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ABSTRACT
Recently, cation exchange chromatography (CEX) using aqueous volatile buffers was directly coupled
with mass spectrometry (MS) and applied for intact analysis of therapeutic proteins and antibodies. In
our study, chemical modifications responsible for charge variants were identified by CEX-UV-MS for
a monoclonal antibody (mAb), a bispecific antibody, and an Fc-fusion protein. We also report post-CEX
column addition of organic solvent and acid followed by mixing at elevated temperatures, which
unfolded proteins, increased ion intensity (sensitivity) and facilitated top-down analysis. mAb stressed
by hydrogen peroxide oxidation was used as a model system, which produced additional CEX peaks. The
on-line CEX-UV-MS top-down analysis produced gas-phase fragments containing one or two methionine
residues. Oxidation of some methionine residues contributed to earlier (acidic), some to later (basic)
eluting peaks, while oxidation of other residues did not change CEX elution. The abundance of the
oxidized and non-oxidized fragment ions also allowed estimation of the oxidation percentage of
different methionine residues in stressed mAb. CEX-UV-MS measurement revealed a new intact antibody
proteoform at 5% that eluted as a basic peak and included paired modifications: high-mannose
glycosylation and remaining C-terminal lysine residue (M5/M5 + K). This finding was confirmed by
peptide mapping and on-column disulfide reduction coupled with reversed-phase liquid chromatogra-
phy – top-down MS analysis of the collected basic peak. Overall, our results demonstrate the utility of
the on-line method in providing site-specific structural information of charge modifications without
fraction collection and laborious peptide mapping.
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Introduction

Antibody-based molecules, including recombinant monoclo-
nal antibodies (mAbs), bispecific antibodies, antibody frag-
ments, and Fc-fusion proteins, constitute an important class
of therapeutic proteins. They are heterogeneous in their bio-
chemical and biophysical properties due to multiple enzy-
matic and chemical post-translational modifications (PTMs)
that occur during the manufacturing process.1 Many of these
modifications lead to changes in surface-exposed charged
residues or modify the acid dissociation constant,2 which
changes the overall surface charge distribution of the
antibody.3 Compared with the major constituents, species
with a lower apparent isoelectric point (pI) are considered
acidic species,4,5 while basic peaks refer to species with
a higher pI value.6-8 Methyl-glyoxal of arginine residues,9

deamidation of asparagine residues,6,10 glycation,11 or the
presence of sialic acid and trisulfide bonds typically yield
acidic variants.12 Modifications that form basic variants
include C-terminal lysine,12,13 N-terminal glutamine,14

C-terminal amidation,15 and the formation of succinimide
from isomerization of aspartate residues.16-18 The existence
of certain variants may affect the immunogenicity, half-life,
bioactivity, and stability of the therapeutic antibodies.19

Regulatory authorities require in-depth characterization and

detailed quality control of charge variants in biopharmaceu-
ticals to demonstrate similarity of the drug substance between
manufactured batches, throughout the production
continuum.20 This can also guide the development of process
control strategies to remove or reduce the undesired charge
variants.21 Furthermore, elucidation of new and existing mod-
ifications contributing to charge heterogeneity can extend our
knowledge on antibody charge variant characteristics.7

As a conventional and nondenaturing technique, ion-
exchange chromatography (IEX) has been widely used to
separate and isolate protein charge variants during protein
purification and for subsequent characterization.22-24 Upon
the separation of charge variants by IEX, current strategies
to determine the effects of modifications on specific charge
variant peak involve isolating the peak of interest followed by
various mass spectrometric analyses, such as intact mass ana-
lysis, peptide mapping, and glycan analysis.10,25 In addition to
being limited by time and resources, this two-step approach
may overlook the minor species that do not exhibit distinctive
UV peaks and introduce artifacts because of the lengthy
sample preparation processes.26 Therefore, the ability to
directly couple IEX to high-resolution mass spectrometry
(MS) is highly desirable to enable sensitive MS detection,
which can significantly improve efficiency for charge hetero-
geneity characterization.
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Online combination of IEX and MS has been limited due
to the inherent incompatibility between the conventional,
nonvolatile IEX buffers and direct desolvation in MS analysis.
Online two-dimensional liquid chromatography coupled to
MS (2D-LC-MS) was applied to address the solvent incom-
patibility issue and was first demonstrated by Alvarez et al.,11

