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ABSTRACT

The preponderance and diversity of charge variants in therapeutic monoclonal antibodies has implica-
tions for antibody efficacy and degradation. Understanding the extent and impact of minor antibody
variants is of great interest, and it is also a critical regulatory requirement. Traditionally, a combination of
approaches is used to characterize antibody charge heterogeneity, including ion exchange chromato-
graphy and independent mass spectrometric variant site mapping after proteolytic digestion. Here, we
describe charge variant native mass spectrometry (CVMS), an integrated native ion exchange mass
spectrometry-based charge variant analytical approach that delivers detailed molecular information in a
single, semi-automated analysis. We utilized pure volatile salt mobile phases over a pH gradient that
effectively separated variants based on minimal differences in isoelectric point. Characterization of
variants such as deamidation, which are traditionally unattainable by intact mass due to their minimal
molecular weight differences, were measured unambiguously by mass and retention time to allow
confident MS1 identification. We demonstrate that efficient chromatographic separation allows intro-
duction of the purified forms of the charge variant isoforms into the Orbitrap mass spectrometer. Our
CVMS method allows confident assignment of intact monoclonal antibody isoforms of similar mass and
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relative abundance measurements across three orders of magnitude dynamic range.

Introduction

Biotherapeutic protein characterization frequently includes
intact mass analysis to measure molecular weight, post-trans-
lational modification (PTM) profiles, and isoform complexity
or polydispersity. The conventional workflow for intact mass
analysis involves coupling reverse phase (RP) liquid chroma-
tography directly to mass spectrometry (LC-MS). RP mobile
phases are highly compatible with electrospray ionization
(ESI) MS and allow very sensitive detection of intact proteins.
RP chromatography requires significant concentrations of
organic solvent often adjusted to very low pH (<3.0) using
elevated column temperatures.' These conditions result in
denaturation of most proteins and a broad distribution of
relatively high charge states at low m/z ranges. Denaturing
LC-MS can present analytical challenges for moderately het-
erogeneous samples. As sample complexity increases, multiple
unique isoforms of differing masses and different charge
states are likely to produce spectra with ions of overlapping
m/z values. This phenomenon is known as spectral interfer-
ence and can become a major challenge for data
interpretation.”

Performing intact mass analysis using physiological-like or
“native” conditions in solution offers a facile alternative to RP

LC-MS. Native MS utilizes 100% aqueous solutions of low-to-
moderate concentrations of volatile salt (e.g., 50 mM ammo-
nium acetate) buffered at neutral pH.>* This type of analysis
proceeds commonly after removal of non-volatile salts by
buffer exchange followed by nanospray infusion MS.>”’
Native MS-based intact mass analysis is required for certain
classes of biotherapeutics that require preservation of non-
covalent associations of protein-protein or protein-ligand
complexes.® Native MS also affords a fundamental benefit to
intact mass analysis of all types of heterogeneous samples
where proteins acquire fewer charges and yield spectra at
high m/z relative to denatured conditions. This increased
separation significantly reduces spectral interference.>*"’
Modern mass analyzers, such as Orbitrap MS systems, have
enabled native MS to deliver increasingly higher resolution
data.',>''"!*> Achieving baseline resolution of intact protein
isoforms, such as monoclonal antibody (mAb) glycoforms,
allows heterogeneous intact protein samples to be efficiently
measured without sample pre-treatment (e.g., reduction or
deglycosylation), and offers a true intact mass measurement
of complex biologics.

Several separation techniques that utilize “native” mobile
phases and are also ESI-compatible can be coupled directly to
native MS. Examples include size exclusion chromatography
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(SEC), ion exchange chromatography (IEC), hydrophobic
interaction chromatography (HIC), and capillary electrophor-
esis (CE)."®'” On-line separations offer notable advantages to
infusion-based native MS applications. MS spectra can be
correlated with retention time (RT) to provide orthogonal
confirmation of isoform assignments. Optical (e.g., UV)
detectors can be further coupled in-line with the LC and MS
systems and are critical for method optimization or trouble-
shooting. Furthermore, the use of gentle, native conditions
minimizes the potential of method-induced PTM artifacts,
such as deamidation, which are often induced through the
use of elevated column temperature, even at low pH.*°
Additionally, sample injections may be automated and sample
desalting can be performed via separations in-line with MS
detection.

