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ABSTRACT

Growth in the pharmaceutical industry has led to an increasing demand for rapid characterization of
therapeutic monoclonal antibodies. The current methods for antibody sequence confirmation (e.g.,
N-terminal Edman sequencing and traditional peptide mapping methods) are not sufficient; thus, we
developed a fast method for sequencing recombinant monoclonal antibodies using a novel digestion-
on-emitter technology. Using this method, a monoclonal antibody can be denatured, reduced, digested,
and sequenced in less than an hour. High throughput and satisfactory protein sequence coverage were
achieved by using a non-specific protease from Aspergillus saitoi, protease XllI, to digest the denatured
and reduced monoclonal antibody on an electrospray emitter, while electrospray high voltage was
applied to the digestion mixture through the emitter. Tandem mass spectrometry data was acquired
over the course of enzyme digestion, generating similar information compared to standard peptide
mapping experiments in much less time. We demonstrated that this fast protein sequencing method
provided sufficient sequence information for bovine serum albumin and two commercially available
monoclonal antibodies, mouse IgG1 MOPC21 and humanized IgG1 NISTmAb. For two monoclonal
antibodies, we obtained sequence coverage of 90.5-95.1% for the heavy chains and 98.6-99.1% for
the light chains. We found that on-emitter digestion by protease Xlll generated peptides of various
lengths during the digestion process, which was critical for achieving sufficient sequence coverage.
Moreover, we discovered that the enzyme-to-substrate ratio was an important parameter that affects
protein sequence coverage. Due to its highly automatable and efficient design, our method offers
a major advantage over N-terminal Edman sequencing and traditional peptide mapping methods in the
identification of protein sequence, and is capable of meeting an ever-increasing demand for monoclonal
antibody sequence confirmation in the biopharmaceutical industry.
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Introduction

Over the past two decades, more than 80 monoclonal antibodies
have successfully been used as therapeutics for the treatment of
various human diseases.'” As our understanding of targeted
therapies has grown and recombinant monoclonal antibody
technology has matured, pharmaceutical companies have been
discovering and developing monoclonal antibody therapeutics at
an unprecedented rate.* This growth has generated a challenging
demand for the characterization of therapeutic monoclonal anti-
bodies, which is essential for patent protection, regulatory
approval, and quality control.” The first step in characterizing
monoclonal antibodies is to determine the identity of the mole-
cule by confirming its protein sequence.

Several analytical techniques have been used to confirm the
protein sequence of therapeutic monoclonal antibodies. One such
technique is N-terminal protein sequencing by Edman degrada-
tion, which has been used in the pharmaceutical industry for
decades to confirm monoclonal antibody identity.” Edman degra-
dation is still considered the most reliable technology, although it
does have several disadvantages. Sample preparation for Edman

degradation is tedious and consumes significant amounts of che-
mical reagents. The sequencing step in this technology is highly
automated, but the method is low-throughput and can usually
only sequence one amino acid residue per hour.” The efficiency of
Edman degradation after 50 residues is low, making it unsuitable
for sequencing large molecules such as monoclonal antibodies,
which have more than 1200 amino acid residues.®

Other than N-terminal sequencing by Edman degradation,
additional methods such as peptide mapping have become rou-
tine practice as orthogonal techniques for monoclonal antibody
sequence confirmation. A common peptide mapping workflow
contains protein denaturation, reduction, and alkylation of
cysteine residues, proteolytic digestion, and liquid chromatogra-
phy coupled with tandem mass spectrometry (LC-MS/MS)
analysis.”” Due to the rapid advancement of liquid chromato-
graphy and mass spectrometry instrumentation, this peptide
mapping method can now routinely generate high sequence
coverage, and thus has become the most effective approach for
confirming monoclonal antibody identity. However, the sample
preparation in this approach can take substantial amounts of
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time, from about 80 min up to 16 h, followed by additional LC-
MS data acquisition in an hour timescale, making it difficult to
accommodate rapidly submitted requests for monoclonal anti-
body sequencing.”’ Research efforts towards optimizing peptide
mapping technology have been reported, such as the recent
development of an on-line digestion system to reduce analysis
time.*"*>

Considering the limitations of existing protein sequencing
methods for sequence confirmation, we developed an effective
and efficient method for sequencing recombinant monoclonal
antibodies using a novel digestion-on-emitter technology to par-
allelize the protein digestion time with mass spectrometry data
acquisition time. We have demonstrated that our method can
denature, reduce, digest, and sequence a monoclonal antibody in
less than an hour. The sequencing method provided high sequence
coverage (>90% coverage of heavy and light chains) for tested
commercially available monoclonal antibodies of mouse IgG1l
MOPC21 and humanized IgGl NISTmAb, demonstrating
a simple and fast approach for confirming the amino acid
sequence of proteins. Compared to the conventional LC-MS pep-
tide mapping approach, which is the standard for extended char-
acterization of monoclonal antibody, including protein sequence
confirmation, post-translational modification (PTM) analysis, dis-
ulfide mapping, carbohydrate profiling, and charge- and
sequence-based variants analysis, our fast protein sequencing
(FPS) method is better suited to the current environment, where
fast protein sequence confirmation is needed to fulfill the demand
for quality control testing of an ever-increasing number of in-
house produced monoclonal antibody-based therapeutic proteins
(more than 1000 proteins per year) to support downstream drug
development.