which enabled the rapid characterization of mAb charge and
size variants.27,28 In that approach, the mass measurement of
each charge variant separated by IEX (first dimension) is
achieved by an online desalting step and subsequent reversed-
phase (RP) LC-MS analysis (second dimension). A strategy
for the direct coupling of MS with IEX involved the applica-
tion of a pH gradient using volatile salts.23,24,29-31 Online weak
cation exchange (WCX)-MS has been reported for analyzing
IgG2 mAbs by using an ammonium hydroxide-based pH
gradient.32 Characterization of digested mAbs and proteins
with molecular weights below ~30 kDa has also been
described by utilizing an ammonium formate and ammonium
acetate-based pH and salt gradient.29,33 Yan et al. recently
developed a method that combines a generic strong cation
exchange (SCX) chromatography step with ultrasensitive
online native MS analysis optimized for mAb separation and
detection.34 Bailey et al. demonstrated the online WCX-MS
analysis of an mAb using a method that incorporates a well-
controlled pH gradient with high mass resolution and lower
adduct formation.35

Here, we describe increasing sensitivity and the addition of
top-down to CEX-MS to achieve site-specific structural infor-
mation of charge modifications. Unlike a bottom-up workflow,
which is typically more laborious, lengthy, and with sample
preparation that can cause erroneous modifications,36 top-
down strategies,37-39 in which mAbs are left intact, can largely
overcome these artifacts.40-44 Additionally, CEX has greater

resolving power as compared to RP LC and allows complete
separation of intact antibody molecules even with one charged
modification or a modification leading to partial net charge
change.7,10,23,29,35 With a few exceptions,45 RP separation of
protein charge variants with one modification is typically rela-
tively poor,46,47 but RP LC-MS is sensitive and easily amenable to
top-down analysis.43,48-51 This is because proteins elute in the RP
mobile phase in an unfolded and highly charged state,52 which
enables ionization prior to entering the mass analyzer.53,54 RP
LC-MS has therefore beenwidely used for the characterization of
therapeutic proteins and antibodies.50,55-58

To increase the sensitivity of CEX-MS, we introduced
a post-column addition that facilitates the top-down analysis
of mAbs (Figure 1). We used a canonical full-length antibody,
bispecific antibody, and Fc-fusion protein to demonstrate the
capability of the optimized CEX-MS methods. Additionally,
CEX-MS top-down analysis of oxidized antibody determined
the oxidation site, elution profile of the oxidized species, and
estimated oxidation percentage. These findings agree with
peptide mapping data of the oxidized mAb.59 A new proteo-
form in the basic peak was uncovered using our online CEX-
UV-MS approach, and this result was confirmed by peptide
mapping, online RP LC-top-down-MS, and LC-MS/MS
analysis.

Results

Method optimization

The CEX conditions using aqueous ammonium acetate at pH
5–9.5 produced a relatively low ion signal when delivered
directly to MS. When online CEX-UV-MS analysis was per-
formed to obtain intact mass, only ~30 µg of antibody was

Figure 1. The workflow for online CEX-UV-MS and top-down analyses. CEX provides separation and isolation of protein charge variants. The mass measurement of
each charge variant separated by CEX can be achieved by online MS analysis. A post-column addition is introduced to increase the sensitivity of CEX-MS and to
facilitate top-down analysis of mAbs. The LC-UV and LC-MS elution profiles of the charge variants, accurate mass, and top-down fragmentation facilitated site-specific
structural analysis. See text for details.
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used to obtain mass spectra of the main CEX peak and several
isoforms with high resolution. In several studies, as little as
2 µg was used to accurately determine the mass of main CEX
peak of 50 kDa Fc-fusion protein. Relatively large (100 µg)
sample loads were required for the high MS resolution needed
for top-down MS analysis. Acetonitrile (ACN) was added to
the aqueous CEX buffers at 10% but did not produce signifi-
cant increases in the charge state and ion signal. Adding 20%
of organic solvent resulted in the appearance of additional
CEX peaks, indicating that partial in-solution or on-column
unfolding was taking place. As the additional peaks often
appeared as acidic peaks with the presence of organic solvents,
we suspected that oxidation with high hydrogen peroxide (see
below) was also leading to partial unfolding and appeared as
acidic species. The charge variants of the Fc-fusion protein
and mAb were eluted within the approximately linear region
of pH gradient (Figure 2). The buffer pH during the protein
elution agreed with pI values of the Fc-fusion protein (pI 8.0)
and mAb (8.5). A salt concentration gradient from 20 mM to
200 mM ammonium acetate was evaluated at constant pH,
which was one pH unit below the pI of an Fc-fusion protein
of interest. Although the protein eluted from the column and
mass was successfully measured, separation of acidic and basic
fractions was inferior, as compared to the pH gradient (data

not shown). In our setup, pH gradient showed better results
than ammonium acetate salt concentration gradient.