IEC allows isoforms to be separated on the basis of charge
(z), and benefits from on-column sample concentration and
gradient elution, which makes this form of chromatography
useful from a practical standpoint. Coupling IEC to MS,
however, introduces new challenges. Conventional IEC uses
gradients of low-to-high salt concentration to elute proteins,
but, when coupling to MS, the high concentrations of salt can
be problematic, even when utilizing volatile salts. Recent
reports have shown that native IEC-MS is possible to imple-
ment, but these demonstrations required high concentrations
of ammonium acetate (>200 mM) to elute proteins, which can
result in reduced sensitivity of the mass spectra.'®*' Low
sensitivity and lack of robustness remain significant barriers
to any potential mainstream industry adoption.

IEC-based charge variant (CV) analysis plays an important
role in biotherapeutic product development. CV data finds
use at multiple stages in a product’s lifetime, from initial
characterization through quality control, and is required for
filings with regulatory agencies. CV analysis is conventionally
accomplished using non-MS-compatible salt-gradient IEC
coupled to UV detection.”*”** An alternative form of CV
analysis has been reported that demonstrates IEC using a
pH gradient in a low ionic strength background to affect
protein elution.”>*® The mechanism of elution for pH-gradi-
ent IEC is such that, as pH increases and becomes equal to a
protein isoform plI, the net charge state of that isoform in
solution becomes neutral, and it desorbs from the IEC sta-
tionary phase and elutes from the column. Reports of pH-
gradient IEC reveal that it is possible to perform high-resolu-
tion separation of proteins without the requirement of high
ionic strength mobile phases. Recently, strong cation
exchange chromatography coupled to a mass spectrometer
has been demonstrated to resolve charged variant isoforms
of antibodies eluted along a pH gradient.”” Although effective
at isoform separation, this workflow requires daily mobile
phase preparation and does not address the conundrum of
co-eluting species.

Here, we describe a novel workflow that simultaneously
accomplishes native intact mass analysis and CV analysis
using weak cation exchange (WCX) coupled directly to
Orbitrap native MS. This platform uses robust mobile phase
buffers and is based on pH gradient separation using extre-
mely high purity MS compatible buffers at low ionic strength.
Our approach, termed charge variant native mass
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spectrometry (CVMS), offers a powerful alternative to tradi-
tional RP LC-MS for intact mass analysis and is a robust and
readily implemented platform; CV separation of near-isobaric
isoforms improves mass accuracy and dynamic range of rela-
tive quantitation of low abundance isoforms. Our CVMS
workflow constitutes a new state-of-the-art for intact mass
analysis of proteins in the biopharmaceutical industry and
beyond.

Results

We sought to develop a highly MS-compatible version of
chromatographic methods previously demonstrated to allow
IEC separation with pH gradient elution.”**” To optimize MS
selectivity, we established a pH-elution IEC method with low
ionic strength and a constant background of volatile salt,
which served to minimize gradient-related changes in ESI
sensitivity and to maintain equivalent desolvation conditions
throughout the entire course of separations. Ammonium acet-
ate was selected as the buffer agent in the mobile phases
because this volatile salt is stable in solution for a number of
weeks. Background salt concentration and buffering strength
are important parameters for modulating pH elution in IEC.

Although ammonium acetate is a popular choice of volatile
salt-ingredient for native MS-compatible buffering solutions,
it is not an ideal or true buffer. Ammonium acetate provides
buffering within +1 pH unit of 4.75 (acetate pKa) and +1 pH
unit of 9.25 (ammonium pKa).”® As a result, pH gradients
buffered using ammonium acetate may suffer in terms of
experimental linearity. We optimized the pH of mobile phases
for separations of trastuzumab (Herceptin®), which has a pl
above 8.25 (theoretical pI = 8.583), where we found the
experimental pH to be a more linear reflection of the actual
ratio of blended mobile phases. 50 mM ammonium acetate
was used in both mobile phases A and B. Mobile phase A was
pH = 6.6 without pH adjusting. Mobile phase B was
pH = 10.1, adjusted using ammonium hydroxide.

