT
L9 TTH-10
L TTLA 4 d

[ Thar ML

Relative Abundance

TTLS
/ TH-24

TTH6
TLA0

o R R R Y

L o2 o 2z
Time (min

Figure 4. The base peak chromatogram of tryptic digests from
trastuzumab prepared by our proposed sample preparation
method. TH and TL were the peptides from the constant region
of trastuzumab. TTH and TTL were the peptides containing the
CDR region of trastuzumab.

successfully. Surprisingly, the inter-assay CV (%)
of all monitored glycopeptides was <7%. This
result implied that our method was applicable for
monitoring even a small amount of modified pep-
tides including glycopeptides. The relative peak
area percentages of all modified peptides are sum-
marized in Table 5. The average values from the
inter-assays of N-terminal pyroglutamation and
C-terminal truncation for the H-chain were
1.83% (CV, 2.20%) and 98.72% (CV, 0.03%),
respectively. The degree of deamidation at Asn55
in the H-chain was only 0.94% (CV, 5.85%). On
the other hand, the deamidation level at Asn30 in

Hechain (92.7%)

Lechain (93.0%)

Too% [
T

Figure 5. Coverage map of the peptide map obtained by the
characterization stage of MAM analysis. Sequence coverage of
the H-chain was calculated using the sequence without the
C-terminal Lys. The colored gradation indicates the relative
intensity against the intensity of the most intense peptide in
the peptide map. TH and TL were peptides containing
a constant region of trastuzumab. TTH and TTL are peptides
containing the CDR region of trastuzumab.

the L-chain was higher than the deamidation level
at Asn55 in the H-chain (inter-assay average,
12.68%; CV, 0.93%), suggesting a difference in
the initial deamidation level at each site. The inter-
assay averages of oxidations at Met83, Met255 and
Met361 in the H-chain and Met4 in the L-chain
were 3.01% (CV, 25.33%), 7.13% (CV, 16.29%),
4.23% (CV, 20.88%) and 4.37% (CV, 33.36%),
respectively. Importantly, the inter-assay CV
(intermediate precision) (%) values of oxidated
peptides were slightly higher than those of other
peptides (Figure 8). The levels of oxidation in the
results from the 5 methods in Table 1 were also
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PyroGlu E1
Deamidation N55 ——

Oxidation M4

R Deamidation N30
Oxidation M83 VH VL

Oxidation M255
Glycosylation N300

Oxidation M361

Lysine K450 (evaluated by residual Lys at G449)

Figure 6. The modification sites of the modified peptides used
as model monitoring peptides.

evaluated; however, remarkable differences were
not observed. Given that a single lot of trastuzu-
mab was used in this study, artificial oxidation
may have occurred during the desalting of tryptic
digests or during sample vial storage. To address
the cause, the long-term stability of the peptides in
an acidic solution related to chemical modifica-
tions was evaluated by analyzing two degraded
samples. The first sample was stored in 0.1% FA
solution at 37°C for 10 days and then additionally
stored at 8°C for 30 days in the dark. The second
sample was stored in 0.1% FA solution at 8°C for
40 days in the dark. As shown in Table S4, the
oxidated peptides were increased in both samples.
It was indicated that the instability in an acidic
solution such as the LC/MS sample solution con-
taining FA may be related to the higher CV (%)
values of oxidated peptides. Additionally, the
N-terminal pyroglutamated peptide was increased
in degraded sample-1, indicating that heat stress
influenced the formation of pyroglutamine. These
results implied the importance of possible rapid
analysis and storage of digested peptides at a low
temperature.

Discussion

In this study, sequence coverage, peptide redun-
dancy, zero-missed cleavage ratio and deamidation
level on Asn55 of the H-chain were used as indi-
cators to evaluate the appropriateness of the sam-
ple preparation methods. When comparing the

=Day-11 =Day-12 =Day-13
Day2 1 =Day-22 =Day23
mDay31 ®Day32 mDay-3.3

Relative peak area (%)
b

%008 o 8 .
Ty YTy

¥ S

Glycan

Figure 7. The results of the relative quantification of glycopeptides.
The relative peak area (%) was calculated as the ratio of each
glycopeptide against the total peak area, including unglycosylated
peptide and all glycosylated peptides. Green circle, mannose; blue
square, N-acetylglucosamine; yellow circle, galactose; red triangle,
fucose; purple diamond, N-acetylneuraminic acid.

digestion buffers with pH 7.5 and pH 8.5, the use
of the digestion buffer with pH 7.5 was effective in
reducing the deamidation level, while there was
a tendency toward a higher peptide redundancy.
To reduce the redundancy, in other words,
improving the digestion efficacy, digestion by
a combination of trypsin and Lys-C was critical.
More practically, the peptide redundancy when
using trypsin/Lys-C (3:1) was half the peptide
redundancy than that when using trypsin only.
What is more notable was that high sequence
coverage was successfully achieved by short diges-
tion times of only 30 min. This result is consistent
with the findings of a previous report [12]. In
usual peptide mapping, the reaction mixture after
reduction and carboxymethylation (RCM) is often
diluted to maintain enzymatic activities in the
digestion process; however, some RCM buffer
reagents could delay the digestion by inhibiting
enzyme activities. We thought that desalting after
RCM may be an essential procedure for short-term
digestion. It is known that one of the most suscep-
tible artificial modifications during peptide map-
ping is deamidation [14]. In the peptide mapping
of trastuzumab, the most susceptible deamidation
site was at Asn55 in the H-chain. Surprisingly, the
deamidation level was less than 1.0% by using
Method 1 (proposed method) with the digestion
buffer at pH 7.5. It was demonstrated that the
proposed method enables MAM analysis without
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Figure 8. The relationship between the total relative peak area
and inter-assay CV (%) of the modified peptides.