Results
Fast protein sequencing method

After protein was denatured, reduced, and desalted (see
Materials and Methods), the sample was transferred to
a sample plate on the Advion TriVersa NanoMate®, which
was mounted on a Thermo Orbitrap mass spectrometer
system.”” Protease XIII was then added at the desired enzyme
to substrate ratio (w/w). The enzyme and protein were mixed
by pipetting up and down. The TriVersa NanoMate® infusion
mode was triggered immediately afterward. The infusion
mandrel first retrieved an infusion tip, then drew the sample.
The infusion tip was then engaged to the electrospray ioniza-
tion (ESI) chip. Subsequently, nanospray ESI and Orbitrap
data acquisition were triggered. Tandem mass spectrometry
data was acquired for 30 min. The total time for sample
preparation and data acquisition was approximately 1 h.

Sequencing bovine serum albumin by FPS

As bovine serum albumin (BSA) is a protein standard for eval-
uating LC-MS/MS systems, in the initial stage of method devel-
opment we treated BSA with protease XIII using various weight
ratios of enzyme to substrate (E/S) to provide the proof-of-
principle. Figure 1 shows the full MS spectra of protease XIII
digestion of BSA at different time points (E/S ratio = 1:5). Each

panel in Figure 1 shows the spectrum averaged over 2 min
subsequently. As can be seen from the figure, during the first 2
min of the digestion, most of the peptides that were generated
possessed a charge state above +4, many of which were unre-
solved due to overlapping species from m/z 700 to m/z 1400.
From 2 to 4 min, these very long peptides were then cleaved into
relatively shorter peptides, with the highest mass around 15 kDa.
The averaged spectrum from 4 to 6 min shows that the enzyme
digestion now has generated smaller peptides with charge states
ranging from +2 to +5. After 10 min, peptides with a charge state
less than +3 became dominant.

As mass spectrometry data were acquired throughout the entire
digestion with protease XIII, we questioned whether new peptides
were being generated over time. Figure 2 displays the mass spec-
trum over the m/z 500-550 range to provide a zoomed view of
peptides generated during the digestion. In the spectrum of 0 to 2
min, peptide CASIQKFGERALKAWSVAR (m/z 531, z = 4) is the
most abundant species. From 2 to 4 min, several other peptides
appeared in the spectrum, with peptide VEVSRSLGKVGTRCC
becoming the new base peak (m/z 532, z = 3). The following
spectra of 4-6, 10-12, and 16-18 min continually showed the
appearance of varying sets of peptides. It should be noted that
the high resolution provided by the Orbitrap mass analyzer unam-
biguously supported the peptide identification from such
a complex peptide mixture.

Our novel experimental design and the unique enzyme
cleavage pattern of protease XIII enabled us to obtain
a similar level of protein sequence coverage as LC-MS/MS
peptide mapping experiments. Of the many experimental
conditions that we explored, we found that the enzyme-to-
substrate ratio is the most important factor for achieving
satisfactory sequence coverage. Figure 3 shows the resulting
sequence coverage of BSA by applying our FPS method, using
1:1, 1:5, and 1:10 E/S ratios. The experiment in which a 1:5
weight ratio of enzyme to substrate was used produced 95.4%
BSA sequence coverage, which is higher than the sequence
coverage of 88.7% using 1:1 E/S ratio, and 91.3% using 1:10 E/
S ratio. This suggests that it is necessary to optimize the
enzyme-to-substrate ratio, and thus the protease XIII on-
emitter digestion rate, to achieve good sequence coverage.
When the enzyme-to-substrate ratio is unsuitably high, the
correspondingly high digestion rate will not allow sufficient
time for larger peptides to be analyzed by the mass spectro-
meter, and sequence coverage will be compromised.
Particularly, in our method, the ~20 s that elapses between
the step of enzyme and substrate mixing to the step of data
acquisition is unavoidable, due to mechanical movements
such as tip pickup, sample pickup, and engagement onto the
spray nozzle. This 20-s period is trivial for commonly used
proteases such as trypsin or Asp-N; however, because of the
fast digestion with protease XIII, a considerable amount of
sequence information could be lost. On the other hand, a low
E/S ratio would need long digestion time and thus long data
acquisition time, and therefore cannot accommodate our FPS
approach, as we intend to limit the parallel digestion and data
acquisition process to 30 min.

