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In recent decades, proteinic drugs, in particular monoclonal antibodies, are taking the leading role of small
molecule drugs, and peptide mapping relying on liquid chromatography-tandem mass spectrometry (LC-
MS/MS) is an emerging approach to substitute the role of a ligand-binding assay for the quality control of the
proteinic drugs. However, such LC-MS/MS approaches extensively suffer from time-intensive
measurements, leading to a limited throughput. To achieve accelerated measurements, here, the
potential of DI-MS/MSA- towards tryptic peptide mapping was evaluated through comparing with well-
defined LC-MS/MS means, and human serum albumin (HSA) was employed as the representative protein
for applicability illustration. Among the 55 tryptic peptides theoretically suggested by Skyline software, 47
were successfully captured by DI-MS/MS” through acquiring the desired MS? spectra, in comparison to
51 detected by LC-MS/MS. DI-MS/MSAt measurements merely took 5 min, which was dramatically
superior to the LC-MS/MS assay. Noteworthily, different from fruitful multi-charged MS? signals for LC-

Received 29th November 2021 MS/MS, most quasi-molecular ions received lower charged states. DI-MS/MS* also possessed
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advantages such as lower solvent consumption and facile instrumentation; however, more sample was
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1. Introduction

In recent decades, proteinic drugs, such as monoclonal anti-
bodies (mAbs), immunoglobulin, interferon, insulin, etc.,
account for an increasing proportion in the drug market.'**
Although many analytical tools can fully address the quality
control requirements of small molecular drugs, it is still
a challenging task to assess the quality of so-called macromol-
ecules.>® Previously, molecular weight measurements and
ligand-binding assays (LBA) served as determinant roles for the
quality control of protonic drugs.” Recently, owing to the rapid
development of mass spectrometric technologies, particularly
Qtof-MS and Orbitrap-MS, the quality control level of protonic
drugs has been significantly improved. As a widely popular
technique, MALDI-TOF-MS is able to measure the exact
molecular weight of a given protein without proteolysis;*®
however, this technique fails to provide the desired amino acid
sequence information. After proteolysis, such as tryptic diges-
tion, the entire sequence is segmented into a set of peptides.
When employing collision-induced dissociation (CID), their
mass fragmentation pathways, similar to those small
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consumed. In conclusion, DI-MS/M
towards the peptide mapping of proteinic drugs, particularly when a heavy measurement workload.

SAL is eligible to act as an alternative analytical tool for LC-MS/MS

molecules, enable amino acid sequencing of each peptide,
resulting in a promising strategy namely peptide mapping for
in-depth quality control of proteinic drugs.'®™ Technically,
peptide mapping can be regarded as a bottom-up proteomic
approach.>">"

Liquid chromatography coupled with tandem mass spec-
trometry (LC-MS/MS) is always a fit-for-purpose analytical tool
in response to a peptide mapping strategy.'*® LC is responsible
for chromatographing the proteolytic peptide pool into pure
fractions and subsequently transmitting to MS/MS for the
acquisition of both MS' and MS® spectra for each peptide.
Afterwards, those quasi-molecular ions, e.g., [M + 2H]*" and [M
+3H]*", together with the featured fragment ion species, such as
a’,b',c',x",y", and z*, resulting from the dissociations around
the amido bond,"”*® facilitate the configuration of each peptide,
usually through searching relevant databases. Actually, the
core-concept of peptide mapping is the construction of a well-
aligned MS'-MS’-amino acid sequence dataset. Because of
the unique ability to segment complicated ion populations into
sequential ion fractions with relative narrow m/z windows prior
to the entrance into the collision cell, the gas phase ion frac-
tionation (GPF) theory has been demonstrated as a versatile
approach to convert the selectivity advantage of MS to the so-
called mass spectrometric separation ability,">" leading to
a possibility for the removal of the LC domain when analyzing
complicated matrices. In theory, narrower GPF windows theo-
retically facilitate greater mass spectrometric separation
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potential, even resulting in homogeneous ion clusters, however,
a dramatic increment of MS> spectral acquisition time.
Although being able to decrease the measurement time, a wider
GPF bin significantly compromises the spectral recording
capacity, and even worse, generates a great technical challenge
to correlate fragment ion species with their precursor ions. The
SWATH program,*>* usually bearing a GPF window as 25 Da is
actually generated by balancing the MS”> spectral scan rate with
peak width. If it is allowed by the great peak width, the GPF
window can be defined as narrow as 1 Da and the exact program
is available as the MS/MS*™" technique,?*” leading to the MS>
spectral acquisition potential for each nominal mass. Direct
infusion (DI), fortunately, offers a great apparent peak width
which is equal to the infusion time, to each analyte, thus
allowing in theory, the acquisition of the MS* spectrum for each
1 Da mass window. Consequently, DI-MS/MS*"" should be
a viable choice to build the MS'-MS*-amino acid sequence
dataset within only a couple of minutes, which is attributed to
the removal of the LC domain.