Using mAb as a model, optimization of the CEX method
was performed by T-mixing the organic solvent and acid with
the CEX solution at elevated temperatures (Figure 1). Upon
electrospraying from the aqueous CEX buffer at a flow rate of
0.3 mL/min (Figure 3b), the charge state distribution of the
antibody ions ranged from 24+ to 30+, with intensity of the
mass spectrum at 5.5E4. The aqueous CEX at 0.3 ml/min was
then mixed post-column with the organic-containing, acidic
solvent at 0.1 ml/min (Figure 3b, middle panels). The percen-
tages of the post-column solvent components, therefore, need
to be divided by 4 to obtain percentages of the components in
the final solution. When the nondenaturing aqueous solution
was T-mixed with 90% ACN, 8% water, and 2% formic acid
(FA) at room temperature, the charge states of the antibody
ions shifted to a region with the 37+ charged ions at the
highest intensity. Additionally, the intensity of the acquired
mass spectrum increased to 9.9E4 compared to the native
aqueous CEX condition. In the next experiment, the native
CEX solution was mixed with 70% isopropanol (IPA), 5%
water, and 25% FA online, and the mixer temperature was
set as 90ºC. The intensity of the mass spectrum was increased
to 1.6E5. The 39+ ions of the antibody became the most
abundant ions, and the ion intensity was improved to 1.6E5,
indicating increased unfolding, charging, and better electro-
spray. Further increase of the mixer temperature from 90ºC to
110ºC led to only a slight increase in charge state and ion
intensity. The average charge state of antibody ions increased
to 41+, and ion intensity increased to 2.8E5. Similar charge
state increase was observed for the Fc-fusion proteins.
However, signal intensity did not increase for all of the Fc-
fusion proteins.

Our data suggest that post-column addition of the organic
solvent (IPA), acid (FA), and elevated temperature (90–-
110ºC) resulted in unfolding of the antibody and protein
molecules, increasing average charge state and ion intensity
of aqueous CEX prior to entering the electrospray ionization
(ESI) interface. The results of online T-mixing were compared
with the direct infusion of 0.1 g/L antibody at a flow rate of
0.4 mL/min. With direct infusion from 90% ACN, 8% water,
and 2% FA (Figure 3b, bottom), mAb showed a similar charge
distribution to that of the CEX solution T-mixed with IPA,
water, and FA at 110ºC. However, using T-mixer to combine
the CEX solution with the unfolding solution did not reach
the same m/z region as that obtained from RP LC-MS. In RP
LC-MS experiments, the ions of antibody generated from the
column eluent including 28% IPA, 71.9% water, and 0.1%
TFA at 75ºC appear to be mainly in m/z 2000–4000 region
(Figure 3b, bottom). Although RP buffer conditions were
similar to CEX after T-mixing, RP LC-MS of the same anti-
body produced on average 51+ charged ions and even higher
ion intensity with only 5 µg injected, suggesting that interac-
tion with RP stationary phase may provide additional
unfolding.

For different solution conditions, top-down analysis was
performed by increasing in-source voltage and fragmenting all
entering multiply charged protein ions. The top-down frag-
mentation of the ions obtained from aqueous CEX solution
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Figure 2. (a) Measured pH values of the collected 0.3 mL fractions eluting
every minute from the CEX column during theoretical linear pH gradient of pH
5–9.5 (1%-100% B) between 1 and 19 min used for analysis of the Fc-fusion
protein (with theoretical pI 8.5). (b) Measured pH values of the collected
0.3 mL fractions eluting every minute from the CEX column during linear pH
gradient of pH 5.77–5.95 (15%-19% of pH 5–9.5 B) between 1 and 40 minutes
used for analysis of the mAb (with theoretical pI 8.0). CEX profile of the
antibody is overlaid. Buffer A: 50 mM ammonium acetate adjusted with acetic
acid, pH 5. Buffer B: 50 mM ammonium acetate adjusted with ammonium
hydroxide, pH 9.5.
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led to an ion intensity of ~1E3 in the mass spectrum
(Figure 3a). When the CEX solution (at 0.3 mL/min) was
T-mixed with different organic, acidic solutions (at 0.1 mL/
min), the intensity of the fragment ions improves significantly
(Figure 3a, middle to bottom panels). The addition of IPA and
FA increased the intensity of top-down fragments by 10-fold,
and adding heat increased abundance by more than threefold.
Our findings suggest that the strongest intensity of the top-
down fragment ions can be obtained by T-mixing the native
CEX solution with IPA, water, and FA at 110ºC. As reduced
protein produces higher sequence coverage by top-down,
online oxidation-reduction of disulfide bonds with volatile
performic acid60,61 was attempted by T-mixing, but without
success. Online electrochemical reduction of disulfide bonds
(like in references 73, 74) would be another approach to
explore in future method optimization.