A full list of identified peptides with high confidence (false
discovery rate (FDR) 1%) from protease XIII digestion of BSA at
1:5 E/S ratio is summarized in Supplemental Table S1. The data
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Figure 1. Sequencing of BSA by FPS.
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Full MS spectra of protease XIll digestion of BSA at various time points (E/S ratio 1:5). Each panel shows the spectrum averaged over 2 min.

generated at different E/S digestion ratios were searched against
the protein sequence provided by the commercial vendor, which
contained an N-terminal signal peptide (highlighted in red in
Figure 3). However, as shown in Supplemental Table S1, this
signal peptide was not identified in this method, and the corre-
sponding region in the protein sequence chain was not covered
(Figure 3). We confirmed that the N-terminal signal peptide in
BSA had been removed during the manufacturing process. This
method thus provides an efficient way for protein sequence
confirmation by achieving high sequence coverage and is effec-
tive in identifying when a protein sequence is not matched as
expected.

Sequencing mouse IgG1 MOPC21 and humanized IgG1
NISTmAB monoclonal antibodies by FPS

After demonstrating the effectiveness and efficiency of our
method using BSA, we used our FPS method to sequence two
monoclonal antibodies, mouse IgGl MOPC21 and

humanized IgGl NISTmAb. Because we learned from our
BSA experiments that the enzyme-to-substrate ratio is critical,
we first compared the digestion patterns of MOPC21 using
1:1 and 1:5 E/S ratios (Figure 4). In the 1:5 E/S ratio spectrum,
we observed large sections of antibody (highlighted region) in
the first 2 min, and, in the 10-12 min averaged spectrum,
there was still a substantial amount of highly charged species
shown, signifying large peptides. However, when an E/S ratio
of 1:1 was used, peaks with charge states less than 4 domi-
nated the averaged spectrum over the first 2 min, while the
averaged spectrum from 10 to 12 min contains mainly singly
and doubly charged smaller peptides.

The data shown in Figure 4 demonstrates that the protein
digestion rate at the E/S ratio of 1:1 for MOPC 21 might be
high, resulting in some larger peptides that would not be
analyzed by the mass spectrometer. In the case of IgGl
MOPC21, an E/S ratio of 1:5 elucidates more sequence infor-
mation than E/S ratios of 1:1 and 1:10 (not shown). The
sequence coverage of MOPC21 heavy chain and light chain
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Figure 2. On-emitter protease Xl digestion of BSA.
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were 87.4% and 99.1%, respectively, which are higher than the
sequence coverage we obtained with E/S ratios of 1:1 (86.7%
and 96.7% for heavy chain and light chain, respectively) and
1:10 (71.3% and 98.1% for heavy chain and light chain,
respectively).

The sequence coverage we obtained with an E/S ratio of 1:5
is shown in Figure 5. However, we noted that there was no
coverage in the complementarity-determining region 3
(CDR3) of MOPC 21 heavy chain in different E/S ratios,
which raised a concern about the fidelity of the heavy chain
sequence. To confirm the sequence of MOPC 21 monoclonal
antibody, intact mass analysis under reduced and deglycosy-
lated conditions and tryptic peptide mapping of reduced and

alkylated MOPC21 were performed. As shown in Figure 6, the
experimental mass of the light chain matched well with the
expected mass (Figure 6a), but there was 26 Da difference
between the experimental mass and expected mass of the
heavy chain (Figure 6b). In the tryptic peptide mapping,
tryptic peptides mainly generated from the CDR3 of the
heavy chain were examined. There was one tryptic peptide
that was not found, but a point mutation from an amino acid
residue Tyr to His in this tryptic peptide was discovered and
confirmed by the MS/MS spectrum (Figure 6¢,d). The experi-
mental mass matched well with the expected mass of the
heavy chain with the substitution Tyr for His (Figure 6b).
The sequence coverage of MOPC21 heavy chain was
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Figure 3. Enzyme to substrate ratio is an important factor of FPS method.

Sequence coverage maps of BSA at different enzyme to substrate ratios. Amino acid sequence highlighted in red is the signal peptide, and amino acid sequences
identified by FPS method are highlighted and underlined in green.

improved to 90.5% after amino acid substitution and the
CDR3 was mostly covered (Figure 5). The sequence coverage
maps of heavy chain, heavy chain with point mutation, and
light chain of MOPC 21 are shown in Supplemental Figure S1.
This further exemplifies the effectiveness of this method to
detect small changes (i.e., amino acid substitution) in the

protein sequence.

For humanized IgG NISTmAD, an E/S ratio of 1:5 also
elucidates more sequence information than E/S ratios of 1:1
and 1:10. The sequence coverages of NISTmADb heavy chain
and light chain obtained with an E/S ratio of 1:5 were 95.1%
and 98.6%, respectively (Figure 7). For this FPS method, we

did not identify Fc domain glycosylation in our database
search because of the poor quality of MS/MS spectra of
glycopeptides; therefore, there was no coverage around the
consensus sequence (marked in red) of N-glycosylation in
the heavy chain CH2 constant domain. Since the sequence
motif and glycosylation site in this region of antibodies are

well understood, the sequence coverage of the heavy chain

would likely be higher if we take glycosylation into consid-
eration. Full lists of identified peptides with high confidence
(FDR 1%) from protease XIII digestions of MOPC21 (cor-
rected sequence) and NISTmAD at 1:5 E/S ratio were sum-
marized in Supplemental Table S2 and S3, respectively.
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Figure 4. Sequencing of IgG1T MOPC21 by FPS.