Previous studies have steadily proved that DI-MS/MS*'" is an
eligible analytical tool for the comprehensive characterization
of small molecules in complicated matrices, such as herbal
medicines.”®*° In the current study, we attempted to assess the
potential of DI-MS/MS*"* towards the universal acquisition of
MS' and MS? spectra for each peptide in the tryptic digestion
solution through comparing with the conventional LC-MS/MS
approach. As a proof-of-concept, the MS'-MS*-amino acid
sequence dataset construction was conducted for HSA, the
entire sequence of which is available in relevant databases, e.g.,
PDB  (http://www.wwpdb.org/) and  UniProt (https://
www.uniprot.org/). The obtained findings are envisioned to
demonstrate DI-MS/MS*'" as an alternative choice for LC-MS/
MS towards peptide mapping, in particular when there is
a tremendous quality assessment workload for those protonic
drugs.

2. Materials and methods
2.1 Chemicals and reagents

HSA (molecular weight: 66.5 kDa) was purchased from Yuanye
Biotech Co. Ltd (Shanghai, China). Tri-(B-chloroethyl)-
phosphate (TCEP) and iodoacetamide (IAA) were commercially
obtained from Sigma-Aldrich (St. Louis, MO). Trypsin was ob-
tained from Promega (Fitchburg, WI). Ultrafiltration units with
a 10 kDa molecular weight cut-off (MWCO) were supplied by
Sartorius (Goettingen, Germany). Ultra-pure water was prepared
in-house on a Milli-Q Integral water purification system (Milli-
pore, Bedford, MA). All other chemicals and reagents were of the
highest grade available and purchased from Beijing Chemical
Works (Beijing, China).

2.2 Sample preparation

The HSA tryptic peptide pool preparation was adapted from the
well-defined Filter Aided Sample Prep (FASP) protocols with
minor modifications.* In brief, HSA was denatured at 95 °C for
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5 min and subsequently reduced through incubation with
10 mmol L™ TCEP at 67 °C for 10 min. The incubate was then
transferred into the ultrafiltration unit and centrifuged at
10 000 rpm for 30 min. A 100 uL aliquot of 100 mmol L' IAA
was utilized for thiol group carbamidomethylation via lucifugal
incubation for 30 min at room temperature (23 + 1 °C).
Following centrifugation at 10 000 rpm for 30 min, the residues
were successively washed with 100 uL of 8 mol L™ " aqueous urea
and 200 pL of 50 mmol L™ NH,HCO;, for twice. The residues in
the ultrafiltration unit then underwent tryptic digestion
(trypsin/protein: 1/50) for 16 h at 37 °C. Afterwards, the ultra-
filtration unit containing tryptic peptides was inserted into
another clear tube to receive centrifugation at 10 000 rpm for
30 min, and the resultant filtrates were subjected for DI-MS/
MS*™ as well as LC-MS/MS analysis.