Example of CEX-UV-MS for bispecific antibody and
Fc-fusion protein

Using the method optimized for antibodies, we conducted
online CEX-MS studies of one bispecific antibody and one Fc-
fusion protein by adjusting the pH gradient. First column
(Protein A) purification of a bispecific antibody produced
two main species surrounded by minor satellite peaks
(Figure 4). Based on the measured mass, the smaller species
with abundance of only ~20% was identified as the desired
bispecific antibody, while the predominant variant contained
a mispaired light chain (LC). This finding was useful in
guiding the following purification step, which enriched the
desired bispecific antibody. The observed CEX elution order

agreed with the theoretical pI values of the bispecific antibody
(pI 7.57) and the mispaired variant (pI 7.76). Our results are
also similar to the measurements reported by Phung et al.62

Figure 3. (a) Top-down fragmentation mass spectra after in-source collision induced dissociation of the multiply charged antibody ions. Ion intensities are on the top
right corners. Aqueous CEX eluent at 0.3 ml/min electrosprayed directly (top panel) and post-column T-mixed with the organic-containing, acidic solvent at 0.1 ml/
min (middle to bottom panels). Top-down analysis was performed by increasing in-source voltage and fragmenting all entering multiply charged protein ions. The
column was at room temperature, unless specified on the figure. (b) Electrospray ionization mass spectra including multiply charged ions of an intact antibody from
native aqueous CEX condition (top), different post-CEX conditions (middle), offline direct infusion (bottom), and RP LC-UV-MS (bottom). Ion intensity values are on
the top right corners. The numbers with plus sign indicate charge states. Other conditions are shown in the figure.
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CEX-UV-MS analysis of an Fc-fusion protein (Figure 5)
identified earlier eluting acidic peak 1 (AP1) as an Fc frag-
ment below the hinge, and later eluting basic peak 1 (BP1) as
containing residual C-terminal lysine residue or C-terminal
amidation. The most basic peak, BP2, was identified as the
dimer of the main product, but its percentage was signifi-
cantly higher than dimer measured by size exclusion chroma-
tography (data not shown). The dimer was thought to result
from on-column concentration and partial unfolding of the
protein bound to the CEX resin. We noted that only some
proteins are susceptible to suspected on-column aggregation.

This effect can be addressed by changing the buffer system or
column.

In these examples, accurate mass measurements were suf-
ficient to establish the identity of the charge variants and
guide the further process development. In the following
study, however, the top-down analysis was needed to obtain
site-specific structural information of stressed antibody.

CEX-UV-top-down MS of oxidized antibody

The hydrogen peroxide stress resulted in the appearance of
new CEX-UV peaks and the need to identify the oxidized

Main

BP2

Fragments

Dimer

min5 7.5 10 12.5 15 17.5 20 22.5 25

mAU

0

25

50

75

100

125

150

175

200

BP1

PGKP amide

a) CEX -UV

b) MS

+129 Da (+K)
-59 Da (amide)

Main

BP1

Dimer 
BP2

PG

D503/K504-G985 Fragments
AP1

AP1

Figure 5. (a) CEX-UV profile of an Fc-fusion protein and (b) deconvoluted mass spectra of each peak in the CEX-UV profile of the Fc-fusion protein. In panel (a), the
cartoon of the Fc-fusion protein represents the assignment of each peak based on MS measurement.
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antibody species (proteoforms) under each peak (Figure 6a
and Figure S1). The newly developed method was used to
compare the unmodified and stressed antibody. CEX-UV-top-
down MS analysis of the antibody sample stressed by hydro-
gen peroxide was performed as follows (Figure 1). CEX
separation followed by the T-mixing and in-source top-
down fragmentation resulted in several large gas-phase frag-
ment ions containing one and several methionine residues.
Approximate percentages of oxidation of different methionine
residues were deduced from abundances of the oxidized and
non-oxidized fragment ions. Native aqueous CEX at 0.3 ml/
min was mixed post-column with the organic-containing,
acidic solvent at 0.1 ml/min with the mixer heated to 110ºC.
After the mixer, the solution was delivered to MS for intact
and top-down analyses. The intact analysis showed a mass
increase by ~16 Da for the lowest hydrogen peroxide level,
and higher mass additions for higher hydrogen peroxide
levels, indicating oxidation.