The application of FPS on a mouse monoclonal antibody IgG1 MOPC21 requires optimization on enzyme to substrate ratio. Each panel shows a spectrum averaged

over 2 min.

Cleavage preference of protease Xlii

Cleavage preference of a protease is determined based on the
ratio of the number of a particular amino acid as the site of
cleavage to the total number of cleaved amino acids in the

protein sequences. Figure 8 shows the cleavage preferences of

protease XIII on human protein extracts, and Supplemental
Table S4 shows a full list of identified peptides with high
confidence (FDR 1%) from protease XIII digestion of human
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Figure 5. Sequence coverage of IgG1 MOPC21 using FPS method (E/S ratio 1:5).

Sequence coverage map of heavy chain of lgG1 MOPC21 with expected sequence (upper).Sequence coverage map of heavy chain of lgG1 MOPC21 with point
mutation (Tyr to His, highlighted in red) in the CDR3 (middle). Sequence coverage map of light chain of lgG1 MOPC21 with expected sequence (bottom). Amino acid

sequences identified by FPS method are highlighted and underlined in green, and glycosylation motif (NST) in heavy chain is highlighted in red.

protein extract. For the statistical analysis of 3539 peptides in
this study, we observed a stronger preference of protease XIII
to cleave at the C-terminal of two basic amino acid residues
(lysine and arginine residues) and one neutral amino acid
residue (leucine residue) compared to other amino acid resi-
dues. Our observation is similar to that reported by Zhang
et al.>* We observed a surprisingly lower preference of protease
XIII to cleave at the C-terminal of isoleucine compared with
leucine (Ile 0.3% vs. Leu 17% in terms of preference ratio),
given that the amino acid abundance of leucine is only twice as
much as that of isoleucine.”” Poston et al. developed a set of
orthogonal biochemical protocols to experimentally determine
the identity of Ile or Leu residue isomer for de novo sequencing
of monoclonal antibodies based on the selectivity that leucine
aminopeptidase shows for N-terminal Leu residue and the
cleavage preference for C-terminal Leu by chymotrypsin.
A logistic regression model was designed to calculate
a statistical possibility for the identity of Leu at an ambiguous
site in monoclonal antibodies by combing the germline fre-
quencies of Leu or isoLeu at an ambiguous site with the
experimentally determined identity of Leu or isoLeu at that
site. It has been demonstrated that the developed method can
generate a probability for an Xle (Leu or Ile) site in
a monoclonal antibody with 96% accuracy.”® This finding in
our study regarding the relative specificity of protease XIII on
20 amino acid residues suggests that protease XIII could be

considered as a potential leucine-specific protease to differenti-
ate Leu from Ile residue in the protein de novo sequencing.
Future work will be focused on the development of
a mathematic model incorporating the FPS results of protease
XII digestion to predict the statistical probability of Leu or
isoLeu at an ambiguous site in monoclonal antibody in a more
efficient way.

Discussion

Compared to the traditional bottom-up protein sequencing
approach, our FPS method offers several unique advantages.
The sample preparation and instrument operation procedures
are simple to follow, and protein reduction and desalting take
only 20-30 min. As digestion occurred on the spray emitter, we
did not observe significant amounts of disulfide bond reforming
after reduction, so there was no need for an alkylation step.
Furthermore, most of the efficiency of our FPS method results
from the fast digestion rate by protease XIII, the novel design of
having the digestion occur on a spray emitter, and the acquisition
of the mass spectrometry data in parallel to digestion. As a result,
we substantially reduced the duration of digestion and mass
spectrometry data acquisition from 8 to 20 hours to less than 30
min. Because the protein digestion is monitored in real-time, it
offers a unique view on regions along the protein amino acid
sequence that are most susceptible to enzyme digestion. Although