We monitored the linearity of our IEC separation using a
pH/conductivity meter. Trastuzumab (21 pg/pL) in formula-
tion buffer was injected as a volume of 1 pL onto a WCX
column and eluted using a 10 or 20 min gradient of 1-8%
mobile phase B (Figure 1). CVMS (Figure 2a), using either
length gradient, produced a chromatographic profile similar
to the study by Harris et al., which utilized salt-elution on a
WCX column with UV detection.”> The authors in this case
used a rigorous approach involving fractionation followed by
peptide mapping to demonstrate that the majority of the
charge heterogeneity of trastuzumab is related to site-specific
asparagine deamidation and aspartic acid isomerization.

Asparagine deamidation and aspartic acid isomerization
can both occur with exposure to heat or high pH over
extended time periods (Figure 2b). Deamidation of asparagine
on trastuzumab (theoretical pI = 8.576) results in a relative
decrease in pl of 0.07 units and a near-isobaric mass increase
of 0.98 Da. This is consistent with decreased RT of the LC-
N30 deamidated peak (1) and doubly deamidated peak (i)
relative to the main peak (*) in the trastuzumab charge variant
profile.
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Figure 1. Gradient optimization. Shown are the UV chromatogram (blue), the
actual monitored pH profile (black) and the programed gradient (red).
Separation was performed on a ProPac WCX-10 column (5 pm particle size,
2.0 x 250 mm) column, further run parameters may be obtained from the
experimental section.

Aspartic acid conversion to isoaspartic acid does not result
in a mass difference and itself theoretically imparts no change
in isoform pl; however, isoaspartic acid conversion can strain
local protein tertiary structure as a result of an additional
carbon atom becoming inserted into the polypeptide back-
bone. Such changes in protein surface characteristics can in
turn alter IEC elution behavior, and may be responsible for
the increased retention times of the peaks that contain HC-
D102 isoaspartate: peaks (f!), (!), and m.

To confirm the identity of the purported main and deami-
dation peaks, we repeated our separation method and col-
lected fractions for peptide mapping (Figure 3a). BioPharma
Finder peptide mapping results showed that nearly half of
light chain N30 in Fraction A was deamidated compared to
~ 2% N30 deamidation in Fraction B (Figure 3b). A manual
analysis of the raw MS data also supports this conclusion
(Figure 3c).

CVMS method optimized for high dynamic range

WCX separation of trastuzumab was repeated within the
context of the CVMS method, where the column eluent flo-
wed directly to the heated ESI needle of the Orbitrap MS
system. A moderately high resolution Orbitrap setting of
45,000 (FWHM at 200 m/z) was required to robustly resolve
spectral interferences of potential near-isobaric isoform. Large
protein species such as mAbs rapidly decay while trapped
inside Orbitrap detectors. Consequently, MS sensitivity
decreases with increased transient time and resolution
becomes inversely proportional to sensitivity.'*** Mobile
phases were prepared using high purity (299.999% metal-
free content) ammonium acetate, which we have observed is
an important ingredient for optimizing MS sensitivity in the
CVMS workflow (data not shown) due to very low amount of
metal ion adducting, which may cause chemical noise back-
ground during ESI-MS.

To determine the relative quantities of isobars owing to
deamidation and isomerization, we generated an extracted ion
chromatogram (XIC) of the raw data, monitoring the most
abundant ion of the most abundant glycoform (GOF/GOF;
27 + ion, m/z 5484.50) as a suitable representation of the
total deamidation/isomerization across all trastuzumab iso-
forms (Figure 4ab). Using a window width of 20 ppm
(approximately 3 Da), any true-isobaric species, such as iso-
aspartic acid isomers, or any near-isobaric protein isoforms,
with 0-3 deamidation sites, would be merged into a single
XIC trace. Within the GOF/GOF XIC trace, we identified peaks
corresponding to six previously reported deamidation/isomer-
ization isoforms. Abundances of deamidation and isomeriza-
tion were estimated as individual isoforms using the GOF/GOF
27+XIC fractional peak areas.