We used hydrogen peroxide as an oxidant reagent because
it is a common component of cleaning reagents that are
widely used for biopharmaceutical production, purification,
and fill/finish equipment and facilities. If not completely

removed after cleaning, hydrogen peroxide may cause oxida-
tion in the produced protein. Previous studies have demon-
strated that hydrogen peroxide specifically oxidizes
methionine.63,64 A comparison of the CEX-UV profiles of
the control and different oxidized antibody samples shows
that, upon oxidation by 0.01% and 0.1% hydrogen peroxide
for 1 h at room temperature, the proteoform distribution of
the oxidized antibody appears to be similar to that of the
control sample (Figure S1). Six main peaks were observed,
with Peak 4 considered the main product. At the highest
concentration of hydrogen peroxide of 1%, however, the
entire CEX profile of the oxidized antibody shifted to
a lower retention time region. This was consistent with the
previous studies suggesting that the oxidized protein variants
may elute earlier as acidic species.65-67

The antibody oxidized by 0.1% hydrogen peroxide was
selected as a model system because the change was moderate,
the area of new peaks was below the original peaks (unlike the
case of 1% hydrogen peroxide), and produced detectable
amounts of oxidized antibody species. We found that the
oxidation at different sites had different effects on the elution
pattern of oxidized antibody species (Figure 6b-d). Oxidation

Figure 6. CEX-UV profiles with detection at 280 nm and CEX selected ion chromatograms (SIC) for top-down fragments of the control antibody (dash) and after
1-h stress by 0.1% hydrogen peroxide (bold solid line). Maximum ion intensities are shown at the top right of SEC plots. SIC of M4 Ox was elevated (not to scale) to
better visualize the elution time. Ion intensity should be used for quantitation.
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on M83 and M107 of heavy chain (HC) caused an earlier
elution compared to the control sample (Figure 6b). The
fragment ions from HC b110 (8+) containing M83 and
M107 were the most abundant among all the identified frag-
ment ions of antibody. Antibody molecules with oxidation on
M4 of the LC represented by LC b118 fragments displayed
a relatively low intensity and eluted slightly earlier than the
control sample (Figure 6c). The oxidation on Met 431 of HC
produces peaks with later elution, indicating that the oxida-
tion on Met 431 of HC results in more basic species of the
antibody (Figure 6d). In this setting, top-down fragments
containing regular and oxidized M255 and M361 were not
monitored.

Examples of top-down mass spectra of oxidized antibody
are shown in Figure S2. The fragment ion abundancies repre-
senting the unmodified and oxidized species from Figure S2
were used for plotting selected ion chromatograms in Figure 6.
The percentage of oxidation in the CEX peaks and specified
methionine residues can be estimated from the peak areas of
selected ion chromatograms of the 0.1% hydrogen peroxide
(oxidized) and control sample. For example, top-down mass
spectrum containing fragment b110 (8+), including 110 resi-
dues from the HC N-terminus (entire VH1 region including
M83 in folded frame 3 and M107 in solvent-exposed comple-
mentary-determining region 3 (CDR3)), showed ~40% oxida-
tion (Figure S2B). In addition, HC M431 oxidation in CEX
post-main is ~50% (Figure S2, panel C), while LC M4 oxidation
in CEX main peak or another peak is minor (<5%, Figure S2,
panel B). On the other hand, top-down mass spectrum contain-
ing fragment y114 (6+), including 114 residues from the HC
C-terminus (entire CH3 region including M361, M431),
showed little oxidation <3% (Figure S3). This implies that
oxidation is not in CH3, including M361 and M431, but con-
tains high abundance of most likely M107 oxidation from HC
CDR3. These are examples of structural information of CEX
peaks provided by top-down fragmentation.

Selected ion chromatogram for top-down fragments HC
y60 (6+,7+) indicated the presence of antibody species with
open disulfide Cys370-Cys428 in the CH3 region that eluted
under the main peak(s) (Figure S2A). This result indicates
that open disulfide does not lead to later elution in CEX. The
CH3 domain contains a single buried disulfide bond. Prior
studies showed that the secondary and tertiary structures of
reduced and oxidized CH3 dimer were similar, and differ-
ences were observed only under >1 M guanidine, extremes of
pH and temperature.68 This is not the case for the aqueous
CEX performed under near physiological pH condition. Our
experiment indicated that the structure and CEX elution are
the same for antibody species with reduced and oxidized CH3,
as suspected from findings by McAuley et al.68 Contrary to
CEX, in RP LC, the open disulfide leads to later elution due to
more complete unfolding in the low-pH, organic buffer and
stronger adsorption to the resin (data are not shown here).
The oxidized top-down fragment HC y60 (6+, 7+) eluted later
(Figure 6), suggesting that M431 oxidation increased a more
basic antibody species. There is no evidence for the correla-
tion between HC Met 431 oxidation and the open disulfide,
suggesting that HC y60 (6+, 7+) fragment ions can be used for
quantitation. Our top-down approach enables a quick and

direct analysis of oxidation percentage in therapeutic proteins
without the introduction of artifacts.