774 Y. MAO ET AL.

e 23639 5 100- 48829.5
(a) (b)
Expected mass of LC: Expected mass of HC:
23639 2 Da 48856.3 Da
Expected mass of HC (Y->H):
48830.3 Da
X X
23350 23450 23550 23650 23750 23850 Mass 47600 48000 48400 48800 49200 49600 mass
T: FTMS + p ESI Full ms [300.0000-2000.0000] 13556085
100 z=2 WGNYPH(Y->H)YAMDYWGQGTSVTVSSAK
1 @ 1354.1094 Expected monoisotopic m/z 1353.1081 (2+)
" 807 T955.4672 z=2 Mass accuracy: -0.67 ppm
2 - z=2
2 60 1354.6108
3 i z=2
< 7
2 a0
3 1356.1112
s 7 -
20-] 13556115
] A z=2  1356.1150
= z=2
Oy AARS RARS T T T T P S P T T T
1350 1351 1352 1353 1354 3 1356 1357 1358 1359
T: FTMS + p ESI d Full ms2 1354.1 101@hcd27.g0 [185.6667-2785.0000] [M+2H]++ WGNYPHYAMDYWGQGTSVTVSSAK
y 1353.6134
3922 =
oy @ e e o
] 358.1515 618.2584 1399.5625
o 87 21 z=? i
5 3 y5 y20++  b10 y14
g 601 491.2832 b6 b7 1093.5067  1235.4961 14707189 b12 y17 18
2 1 v3 z=1 7853275 9183745 ez =i =1 15856510 17838345 1o y20
2 40] y8 z=1y] (894209 =1 13 b14:_1 =1 y19 21859883
3 A y13 1641.6731 2087.8911  z=1
o 20] b4 y7 l z=? y16\ z=? b18
] [ I l 1828.7555 \I I
- 2=7
o‘.'|"‘!|'."'.“ |||,|I"|" | l L .'”l..l. -'||‘!‘ | || 1N S Y S Y S S N B S
200 400 600 800 1000 1200 1400 1600 1800 2000 2200

m/z

Figure 6. Intact mass analysis of reduced and deglycosylated MOPC 21 and tryptic peptide mapping of reduced and alkylated MOPC21.

Deconvoluted mass spectra of light chain (a) and deglycosylated heavy chain (b) of MOPC 21. MS1 (c) and MS/MS (d) spectra of a tryptic peptide in the CDR3 of
heavy chain with a point mutation of Tyr to His. Note that fragment ions containing the mutant amino acid residue in the MS/MS spectrum are highlighted in red.

our FPS method could be implemented on any nanospray infu-
sion setup, using the direct infusion mode of Advion TriVersa
NanoMate® greatly simplified our workflow, enhanced the level of
automation, and strengthened the robustness of our approach. In
this study, a workflow with a 30-min data acquisition method was
developed. However, it is possible to achieve the same sequence
coverage in even a shorter period. As shown in Figure 1, peptides
with +1 to +3 charge states were dominant during the period of
16-18 min. Further digestion reduced the charge states of +2 and
+3 to +1 (data not shown), for which peptides do not yield useful
MS/MS spectra for sequencing, and therefore cannot improve
sequence coverage. The same case is also shown in the 1:1 E/S
ratio 10-12-min spectrum of Figure 4, with singly charged species
already appearing at high abundance.

Compared with commonly used proteases such as trypsin
or Asp-N, protease XIII showed low specificity (Figure 8).
Non-specific cleavage is essential for the production of
a substantial number of overlapping peptides, which is critical
for obtaining good sequence coverage. As there is no LC
separation, the vast number of peptides generated during the
digestion may lead to a crowded spectrum, which makes the

isolation of precursor ions a challenging task. Therefore, it is
essential to combine the TriVersa NanoMate® with high-
resolution mass spectrometry for confident peptide identifica-
tion from crowded spectra when using this technique. For
example, in Figure 2, in the first 2 min, a + 4 charge state
peptide CASIQKFGERALKAWSVAR was the base peak in
the expanded m/z range. Two minutes later, a + 3 charge
state peptide VEVSRSLGKVGTRCC appeared just next to the
peptide CASIQKFGERALKAWSVAR. The m/z values of
these two peptides are very similar. With a standard precursor
isolation width, these two peptides would be co-isolated, and
thus a mixed higher collision energy dissociation (HCD) MS/
MS spectrum could be generated. We were initially concerned
about the possibility of a mixed spectrum interfering with
peptide identification. However, during the experiment, we
found that usually the mass spectrometer was able to isolate
the precursor while its vicinity is relatively free of contami-
nant jons. Using the same example presented in Figure 2,
when the digestion continued from 4 to 6 minutes, the +4
charge state peptide CASIQKFGERALKAWSVAR was almost
fully digested and the +3 charge state peptide
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Figure 7. Sequence coverage of humanized IgG1 NISTmAb using FPS method (E/S ratio 1:5).
Sequence coverage maps of heavy chain and light chain of IgG1 NISTmAb. Amino acid sequences identified by FPS method are highlighted and underlined in green,

and glycosylation motif (NST) in heavy chain is highlighted in red.
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Figure 8. Protease Xl cleavage preference.

The protease XlII cleavage preference for each amino acid residue is calculated as n;/n,, where n; is the number of each cleaved residue, and n; is the total number
of all cleaved residues identified in the protease XlII digestion of human protein extracts. The false discovery rate (FDR) was set to 1% for peptide identification.