The CVMS data necessitated a time-resolved deconvolu-
tion strategy due to the significant chromatographic separa-
tion of isoforms, including baseline-resolved species as well as
co-eluting and partially-interfering species. This strategy used
a deconvolution algorithm (ReSpect) for intact mass determi-
nation in combination with a second algorithm (Sliding
Window) that performs filtering and integration of the indi-
vidual deconvolution events staggered over the course of a
chromatographic separation.® We optimized our data analy-
sis strategy for confident identification of both high and low
abundance species using a mass tolerance of 15 ppm for
ReSpect deconvolution and Sliding Window integration.

The Sliding Window algorithm allowed filtering of lesser
quality identifications and generation of isoform-specific (or
“extracted”) deconvolution chromatographic (XDC) traces.
The XDC traces provide an integrated peak area to estimate
relative abundance. Several high abundance, non-sialylated
glycoforms eluted as XDC traces with multi-peak elution
profiles reflected the established deamidation/isomerization
pattern characteristic of the overall CV profile of trastuzumab.
Thus, the XDC peak areas reported by BioPharma Finder
were inclusive of the sum of several deamidation/isomeriza-
tion isoforms. To determine the abundance of individual iso-
forms (glycoform with possible additional PTMs) in terms of
XDC peak area, we multiplied the XIC-determined fractional
amounts of peaks containing deamidation/isomerization or
lack of modification by the total XDC peak area for the top
three glycoforms (GOF/GOF, GOF/G1F, G1F/G1F). The most
abundant isoform that contributed to the main peak was the
GOF/GOF trastuzumab glycoform with no further deamidation
or isomerization. The fraction-adjusted XDC area (1.34e8) of
GOF/GOF served to represent the 100% relative abundance
level in our measurements of individual isoforms.

CVMS data allowed highly confident and unambiguous
detection of low level intact mAb species. Combining high
mass accuracy with unique RT information permitted assign-
ment of isoforms based on two independent criteria. As a
confirmatory “third dimension”; the magnitude and direction
of a relative RT shift can also be correlated with the predicted
elution behavior caused by the chemical nature of a particular
isoform being identified. Predictability in this regard is an
advantage compared to other means of isoform separation,
which can be effective but may not offer a clear relationship



| 1 : Isoform Modification AM (Da)
100 t+ | 2xDeamidationLC-N30 | +2
3 P E IsoAspartate HC-N55 +1
E P i Deamidation LC-N30 +1
.| Main N Deamidation LC-N30 w
% 7 i o beak : IsoAspartate HC-D102
E i AM
4 o (Da) * Relatively unmodified 0
] ! IsoAspartate HC-D102 0
AT NS S S WA Il 2 x IsoAspartate HC-D102 0
6 7 8 9 10 11 12 13 14

time

A, Uff*ﬁéy

Succinimide v
M’J\ \/U\ -

Asparagine (N), pK,;=8.8

MABS 1217

ﬁ).

Isoaspartic Acid 0 Da

> Aspartic Acid (D), pK,=3.9

A

0.98 Da

Figure 2. Trastuzumab charge heterogeneity is highly influenced by asparagine deamidation and aspartic acid isomerization. (a) The chromatogram resulting from
our CYMS method is highly similar to the trastuzumab charge variant profile previously reported by Harris et al. showing amino acid site-specific charge variant peak

assignments based on fractionation and peptide mapping data.”

Delta masses are plotted for the seven major peaks. (b) Pathway for asparagine deamidation and

aspartic acid isomerization. Deamidation of asparagine to aspartic acid results in a mass difference of +0.98 Da and changes the local pKa from basic (8.8) to acidic
(3.9) and results in earlier elution by cation exchange separation. Isomerization of aspartic acid results in zero mass change and does not directly result in any

predictable change to pl.

between isoform identity and elution order, such as isoform
separation based on collision cross section by ion mobility.
This strategy could be used routinely to support the isoform
assignments for new species that arise in batch comparisons.

The trastuzumab species identified by CVMS were char-
acterized by combinations of abundant N-glycoforms with
several possible types of low level modifications, either acid
or basic nature. Acidic peaks, eluting earlier than the main
peak, indeed corresponded to isoforms having undergone
PTMs that result in decreased pl, including asparagine dea-
midation and N-glycans containing sialic acid. Several basic
isoforms eluting later than the main peak were identified,
including isoforms with C-terminal lysine and aspartic acid
conversion to succinimide. XDC traces were generated for
each species detected.