mAb new peak characterization by CEX-UV-MS of intact
and on-column reduction followed by top-down

The online CEX-UV-MS analysis of the main peak and acidic
peaks of the mAb agreed with the previous work by Harris
et al. and Bailey et al. (Figure 7a).35,59 Characterization of the
mAb from lot M58268 revealed a basic peak (peak 6) at ~5%.
Accurate mass measurements indicated that the CEX peak
contained intact antibody proteoform including high-
mannose glycosylation and remaining C-terminal lysine resi-
due (M5/M5 + K) paired in one molecule (Figure S4). We also
analyzed several other batches of the antibody using the
described method (Figure 7a and S5). For the antibody sam-
ples from lots 3044033 and 3072991, the basic peak appeared
at lower percentage (~3%) compared with the lot M58268 that
we used throughout this study. Improved sensitivity of the
described method allowed detection of the antibody proteo-
form with pairing of high-mannose glycosylation and
C-terminal lysine residue (M5/M5 + K). Pairing of oligosac-
charides in the Fc region of IgG antibodies was described
before,69 including M5/M5 pairing.70

On-column reduction, described in detail elsewhere,71-73

followed by top-down analysis also revealed high percentages
of C-terminal K and mannose 5 and 6 species (M5, M6) in
mAb. On-column reduction of antibody by tris(2-carbox-
yethyl)phosphine (TCEP) injection was performed to reduce
disulfide bonds before RP LC-UV-MS and top-down (Figure
S6). Examples of the application of on-column reduction for
identification of CEX main peak (peak 4) and basic peak
(peak 6) of the antibody are provided in Figure S7 and S8.
Top-down mass spectra and selected ion chromatograms of
fragment y60 (5+) demonstrate the addition of lysine in the
basic peak (peak 6). After triplicate CEX-UV-MS analysis, the
acidic peaks were identified as containing intact deamidated
antibody species from the increase of average mass by ~1 Da
with useful standard deviation (Figure 7a). However, low
isotope abundance of the top-down fragments did not allow
calculation of average mass increase by 1 Da with high con-
fidence (not shown here). Additionally, proteoform assign-
ment by online CEX-UV-MS is consistent with the peptide
mapping of each collected CEX fraction from the antibody
(Figure 7b). Peptide mapping of collected CEX fractions con-
firmed C-terminal lysine and mannose 5, 6 species (M5, M6).
This approach highlights the utility of CEX-MS in identifying
proteoforms with nonrandom distribution of modifications.

Discussion

Here, we describe increasing sensitivity and addition of top-
down to CEX-MS in an effort to obtain site-specific structural
information of charge modifications, performed without peptide
mapping. The post-CEX column addition of the organic solvent
(isopropanol), acid (FA), and elevated temperature (110ºC)
before the ESI source results in unfolding of the antibody and
protein molecules, increasing average charge state and intensity
of intact and top-down fragment ions. Examples, including
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a canonical monoclonal antibody, a bispecific antibody, and an
Fc-fusion protein were provided to demonstrate the capability
of the online CEX-UV-MS method with enhanced sensitivity.

Top-down analysis was further performed by employing
elevated in-source voltage and fragmenting all entering multi-
ply charged protein ions. Using ion selection in the region of
the multiply charged ions (for example, m/z 6000 for native
aqueous Figure 3 top panel) for top-down fragmentation
instead of in-source fragmentation of all entering ions was
considered, but showed lower ion intensity. We have not
undertaken significant optimization efforts for top-down
after ion selection. Increasing charge state (moving to the
left on the m/z scale) and increasing ion intensity by adding
organic and temperature in combination with in-source frag-
mentation appeared to be the optimal condition and combi-
nation. Although the method does not provide opportunity
for the proteoform selection by m/z for top-down analysis, it
enables chromatographic separation of pure proteoforms fol-
lowed by in-source fragmentation.

By combining CEX-MS with top-down to analyze the
oxidized antibody, we obtain top-down fragments containing
one and several methionine residues. Selected ion chromato-
grams of the oxidized and non-oxidized fragment ions were

utilized to determine approximate percentages of oxidation
and elution profiles of different methionine residues without
peptide mapping. No evidence was found for the oxidation of
tryptophan in this work. Oxidation by hydrogen peroxide at
1% induced oxidation of all methionine residues in an IgG
antibody: over 90% oxidation in 3 methionine residues HC
M258, M364, M434 and over 4% in the remaining 3 residues
of an IgG1 antibody.74 In contrast, the observed oxidation of
tryptophan residues was below 0.8%.74 This trend is also
supported by peptide mapping of our test antibody, indicating
only minor oxidation of tryptophan residues after 0.1%
hydrogen peroxide.