2.3 DI-MS/MS*' measurements

The peptide mixture was directly infused into the ESI interface
of a SCIEX TripleTOF 6600 mass spectrometer (FOSTER City,
CA) by applying the Flow Injection Analysis (FIA) program.> A
SIL-20ACxr auto-sampler (Shimadzu, Kyoto, Japan) was
responsible for delivering 50 pL sample at a rate of 10 uL min ™.
The MS/MS*"" program was deployed for spectral acquisition.
At the first 10 seconds, all ions amongst m/z 100-2000 formed in
the ion source domain were recorded to generate the MS'
spectrum. Afterwards, the ion population was fragmented into
consecutive ion fractions with a 1 Da width by applying the GPF
algorithm to the first quadrupole cell (Q1). Each ion cluster
subsequently entered the collision cell to receive collision-
induced dissociation, and all fragment ion species were trans-
mitted into the TOF chamber to yield high-resolution MS>
spectra. Primary settings for the MS/MS spectral acquisition
were defined as follows: ionization polarity, positive; curtain
gas, 25 MPa; GS1, 25 MPa; GS2, 15 MPa; spray voltage, 5500 V;
temperature, 400 °C; scan range of either MS' or MSZ, m/z 100-
2000; accumulation time of survey scan, 10 s; collision energy
(CE), 35 eV; collision energy spread (CES), 15 eV; and accumu-
lation time of each MS” spectral recording, 100 ms. Data pro-
cessing, mainly correlating the MS? spectrum to each signal in
the MS' spectrum, was conducted with SCIEX MasterView
software.

2.4 LC-MS/MS measurements

LC-MS/MS measurements were undertaken on LC (LC-20AD
modular equipment, Shimadzu) coupled with the SCIEX Tri-
pleTOF 6600" mass spectrometer, and the chromatographic
separation was carried out on a Waters Acquity UPLC HSS T3
column (2.1 x 100 mm, 1.8 pm, Milford, CT). The mobile phase
composed of 0.1% aqueous formic acid (A) and ACN containing
0.1% formic acid (B) was delivered by following the gradient
program as follows: 0-3 min, 10% B - 15% B; 3-13 min, 15% B -
20% B; 13-19 min, 20% B - 30% B; 19-23 min, 30% B - 95% B;
23-25 min, 95% B; 25-25.1 min, 95% B - 10% B; 25.1-30 min,
10% B; and flow rate, 0.2 mL min~'. The column was main-
tained at 40 °C and the injection volume was set as 2.0 pL.
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Except the employment of data-dependent acquisition (DDA) to
automatically trigger MS> spectral acquisition for top-3 MS"
spectral signals, the other settings were exactly identical with
those of the DI-MS/MS*"" program.

2.5 Software-assisted peptide annotation

The canonical sequence of HSA (ID: P02768) was obtained from
UniProt. The FASTA file containing the information, such as
protein ID and sequence, was imported into Skyline software®*
to generate the tryptic peptide list as well as the quasi-molecular
ions and theoretical computational fragment ion species of
each peptide. Peptide settings were defined as below: enzyme,
trypsin [KR|P]; missed cleavage, 0; sequence length, 4-40 amino
acids; and fixed modification, carbamidomethyl (C). Regarding
the ion transition settings, the charge-states of the precursor
ions were defined as 1-6, and all a, x*, b*, ", ¢" and z" were
involved as the fragment ion types.

When matching the acquired MS/MS spectral data from
either DI-MS/MS*"" or LC-MS/MS with the accurate m/z infor-
mation suggested by Skyline software, a mass tolerance of
+10 ppm was allowed to assign the fragment ion species.
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3. Results and discussion
3.1 Peptide characterization with DI-MS/MS*™"