Succinimide formation is an intermediate step in deamidation/
isomerization pathways.”® Succinimide conversion from aspartic

acid will impart an increase in pI, and should therefore result in an
increased RT in cation exchange separations. We identified aspar-
tic acid-derived succinimide isoforms that eluted as relatively basic
species and, as expected, modified in combination with the top
three glycoforms (Figure 5a,c). We estimated a relative abundance
of 3.41% aspartic acid conversion to succinimide.

The trastuzumab heavy chain is initially translated to feature a
C-terminal lysine, which in the final product is largely removed,
though not entirely. The glycoform species that comprised the
main peak had undergone lysine removal on both chains. We
identified the top three glycoforms in which one C-terminal lysine
residue was preserved (Figure 5b,d). Relative to the main peak, we
see that C-terminal lysine species are also eluting appropriately as
basic variants. It was observed that the lysine-retaining isoforms
were significantly interfering with mass spectra of the glycoforms
identified to have two isoaspartic acid conversions. Without the
aid of separation, the main peak glycoforms would co-elute with
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Figure 3. Fractionation of trastuzumab charge variants and confirmation by peptide mapping. (a) WCX fractionation of trastuzumab collected as fractions A and B. (b)
Label-free quantitation of deamidation on N30 of trastuzumab LC based on AUC of extracted ion chromatograms. (c) Extracted ion chromatograms of doubly and
triply charged mass of tryptic N30 LC peptide with and without deamidation from fractions A and B.
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Figure 4. Isoform-specific measurements of deamidation and isomerization. (a) In order to measure the relative abundance of total amounts of asparagine
deamidation and aspartic acid isomerization we plotted an extracted ion chromatogram (XIC) of 20 ppm for the most abundant charge state of GOF/GOF (27+,
m/z = 5484.50). Partial peak areas were determined manually and the GOF/GOF isoform at the main peak was measured to be 63.21% of the total abundance. An
adjusted XDC area was calculated by multiplying the main peak fraction (*) by the XDC total area under the curve for the top 3 glycoforms. (b) Raw MS spectrum
averaged across the main peak shows 27+ charge state with top 3 glycoforms labeled.

the C-terminal lysine variants in approximately 100-fold greater
abundance such that identification of C-terminal lysine content
would not be possible. This observation illustrates the importance
of separation for expanding the lower limit of detection and
relative quantitation for intact mass analysis. In situations where
near-isobaric variants are present in a high dynamic range of

abundances, identification becomes impossible. Separation is a
powerful way to simplify mass spectra, decreasing spectral inter-
ferences and increasing the likelihood of observing low abundance
species.

Sliding Window deconvolution identified the G1F/G1F
C-term lysine-containing isoform and measured a relative
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Figure 5. Basic low-abundance isoforms. (a) Chromatographs showing the base peak (BPC) trace aligned with XDC traces (deconvolved with a mass tolerance set to
15 ppm) of the top 3 glycoforms with one asparagine conversion to succinimide or (b) one un-clipped C-terminal lysine. Abundance of each isoform is shown as a
percentage relative to main-fraction adjusted XDC peak area of GOF/GOF. Panels (c) and (d) show mass spectrum averaged across highlighted RT window, for

succinimide and lysine, respectively.

abundance of 0.10% compared to the GOF/GOF main peak
isoform. This indicated that our CVMS method was capable
of accurate mass assignment and relative abundance mea-
surements over a dynamic range of three orders of magni-
tude. We conclude that high dynamic range intact mass
analysis is possible through an efficient means of separation
(IEC) to reduce the extent of mass interferences that would
normally result from the co-elution of near- and true-iso-
bars using infusion or other chromatographic approaches
that do not separate on the basis of charge.’’