VEVSRSLGKVGTRCC became the base peak. Thus, the +3
charge state peptide can be isolated with high purity, generat-
ing a clean MS/MS spectrum for the peptide identification.
To obtain the best results from our FPS method, the E/S ratio
for the protease XIII digestion must be optimized. Future work
may be directed to investigating the relationship between the
physical and chemical properties of the protein and the opti-
mized E/S ratio. As recombinant monoclonal antibodies contain
substantially conserved conformation and amino acid sequence,
the optimized E/S ratios of 1:5 in our work on mouse IgGl
MOPC21 and humanized IgGl NISTmADb, respectively, could
be used to guide the sequencing of other IgG molecules using the
FPS method. Besides E/S ratio, pH and temperature can also
alter the digestion rate by affecting the enzymatic activity. In our
experiments, the digestion/electrospray buffer was 0.1% formic
acid in Milli-Q water, and the digestion occurred on the infusion

tip, which was engaged to the spray nozzle. The nozzle is a few
millimeters away from the mass spectrometer ion transfer tube,
which was heated at 350°C. It has been reported by several
groups that an optimized digestion condition for protease XIII
after a hydrogen/deuterium exchange experiment was pH
2.3-2.5 at 0°C for 2 min, which shows that protease XIII has
a high tolerance for pH and can still be active at a pH as low as
2-3.*" Although protease XIII is generally categorized as
a non-specific protease, we showed that this enzyme prefers to
cleave on the C-terminal side of basic amino acids and, interest-
ingly, leucine amino acid residue (Figure 8). This facilitates the
generation of peptides that may become highly charged under
positive ESI mode, enhancing ionization efficiency and benefit-
ing the following MS/MS fragmentation.”>*” This also provides
a protease-specificity-based approach for the distinction of leu-
cine from isoleucine in protein de novo sequencing.
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The FPS method that we developed is easily automata-
ble, highly efficient, and effective for protein sequence
confirmation. We have shown that the FPS method enables
us to denature, reduce, digest, and sequence a monoclonal
antibody in less than 1 h. Furthermore, coupling
a commercially available automated liquid handling work-
station for sample preparation with subsequent parallel
digestion and acquisition by Nanomate-mass spectrometer
would advance the current semi-automated platform to
improve the method throughput, which could help meet
the demands of an ever-increasing number of samples for
in-house protein identity quality control testing of mono-
clonal antibody-based therapeutic proteins. Our novel
design includes: (1) the use of a non-specific protease,
protease XIII, (2) real-time digestion on the spray emitter
in parallel to mass spectrometry data acquisition, (3) inno-
vative use of the NanoMate coupled with Orbitrap for
protein sequencing, (4) discovery of the practical value of
temporal peptide separation during protease XIII digestion,
and (5) discovery of a potential application of this non-
specific protease for Leu and Ile differentiation in the de
novo sequencing of proteins. Our FPS method sequences
a protein much faster than alternative technologies, includ-
ing N-terminal Edman sequencing and LC-MS/MS peptide
mapping methods, and therefore has the highest potential
to accommodate the increasing demands from the biophar-
maceutical industry for sequence confirmation of monoclo-
nal antibodies.

We note that, although this method offers an alternative,
fast way of sample analysis to confirm the protein sequence
of monoclonal antibody, it has several limitations for an
extended characterization, such as PTM analysis. Firstly,
the protease XIII is a non-specific protease, generating
native peptides and post-translationally modified peptides
with variable lengths, which will undoubtfully increase the
difficulty and inaccuracy of relative quantitation of PTMs.
Secondly, the efficiency of this method for protein sequen-
cing lies in the simultaneous protein digestion and mass
spectrometry data acquisition, which would enable us to
monitor the digestion process of protein in real time.
However, this would also generate the targeted peptides
being detected continuously in a defined time window. It
is unlikely to extract a well-shaped EIC peak for peak area
integration for quantitation similar to what we usually do
in the traditional peptide mapping method. Thirdly, since
there is no LC separation before the mass spectrometry
analysis, detection of a low abundance modified peptide is
likely suppressed by the co-ionized high abundance native
peptides, rendering the PTM or even sequence variants
analysis unreliable. For some particular PTM analysis such
as deamidation, native and deamidated peptides differing
by only a mass difference of +0.98 Da could be co-isolated
for MS/MS fragmentation, and differentiating one from the
other in a mixed MS/MS spectrum would be challenging.
Despite these deficiencies, the development of this innova-
tive method enables the confirmation of protein sequences
at an increased speed to meet the biopharmaceutical indus-
try’s needs for the selection and validation of lead
candidates.