The entire MS/MS*"" measurement actually contained the MS"
full scan experiment. To ensure the MS' spectrum quality, the
initial ten seconds were scheduled for the MS' spectral
recording. As shown in MS' spectrum (Fig. 1A), the primary
signals occurred at m/z 467.2622, 480.7839, 507.3021, 569.7515,
673.3769, 772.4380, 789.4710 and 1013.5991. Attention was paid
afterwards to clarify the charge-state of each MS' spectral
signal, which was of great importance for the molecular formula
calculation and the subsequent amino acid sequencing.
Because of the significant natural abundance (approximately
1.1%) and the determinant role for peptides, the *C-isotopic
signal was employed to indicate the charge-state. If the
distance between the concerned signal and its *C-isotopic
signal was 1.000 Da + 5 mbDa, the ion should be singly
charged. Moreover, the 0.500 Da + 5 mDa difference corre-
sponded to doubly charged and so forth. Taking m/z 1013.5991
for instance, the isotopic signal was observed at m/z 1014.6024,
demonstrating that it should be a singly charged ion, and the
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Fig.1 MS!fingerprint (A) and the scattering plot of fragment ion species for all gas phase ion fractions (B) acquired by the DI-MS/MS”" program
for the tryptic peptide pool of HSA. Note: orange, red, blue and green characters in A correspond to singly, doubly, triply and quadruply charged

quasi-molecular ions, respectively.
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Fig. 2 The representative MS? spectrum for the ion fraction of m/z 467-468, corresponding to MS! spectral signals at m/z 467.2622, and the

assignment of primary fragment ions to the feature fragments of y;*

molecular formula was thereby calculated as C45HgpO14N15.
Meanwhile, because of the occurrence of the isotopic signal at
m/z 481.2850, m/z 480.7839 was defined as the doubly charged
ion, and hence, the elemental composition was generated as
C44H730,1Ny3. Overall, regarding those primary signals, 36 were
singly charged ions and 37 were doubly charged ions, whilst
triply charged ions, even higher charged states, rarely occurred
in the MS' spectrum. Thereafter, we found that several MS"
spectral signals corresponded to a single peptide, and for
instance, m/z 1000.6041 and 500.8039 were the singly and
doubly charged molecular ions, respectively, of the peptide
bearing a molecular formula as C;5Hg,014N;;. Following careful
data processing, those obvious MS' spectral signals are
assigned as Table 1.

Attention was turned to the MS” spectral profile acquired by
the DI-MS/MS*"" program. All fragment ion species are
summarized as a scattering plot as Fig. 1B and actually, the plot
should be a three-dimensional plot. As shown in Fig. 1B, most
fragment ions are distributed under the line of y = x, whilst
those dots above the line are resulted from the generation of
singly charged fragment ions from multiply charged precursor
ions. The MS? spectrum of each primary MS" signal could be
extracted by the line of x = b where b was the m/z value of the
MS' signal-of-choice. After applying this rule, the correlation of
the fragment ion species to the precursor ions was achieved,
and peptide annotation was subsequently conducted by

9878 | RSC Adv, 2022, 12, 9868-9882
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. Y5+, )/4+, Z4+, y3+, bgJr and y1+.

inquiring each MS'-MS? item to Skyline software. Taking m/z
467.2622 for instance, all the fragment ion species are distrib-
uted on the line of x = 467.2622, and the extracted MS” spec-
trum is shown in Fig. 2. Those primary MS” spectral signals
together with the precursor ion were inquired to Skyline soft-
ware to assign each signal-of-interest. The peptide was
outputted as LC*TVATLR. Following the well-defined ion
nomenclature rule,* m/z were assigned as y,', V6", Vs ', Va5 Z4 5
ys", b,", and y,", accordingly (Fig. 2). Obviously, y-type ions
usually received greater responses (Fig. 2), whereas any x-type
ions were absent in the MS? spectrum.

A total of 47 peptides were characterized through matching
the aligned MS'-MS® items (Table 1) with the information
calculated by Skyline software. Actually, Skyline software sug-
gested that 55 peptides (Fig. S1, ESIT) could be given by the tryptic
digestion of HSA, whilst the information of the other eight
theoretical peptides, such as ALVLIAFAQYLQQC*PFEDHV, HPY-
FYAPELLFFAK, LSQR, VHTEC*C*HGDLLEC*ADDR, SHC*IAE-
VENDEMPADLPSLAADFVESK, EFNAETFTFHADIC*TLSEK,
ETC*FAEEGK and ADDK, failed to exist in the DI-MS/MS*™" data
profile.