Sialic acids are monosaccharides that include a car-
boxylic acid group, which imparts a net decrease in pro-
tein pl, causing a shift to earlier RT. Neuraminic acid is a
type of sialic acid that may be added to N-glycan struc-
tures of mAbs. Two neuraminic acid N-glycans, SIGOF
and S1GI1F, were identified in combinations with the
abundant glycans GOF and GI1F on isoforms that eluted
early relative to the main peak (Figure 6a,d). By compar-
ing the top three sialic acid-containing glycoforms to the
top three main peak glycoforms, we estimated 2.47% rela-
tive abundance. We also identified the corresponding sia-
lic acid-containing glycoforms that were also deamidated.
These species were detected at approximately 0.45% abun-
dance, but were easily identified due to the further
decreased RT, owing to the decreased pl resulting from
contributions from both deamidation and sialic acid
(Figure 6b,e). Multiple species were identified containing

two sialylated glycoforms (S1GOF/S1GOF, S1GOF/S1GIF,
SIG1F/S1G1F), observed at approximately 0.49% relative
abundance (Figure 6c,f). This species demonstrated a
decreased RT compared to the moieties containing only
one sialic acid glycan, consistent with the presence of an
additional sialic acid relative to main peak glycoforms.
To quantify each of these PTMs, we summed the XDC
peak areas of the top 3 PTM-glycoform species and divided
by the summed XDC areas of the top 3 main peak glyco-
forms (GOF/GOF, GOF/G1F, and G1F/G1F) (Table 1).

CVMS method optimized for high selectivity

We designed a ‘high selectivity’ variation on our CVMS
method where we intended to accurately distinguish deami-
dation from the corresponding relatively unmodified iso-
forms. Deamidation of trastuzumab yields a theoretical mass
difference of 6.75 ppm (Figure 7a, Table 2). We repeated our
chromatographic method and acquired high resolution MS
spectra (60,000 FWHM at 200 m/z). The mass spectra corre-
sponding to elution of the LC-N30 deamidation peak (experi-
mental m/z 5484.500, z = 27+, apex RT = 14.2 min) as well as
the main peak (experimental m/z 5484.454, z = 27, apex
RT = 17.4 min) were manually investigated (Figure 7b).

To assess whether the raw data could support the detection
of deamidation on the intact isoforms, we plotted XIC traces
of the experimental m/z values using a tolerance of 3.3 ppm,
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S1G1F)-containing N-glycan, (b) one sialic acid-containing N-glycan and one deamidation, or (c) two sialic acid-containing N-glycans. Abundance of each isoform is
shown as a percentage relative to main-fraction adjusted XDC peak area of GOF/GOF. (d), (e), and (f) show mass spectra averaged across highlighted RT respectively in

(a), (b), and (c).

which is sufficiently narrow to prevent any overlap of the
theoretical masses of deamidated and unmodified GOF/GOF
trastuzumab (Figure 7c). The XIC traces clearly show unique
elution profiles corresponding to individual deamidated and
relatively unmodified isoforms (main peak). Sliding Window
deconvolution successfully produced XDC plots (3.3 ppm
mass/merge tolerance) of the top 3 glycoform species + dea-
midation (Figure 7d).

The high mass accuracy of the raw data and deconvolution
results we believe is achieved by virtue of IEC separation
yielding mass spectra of “individualized” isoforms that are
sufficiently separated from one another (Table 3). Without
chromatographic resolution, these near-isobaric species would
yield tremendous interference and prevent individual identi-
fication or quantitation of either species.

Balanced CVMS method optimized for both selectivity
and dynamic range

We further optimized our CVMS method to achieve a balance
of high selectivity and high dynamic range. For this approach,
we used a gradient of 1-8% in 30 min, and a 45,000 resolution
Orbitrap setting for data acquisition to achieve reasonably
high sensitivity compared to R = 60,000 setting and a
3.3 ppm mass/merge tolerance for Sliding Window deconvo-
lution to maintain high selectivity in data analysis.

We measured a second, unrelated batch of trastuzumab in
a set of 4 replicate analyses. Our method allowed us to
reproducibly monitor individual, discrete XDC traces for the
deamidated and main peaks of the top three glycoform species
(Figure 8a,b). Our balanced method showed highly reprodu-
cible mass and RT data. We observed doublet peaks within
the XDC traces of top glycoforms at the deamidation and
main LC peaks that appear to correlate directly to the lower

abundant HC-D102 peaks described previously.” Sensitivity
to these isoaspartate species indicates that the ‘Balanced
Method’ is indeed more sensitive than the ‘High Selectivity
Method’ and with greater variability of peak areas for species
below the le5 level.