Materials and methods
Materials

Standard protein BSA, humanized IgG1 NISTmAb and IgG1
Kappa murine myeloma (Clone Number MOPC 21) mono-
clonal antibodies, and protease from Aspergillus Saitoi (Type
XIII) were purchased from Sigma (St. Louis, MO, USA).
Amino acid sequences of BSA, NISTmAb and MOPC 21
were provided by vendors. Tris (2-carboxyethyl) phosphine
hydrochloride (TCEP-HCI) and glacial acetic acid were pur-
chased from Thermo Scientific (Newington, NH). Milli-Q
Water was obtained from Millipore Milli-Q Advantage A10
Water  Purification  System  (Billerica, MA, USA).
Trifluoroacetic Acid (TFA) and formic acid (FA) were pur-
chased from Thermo Scientific (Newington, NH). Acetonitrile
(Optima LC/MS) was purchased from Fisher Scientific
(Suwanee, GA). MS-compatible human protein extract pre-
pared from human K562 cells was purchased from Promega
(Madison, WI, USA). NanoSep 10K filters were purchased
from Pall Life Sciences (Ann Arbor, MI).

Protein and protease Xlll preparation

A 1 pg/puL BSA stock solution was made with Milli-Q water. BSA
stock solution (100 pg) was mixed with 1 uL of 1 M acetic acid
and 2 pL of 0.5 M TCEP-HCI (final pH was 3). The mixture was
incubated for 10 min at 80°C. The reduced sample was desalted
with a NanoSep 10K filter for 12 min and resuspended in 100 uL
0.1% formic acid in Milli-Q water.

MOPC 21 was supplied as a solution with a concentration
of 1.0 mg/mL in 0.02 M Tris-buffered saline, pH 8.0 and
buffer-exchanged into Milli-Q water with a NanoSep 10K
filter. NISTmADb was supplied as a concentration of 10 mg/
mL in 12.5 mmol/L L-histidine, 12.5 mmol/L L-histidine HCI
(pH 6.0) and used directly. Each monoclonal antibody (100
ug) was reduced and desalted as described above. A 10 pg/uL
protease XIII stock solution was made with Milli-Q water.

Direct infusion mass spectrometry analysis of proteins

The fast protein sequencing of BSA, IgGl MOPC 21 and
NISTmAb was performed using a Q-Exactive hybrid mass
spectrometer (Thermo Fisher Scientific, San Jose, CA, USA)
with a TriVersa NanoMate® (Advion Biosciences, Ithaca,
USA) mounted in front. The TriVersa NanoMate was oper-
ated in the infusion mode. The TriVersa NanoMate was
triggered once the protein and protease XIII were mixed.
The infusion mandrel retrieved an infusion tip from the
infusion tip tray and moved to the Eppendorf plate (Protein
LowBind MTP 384/V-bottom, Eppendorf, Edison, NJ, USA)
to aspirate 15 pL of sample (~15 ug). The infusion mandrel
then engaged the infusion tip to the chip, and a positive
voltage (1.4 kV) was applied on the carbon-coated infusion
tip while the mass spectrometer sample orifice remained at 0
kV. The intense electrostatic field between the sample in the
infusion tip and the grounded outside surface of the spray
nozzle on the nano ESI chip generated the electrospray. The
vacuum inside the mass spectrometer forced the positive ions



into the mass spectrometer. Mass spectrometry analysis was
completed in 30 min using a method consisting of one high-
resolution full MS (resolution of 70,000 at m/z 200) acquired
in the orbitrap, followed by 10 data-dependent HCD scans
acquired in orbitrap (resolution of 17,500 at m/z 200). The
raw data were searched against a protein database containing
BSA, IgGl MOPC21 or IgGl NISTmAb sequence with
SEQUEST embedded into Proteome Discoverer 1.4 (Thermo
Scientific). The search parameters used were as follows: 10
ppm tolerance for precursor ion masses, 0.02 Da tolerance for
fragment ion masses analyzed by Orbitrap. No enzyme was
specified during the database search. The FDR was deter-
mined by using the target-decoy strategy and was set to 1%
for peptide identification.*®

Peptide mapping of reduced and alkylated MOPC 21

Tryptic mapping of reduced and alkylated MOPC 21 was
performed to confirm the antibody sequence. One hundred
micrograms of MOPC 21 was denatured and reduced in
a solution containing 5 mM acetic acid and 5 mM TCEP-
HCI by heating at 80°C for 10 min. To prevent protein
precipitation, 78 pL of 8 M urea was added to the dena-
tured and reduced sample. The sample was then alkylated
with 3 uL of 0.25 M iodoacetamide, diluted with 257 pL of
50 mM Tris-HCI, pH 7.5, and digested with 10 uL of 1 pg/
pL of trypsin at an enzyme-to-substrate ratio of 1:20 (w/w)
at 37°C in darkness for 4 h. The digestion was stopped by
the addition of 7 pL of 10% TFA. The resulting tryptic
peptides were then separated by reversed-phase ultra-
performance liquid chromatography (UPLC) followed by
on-line mass spectrometry analysis to determine the pep-
tide masses and confirm peptide sequences. Briefly, an
aliquot of ~8 pg of digested protein was injected onto
a Waters BEH130 C18 column with column temperature
set at 40°C and a solvent flow rate of 0.25 mL/minute.
Mobile phase A was water containing 0.05% TFA, and
mobile phase B was acetonitrile containing 0.045% TFA.
The column was initially equilibrated with 99.9% mobile
phase A. Post sample injection, the gradient began with a 5
min hold at 0.1% mobile phase B, followed by a linear
increase to 35% mobile phase B over 75 min for optimal
peptide separation. MS and MS/MS experiments were con-
ducted on a Q-Exactive hybrid mass spectrometer with
HCD employed for peptide fragmentation for MS/MS
experiments.