3.2 Comparison between DI-MS/MS*'" and LC-MS/MS

The tryptic peptide pool of HSA was also subjected to peptide
mapping by LC-MS/MS. MS' spectra were acquired by fully

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (A) MS! fingerprint comparison between DI-MS/MS*'* (upper) and LC-MS/MS (lower); and (B) comparison of charge-state features for MS*
spectral signals between DI-MS/MS* (blue column) and LC-MS/MS (red column). Note: orange, red, blue and green characters in A correspond
to singly, doubly, triply and quadruply charged quasi-molecular ions, respectively.

scanning the ions generated in the ion source, and MS” spectral
recording was automatically triggered by MS' experiment via
DDA manner. Because of the optimized chromatographic
program, e.g., column, mobile phase and elution procedure,

© 2022 The Author(s). Published by the Royal Society of Chemistry

those tryptic peptides received satisfactory chromatographic
behaviors in terms of retention time and resolution (Fig. S2,
ESI{). Hence, it was quite convenient to build the MS'-MS?
dataset. After the inquiry of each MS'-MS? item to Skyline
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software, a total of 51 tryptic peptides were captured, 4 addi-
tional ones (i.e., HPYFYAPELLFFAK, LSQR, VHTEC*C*HGDL-
LEC*ADDR and ETC*FAEEGK) in comparison to the DI-MS/
MS*"" measurements.

MS" spectral comparison between the two measurement
pipelines is illustrated in Fig. 3A. It was worthy to mention that
the downer MS' spectrum corresponded to the average spec-
trum amongst the entire measurement time (0-25 min). Except
for possessing most signals of DI-MS/MS*"", more signals were
generated by LC-MS/MS. Overall, signals with greater m/z values
gained greater responses from DI-MS/MS*™" whereas those low
mj/z signals, in particular m/z 130.0651, 149.0233, 205.0857, and
217.1071, were quite abundant in the MS' spectrum in the
presence of LC. When concern was paid to the charge-state
profile, we found that the quasi-molecular ion bearing high
charged levels obtained significant responses from LC-MS/MS
rather than DI-MS/MS*'". Regarding the downer MS® spec-
trum, 21 and 5 signals were assigned as triply and quadruply
charged quasi-molecular ions, respectively (Fig. 3B), whereas
only three triply ions and no quadruply charged ions were
captured by the DI-MS/MS*"* program (Fig. 3B). For those singly
and doubly charged quasi-molecular ions, comparable perfor-
mances occurred between DI-MS/MS*™" (36 singly charged ions
and 37 doubly charged ions) and LC-MS/MS (43 singly charged
ions and 46 doubly charged ions). The different charge-state
features between these measurement approaches could be

View Article Online

Paper

attributed to the greater ionization competition for DI-MS/
MS*"" because all peptides as well as some substrates arrived at
the ion source at the same time.**** On the other hand, those
signals distributed within the low m/z region, such as m/z
130.0651, 149.0233, 205.0857 and 217.1071, were assigned as
the fragment ion species resulting from the extensive in-source
dissociation when undergoing LC-MS/MS measurement.

In comparison of the significant difference occurring for the
MS' spectrum, a greater similarity was observed for the MS>
spectral pattern. Taking LC*TVATLR for instance (Fig. S3, ESIt),
most fragment ion species, e.g., m/z 820.4347, 660.4043,
559.3561, 460.2875, 389.2515, 274.1227 and 175.1190 detected
by DI-MS/MS*'" were also captured by LC-MS/MS. Because
those MS> spectral signals played the determinant role for
amino acid sequencing, DI-MS/MS*"" therefore showed
comparable ability with the well-recommended LC-MS/MS
means for peptide annotation. Combining the performances
on both the MS"' and MS” spectrum acquisition, overall, these
two methods were comparable in peptide coverage and
sequence annotation.