Complexity of top-down mass spectra is typically
a challenge across the field when a large number of fragment
ions are generated: (a) during direct infusion for a long time,
(b) while using more efficient top-down fragmentation tech-
niques (ECD, ETD, UVPD), and (c) on reduced protein.
However, in our case the complexity of top-down fragmenta-
tion was not high, because of the following: (a) HPLC separa-
tion of the individual proteoforms leading to relatively short
top-down analysis time for each eluting species, (b) less-
efficient CID, and (c) intact antibody with disulfides. At this
time, low sequence coverage was probably a more significant

a) CEX-UV

1 3 5

2
4

6

M5M5

K

M5/M5-K proteoform

b)

Figure 7. (a) CEX-UV profile and peak assignment of mAb. Different colors are used to represent different batches of mAb: black bold lotM586268; red lot3072991;
and green lot3044033. Each CEX-UV peak is assigned based on the MS measurement, and the peak assignment is summarized in the table below. In the table, Asp
isomerization represents the isomerization of Asp into isoaspartic acid. The table also compares the peak assignment in this work with the previous results from
Harris et al. A cartoon of the antibody proteoform with high mannose and C-terminal K (M5/M5 + K) represents CEX peak 6. (b) peptide mapping results of each CEX-
UV peak of mAb. Percentages of main modifications in each CEX-UV peak are shown as bar graph.
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issue than complexity. For example, the oxidation percentages
of M255 and M361 were not assessable in the presented
setting. Future work, such as the use of different top-down
fragmentation techniques (ECD, ETD, UVPD) and possible
on-line reduction of disulfide bond could improve sequence
coverage including the internal residues. In addition, a new
basic peak of mAb was characterized by CEX-UV-MS of
intact molecules and after on-column reduction followed by
top-down and peptide mapping. These studies show that post-
CEX column addition of organic solvent, low pH and elevated
temperature unfolded proteins, increases sensitivity and facil-
itates top-down fragmentation, providing detailed and direct
structural information of therapeutic proteins.

Materials and methods

Materials and sample preparation

A ProPac WCX-10 column (5 µm particle size, 2.0 × 250 mm)
was purchased from Thermo Fisher Scientific (Waltham, MA)
for CEX separation. Ammonium acetate (99.999% trace
metals basis), acetic acid (99.99% trace metals basis), and
hydrogen peroxide solution (≥30%, for trace metals basis)
were purchased from Sigma Aldrich (St. Louis, MO).
Ammonium hydroxide solution (≥25% in water, for trace
analysis) was purchased from Honeywell (Muskegon, MI).
Trypsin from bovine pancreas (sequencing grade) was from
Roche Biochemical Reagents, Sigma Aldrich (St. Louis, MO).
Unless specified, other reagents were purchased from Fisher
Scientific (Pittsburgh, PA).

The mAb used in this study (described earlier in Ref. 35
and 59) was purchased from Genentech (San Francisco, CA)
and dissolved in water to reach a final concentration of
20 mg/mL. Unless specified, the antibody samples in this
work were from lot M58268. Two other batches, lot 3044033
and 3072991, were also studied to demonstrate the presence
of the additional basic peak. Several Fc-fusion proteins and
a full-length bispecific antibody used in this study were
obtained in house, i.e., from Amgen. Stressed antibody was
prepared by incubating the antibody solution with 0.1%
hydrogen peroxide in the dark for 1 h at room temperature.

CEX separation coupled with MS analysis

All the CEX experiments were performed on Agilent 1290
coupled with a Thermo Q Exactive Biopharma mass spectro-
meter equipped with high energy collision dissociation
(HCD). The CEX method was optimized using a pH-
gradient system of phase A (ammonium acetate, pH 5.0)
and B (ammonium acetate, pH 9.5) delivered through
a ProPac WCX-10 column at 0.3 mL/min. Upon the injection
of an aliquot (40–100 µg) of the protein samples, the gradient
was held at 100% phase A for 1 min followed by an increase to
16% phase B in 2 min. Then, the gradient was increased to
18% phase B linearly in 40 min. The gradient was further
increased to 100% phase B in 2 min and held at 100% phase
B for 4 min. The gradient returned to 100% phase A in 2 min
and was held at 100% phase A for 10 min to recondition the
column. Resolving power of 70,000 was used for native and

top-down MS, and in-source energy was set to maximum
allowed 200 eV. In the protein unfolding and top-down
experiments, the solution of 70% isopropanol, 25% FA, and
5% water at a flow rate of 0.1 mL/min was T-mixed with the
CEX eluent, followed by 1-min exposure to a mixer at ele-
vated temperature before delivering to ESI source. Agilent
1100 static solvent mixer part number G1312-87330 with
a volume of 420 µl was maintained at temperatures up to
110ºC in a thermostated column compartment of Agilent
1290 II HPLC system. The specified mixer temperatures
were setup temperatures of the column compartments.