being affected by artificial deamidation.
Interestingly, Method 4 showed the lowest deami-
dation level, only 0.3%. However, this method also
showed the worst peptide redundancy score, sug-
gesting there are many missed cleavage peptides.
Therefore, it should be noted that the selection of
monitoring peptides in the MAM analysis using
Method 4 could become complicated. The com-
pletely cleaved glycopeptide (EEQYNSTYR) was
detected easily in peptide mapping using
Method 3.

In this study, we demonstrated that MAM ana-
lysis of the 25 modified peptides from trastuzumab
was possible. Importantly, we noticed that the
inter-assay CV (%) values of the peptides with an
oxidated Met were clearly higher than those of
other peptides, but the intra-assay CV (%) values
were acceptable. A long-term stability test revealed
that the higher CV (%) values of oxidated peptides
might be caused by the instability in acidic solu-
tion. Considering that acidic solutions containing
FA or trifluoroacetic acid (TFA) are used as gen-
eral MS sample solutions, it might be difficult to
improve the CV (%) value of oxidated peptides,
while it could be important to evaluate the useful-
ness of antioxidants. Therefore, this result indi-
cated that variations in the relative peak area
could be influenced by the modification type,
rather than by the amount of each peptide.
Optionally, the assessment of stressed samples pre-
pared under several conditions such as heat and
pH variations may be useful for identifying sus-
ceptible chemical modification sites and selecting
peptides to be considered as monitoring peptides.

As an analytical performance evaluation of the
MAM analysis, we selected 3 performance metrics:
mass accuracy, CV (%) of peak area and CV (%) of
retention time. The performance metrics and their
criteria for system check should be selected for the
purpose of MAM monitoring each modified peptide.
Our analytical performance evaluation method may
also be able to be used for assessments of system
suitability and sample suitability for the implementa-
tion of MAM analyses during quality control.

mAbs undergo several modifications during man-
ufacturing or storage. Previous studies have reported
that certain components of Fc-glycans are involved in
structural fluctuations and immune effector functions,
such as antibody-dependent cell-mediated cytotoxi-
city and complement-dependent cytotoxicity [16-
18]. Therefore, it could be important to monitor gly-
copeptides to ensure the safety and efficacy of mAb
products. Other modifications are also related to mAb
efficacy. For example, deamidation in CDR causes
a significant reduction in the antigen binding affinity
[19]. Oxidation of Met and Trp also result in reduced
binding affinity to antigens and Fc receptors [20-22].
In addition, chemical modifications can potentially
increase in immunogenicity [23]. These reports indi-
cate the importance of site-specific modification mon-
itoring. We demonstrated that the monitoring of
multiple deamidated or oxidized peptides is easily,
reliably and simultaneously achieved by using the
proposed method. Isomerization and glycation also
impact biological functions [24-26]; therefore, these
modifications can also become monitoring candi-
dates. However, it is difficult to identify them. For
example, particular MS/MS measurements such as
electron transfer dissociation (ETD)-MS/MS analysis
are needed for the structural determination of isoas-
partic acid (isoAsp) in peptides because ETD-MS/MS
generates the diagnostic fragment ion of isoAsp
[27,28]. The glycation site is mainly Lys, and glycation
can inhibit digestion using trypsin [26]. We think that
the reliable and robust monitoring of peptides with
both modifications is a future task.

MAM can be used during multiple stages of devel-
oping mAb products, e.g., process characterization
during the establishment of the manufacturing pro-
cess, in-process control for the commercial produc-
tion process or specifications. Recently, more
extensive analyses of quality attributes are required
because the development of mAbs using the Quality



by Design approach and/or production using novel
technology such as continuous manufacturing, which
needs more precise control during the manufacturing
process, are increasing. Thus, an MAM that enables
the efficient simultaneous analysis of multiple quality
attributes will be useful as a platform analytical tech-
nology for these products. However, rapid sample
preparation of mAb during manufacturing process is
difficult; therefore, establishing a process analytical
technology (PAT) [29] by combining appropriate
sampling method and MAM approach requires
further investigation.

Conclusions

We established an optimized sample preparation
method for MAM analysis. We found that digestion
with low pH buffer and desalting processes after RCM
were critical to reduce artificial deamidation and obtain
a peptide map with high sequence coverage. In addi-
tion, the use of a trypsin/Lys-C mixture was effective in
improving the generation of missed cleavage peptides.
By our optimized sample preparation method, the
simultaneous monitoring of several modified peptides
was successfully achieved with acceptable mass accuracy
and inter-assay CV (%) of relative peak area. In this
study, we demonstrated that our method was applicable
as an easy and reliable sample preparation method for
MAM analysis, and variation in the relative peak area
could be influenced by the modification type rather
than by the amount of each peptide.

Highlights

® An easy and reliable sample preparation
method for MAM analysis was optimized.

e A low pH buffer and short digestion time
reduced artificial deamidation.

® The desalting process was essential for short
time digestion.

e Variation in the relative peak area was influ-
enced by the modification type.
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