Owing to the robust chromatographic separation ability, LC
was able to transmit even pure analytes into the ion source of
the mass spectrometer, and a given MS? spectrum usually cor-
responded exactly to the single precursor ion. Moreover, DDA
manner would further facilitate correlating MS> spectra to their
precursor ions. Consequently, LC-MS/MS in combination with

Measurement Time (min)

30,

-
=
S 20|
a5 e
S
~

2

s

&£

I

]

Q

Fig. 4 Radar map for the comparison of primary characteristics, such as measurement time, solvent costing, peptide coverage, sampling
amount and data processing workload, between DI-MS/MS” (blue line) and LC-MS/MS (red line).
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the DDA algorithm served as the most favored pipeline for
peptide mapping. In the case of DI-MS/MS*"", the separation
potential towards the ion population generated from all analy-
tes was totally resulted from the gas phase ion fractionation
algorithm, and the ion current consisting of ions with identical
nominal mass entered, fortunately, the collision cell to yield
a high-quality MS® spectrum. Because those tryptic peptides
were oriented from a single protein, their quasi-molecular were
usually distributed in separated mass windows with a 1 Da
width, and the ion fraction frequently comprised of a single ion
species. Although MS/MS*'" inherently corresponded to the
data-independent acquisition (DIA) manner, one-to-one corre-
spondence could be achieved between the MS> spectrum and
precursor ion.” On the basis of our experience, the data pro-
cessing workload (mainly correlating MS”> spectra to their
precursor ions), rather than the analytical measurement course,
of DI-MS/MS*"" and LC-MS/MS would cost 4 hours and 10
hours, respectively. Further, the comparison of measurement
time, solvent consumption, and sampling amount were also
taken into account for comparison. Obviously, merely a 2 pL
sample was consumed by LC-MS/MS, whereas 25 volumes were
mandatory for the entire DI-MS/MS*"" program because the 10
uL min~' sampling rate lasted for five minutes. On the other
side, the whole DI-MS/MS*"" measurement could be finished
within five minutes. Only 50 uL solvent was consumed for
washing the tubing, whereas a total of 6000 pL solvent was
costed by LC-MS/MS, suggesting DI-MS/MS*™" should be an eco-
friendly approach. Systematic comparison between these two
measurement ways is illustrated in Fig. 4. Above all, either
analytical tool possessed inherent pros and cons, with the
prerequisite that either could fully address the analytical
requirements of peptide mapping for a single protein. However,
when analyzing the peptidome of complicated matrices, LC-MS/
MS instead of DI-MS/MS"™" should be the more suitable choice,
because the defaulted 1 Da binning could not avoid the co-
occurrence of more than two peptides in a single mass
window, hence, it might be a challenging task to construct
a MS'-MS? dataset.

4. Conclusions

Tryptic peptide mapping serves as a workhorse for the quality
control of proteinic drugs, and this versatile strategy currently
relies heavily on LC-MS/MS, resulting in a time-intensive
workload. In the current study, we aimed to pursue a high-
throughput analytical approach enabling rapid peptide
mapping. Because the GPF theory led to the so-called MS
separation potential, the rate-limiting LC separation was
removed. Instead, the DI-MS/MS*™" program that enabled the
acquisition of the MS> spectrum for each ion fraction with 1 Da
width was evaluated regarding the tryptic peptide mapping
potential of HSA. After inquiring the acquired MS> spectrum to
Skyline software, 47 out of 55 theoretical peptides were captured
by DI-MS/MS*™", which was comparable with the 51 detected by
LC-MS/MS. Except for the comparable peptide coverage and
sequence annotation, DI-MS/MS*"" was superior to LC-MS/MS
in regards of and facile

time-saving, solvent-saving,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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instrumentation as well. However, DI-MS/MS*"* was inferior in
terms of sampling amount. Therefore, DI-MS/MS*"" should be
eligible to serve as an integral part of an analyst's toolbox for
tryptic peptide mapping of proteinic drugs, in particular when
there is a dramatic workload of quality assessment.
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