Data analysis of intact MS and top-down MS data

Qual Browser (Xcalibur 4.0) software was used for creating
and integrating the extracted ion chromatogram (XIC) trace
of CEX chromatography. Deconvolution was achieved on
MassAnalyzer75,76 (also available from Thermo Scientific as
a part of Biopharma Finder). As described previously,37,38

top-down analysis was also carried out automatically by
MassAnalyzer, and each fragment was inspected manually.

Fraction collection and peptide mapping

For LC-MS/MS analysis, three runs of 100 µg of the antibody
were separated and fractionated into six main regions based
on UV (280 nm) CEX chromatogram using identical condi-
tions (column, gradient, and buffers). Corresponding frac-
tions from two runs were collected manually on 500 µL
Microcon filter (30 kDa MWCO, Sigma-Aldrich, St. Louis,
MO), resulting in duplicate analysis for each fraction. Detailed
digestion and LC-MS/MS analysis procedures have been
described elsewhere.77 One hundred µL denature solution
containing 6 M guanidine hydrochloride, 0.2 M Tris, 2 mM
EDTA, and 20 mM methionine (pH 3.5) was present on the
top of the filter while the fraction was collected to minimize
artificial oxidation caused by collection. Fraction was dried by
spinning for 15 min at 14,000 × g and then dissolved in the
denature solution with 10 mM dithiothreitol for reduction at
37ºC for 30 min, followed by alkylation (10 mM iodoaceta-
mide) in dark at room temperature for 30 min. The filter of
each fraction was further washed with digestion solution
(0.1 M Tris, 20 mM methionine, and 5% ACN) three times
to remove the residual denature solution. Then, the solution
was digested for 1 h with trypsin at a 1:20 enzyme:substrate
ratio at 37ºC. Digestions were quenched with 20% FA and
washed with 80 µL quench solution (6 M guanidine hydro-
chloride, 2 mM EDTA, and 20 mM methionine, pH 5.0). The
flow-through was collected using a new centrifuge tube.

Tryptic peptides were injected via an auto-sampler onto
a Varian Polaris Ether C18 column (Agilent, 2.1 × 250 mm,
3.0 μm particle size, 180 Å pore size) at a flow rate of 0.2 mL/
min using Agilent 1290 system. A linear gradient from 100%
phase A (water with 0.1% trifluoroacetic acid) to 50% phase
B (10% water and 90% ACN with 0.1% trifluoroacetic acid) was
applied for 190 min. Tryptic peptides were analyzed online
using a Q Exactive Biopharma mass spectrometer (Thermo-
Fisher Scientific). Data were collected in data-dependent mode
with HCD fragmentation. Data were searched against the mAb
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HC and LC using MassAnalyzer. Extracted ion chromatograms
corresponding to the peptides of interest were obtained through
Qual Browser (Xcalibur 4.0) software.

RP LC-MS with online reduction and top-down analysis

The RP LC-MS experiments were performed on Agilent
1290 Infinity II coupled with a Thermo Q Exactive
Biopharma (Figure S6) by following previously established
protocols.71–73 A solution of TCEP hydrochloride was pre-
pared in water and 0.1% FA at a concentration of 30 mg/mL.
For two runs of 100 µg of mAb, the main peak and addi-
tional basic peak were separately collected into two Zorbax
300SB-C8 trap columns (Agilent, 1.0 × 50 mm, 3.5 micron)
based on UV (280 nm) CEX chromatogram using identical
conditions (column, gradient, and buffers). The C8 trap
column was washed with RP solvent A and connected in
front of the Zorbax 300SB-C8 column (Agilent,
1.0 × 50 mm, 3.5 micron). In RP LC-MS experiments of
each peak, 40 µL of TECP solution was loaded on the C8
trap column to conduct online reduction. The eluting solu-
tion was further separated on the C8 analytical column. In-
source energy was set to maximum (200 eV) to carry out
top-down analysis. Qual Browser (Xcalibur 4.0) software was
used for creating and integrating the XIC trace of CEX
chromatography. Top-down data analysis was conducted
using MassAnalyzer, and each fragment was inspected
manually.
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