Intact mass analysis of reduced and deglycosylated
MOPC 21

Intact mass measurement of the deglycosylated and reduced
MOPC 21 was performed to confirm whether the experimen-
tal molecular weight of the isolated heavy chain and light
chain matched the expected molecular weight based on the
amino acid sequence of MOPC 21. MOPC 21 was diluted to
0.5 pg/uL in Milli-Q water, then treated with PNGase F (1
IUB milliunit per 5 pg of protein) at 37°C for 4 h to com-
pletely remove the glycan chains from each heavy chain con-
stant region. The deglycosylated MOPC 21 was then reduced
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with 10 mM TCEP at 50°C for 30 min to separate heavy and
light chains for mass analysis. The sample (~2 pg) was
injected onto a Waters ACQUITY UPLC BEH300 C4 column
(1.7 pm, 2.1 mm x 50 mm) equilibrated with 99% of mobile
phase A (0.1% formic acid in water) and 1% of mobile phase
B (0.1% formic acid in acetonitrile) prior to sample injection.
The column temperature was maintained at 80°C and flow
rate was set at 0.25 mL/min. The protein was eluted by
a linear gradient from 1% to 70% mobile phase over the
course of 25 min and analyzed by Waters Xevo G2S TOF
mass spectrometer for mass measurement. The ESI-TOF mass
spectra were deconvoluted using a Maximum Entropy algo-
rithm from MassLynx V4.1.

Nano-liquid chromatography mass spectrometry analysis
of in-solution protease Xlll digest of human protein
extract

Human protein extract solution (100 pg) was mixed with
5 mM dithiothreitol and incubated at 37°C for 30 min. The
reduced samples were then digested with protease XIII (1:1 w/
w enzyme: substrate ratio) at room temperature for 10 min.
For peptide separation and identification, a peptide mixture
generated by protease XIII digestion was loaded onto
a reverse phase trap column (2 cm x 75 pm, 5 um) and
then eluted to the Cl8-reversed-phase analytical column
(15 cm x 75 pm, 3 um) for the separation. Buffer A (0.1%
formic acid in water) was used for equilibration of chromato-
graphic columns, and buffer B (0.1% formic acid in acetoni-
trile), with a linear gradient from 5% to 40% B at a flow rate of
300 nL/min within 2 h, was utilized for mixture separation.
The peptides were subjected to a nano-electrospray ionization
followed by HCD MS/MS in a Q-Exactive Plus hybrid mass
spectrometer coupled to Easy nLC (Thermo Fisher Scientific).
The mass spectrometer was operated in positive-ion detection
mode. A Full MS scan was acquired in the Orbitrap mass
analyzer over an m/z range of 400-2000 at a resolution of
70,000 (at m/z 200). The 10 most abundant ion peaks with
charge state 22 were fragmented in the HCD collision cell
with normalized collision energy of 27% for each full scan
cycle, and tandem mass spectrum was acquired in the
Orbitrap mass analyzer with a resolution of 17,000 (at m/z
200). The automatic gain control targets were set to 1.0E+06
for full MS scan and 1.0E+05 for MS/MS scan. The underfill
ratio was defined as 0.1%, and the maximum allowed ion
accumulation times were 50 ms for full MS scans and 100
ms for tandem mass spectrum. The dynamic exclusion was set
to 15 s. Database search of protease XIII digested human
protein extract LC-MS/MS raw data was performed using
SEQUEST embedded into Proteome Discoverer 1.4 (Thermo
Fisher Scientific) against the UniProt human protein database.
The search parameters used were as follows: 10 ppm tolerance
for precursor ion masses, 0.02 Da tolerance for fragment ion
masses analyzed by Orbitrap. No enzyme was specified during
the database search. Methionine oxidation (+16 Da) was set as
a variable modification. The FDR was determined by using
the target-decoy strategy and was set to 1% for peptide
identification.®
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Abbreviations

BSA bovine serum albumin

CDR complementarity-determining region

ESI electrospray ionization

E/S enzyme to substrate

FDR false discovery rate

FPS fast protein sequencing

FA formic acid

HCD higher collision energy dissociation

LC-MS/MS  liquid chromatography tandem mass spectrometry

PTM post-translational modification

TFA Trifluoroacetic Acid

TCEP-HCl Tris (2-carboxyethyl) phosphine hydrochloride

UPLC reversed-phase ultra-performance liquid
chromatography
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