To understand the precision of our ‘Balanced Method’, we
inspected the replicate data of the individual charge states that
support the mass assignments of the isoforms identified by
Sliding Window deconvolution. Analysis of the main and
deamidated forms of the GOF/GIF glycoform showed that
the charge states detected at >le5 peak area have standard
deviations <0.5 Da (Table 4).

We plotted the standard deviations for 90 charge states
identified for 20 isoforms (3-5 charge states per isoform)
detected in at least 2 of 4 replicates of our ‘Balanced
Method’ (Figure 9, Table S1). High abundance ions (>1e5
counts) demonstrated sub-Da precision across the quadrupli-
cate CVMS analyses. Lowest abundance ions (<le4 counts)
demonstrated relatively poorer precision mass measurements
with mass standard deviation ranging as high 2 Da that
suggest insufficient mass precision for determining the pre-
sence of deamidation based solely on mass.

Our analysis indicates that the utility of our CVMS method
is contingent upon at least three different dimensions for
success. With respect to determining the presence and quan-
tity of any low-delta-mass modification such as deamidation,
sufficient separation is required in both the mass and RT
domains, while the former also requires a threshold-level ion
abundance (approximately le5 peak area in this case).

Discussion

We report significant performance advantages using a native
IEC-MS, or CVMS, method that can completely resolve large



Table 1. Relative abundances of minor trastuzumab charge variants. Relative
abundances of several low-level modifications (succinimide on HC-D102, lysine
on C-terminus, 1 x sialic acid N-glycoform +/- deamidation of LC-N30, and 2 x
sialic acid N-glycoform) are shown as a percentage. Adjusted XDC peak areas
represent only the main peak portion of the XDC total area under the curve
reported by BioPharma Finder software. Relative abundances were calculated as
the sum of the adjusted XDC peak areas of the top 3 glycoforms combined with
each of the charge-bearing PTMs shown, divided by the sum of the XDC peak
areas of the top 3 main peak glycoforms.

Adjusted XDC Peak

Abundance Relative to

Main Peak Area Main Peak

GOF/GOF 1.34E+ 08

GOF/G1F 9.32E+ 07

G1F/G1F 3.99E+ 07

Sum 2.67E+ 08 100.00%

Succinimide (HC D102) Adjusted XDC Peak  Abundance Relative to
Area Main Peak

GOF/GOF, 1 x Succinimide 5.67E+ 06

GOF/G1F, 1 X Succinimide 2.90E+ 06

G1F/G1F, 1 X Succinimide 5.21E+ 05

Sum 9.10E+ 06 3.41%

Lysine (C-term) Adjusted XDC Peak  Abundance Relative to
Area Main Peak

GOF/GOF, 1 x Lysine 2.78E+ 06

GOF/G1F, 1 X Lysine 8.89E+ 05

G1F/G1F, 1 X Lysine 1.31E+ 05

Sum 3.80E+ 06 1.42%

1 x STGXF Adjusted XDC Peak  Abundance Relative to
Area Main Peak

GOF/S1GOF 2.23E+ 06

GOF/S1G1F 2.83E+ 06

G1F/S1G1F 1.52E+ 06

Sum 6.59E+ 06 247%

1 x S1GXF, 1 x Deamidation Adjusted XDC Peak  Abundance Relative to

(LC N30) Area Main Peak

GOF/S1GOF, 1 x Deamidation 2.26E+ 05

GOF/S1G1F, 1 x Deamidation 7.07E+ 05

G1F/S1G1F, 1 x Deamidation 2.62E+ 05

Sum 1.19E+ 06 0.45%

2 x S1GXF Adjusted XDC Peak  Abundance Relative to
Area Main Peak

S1GOF/S1GOF 4.18E+ 05

S1GOF/S1G1F 6.35E+ 05

S1G1F/S1G1F 2.61E+ 05

Sum 1.31E+ 06 0.49%

proteins of virtually the same molecular weight even within a
narrow isoelectric range. We found this method to be suffi-
cient for separating, detecting, and quantifying lysine trunca-
tion, glycosylation variants, deamidation, succinimide, and
isoaspartic acid conversions. The combination of IEC-based
CV analysis with native MS allows two dimensions of high
resolution separation (mass and RT) for identifying and quan-
tifying many isomers. These identifications can be further
confirmed in a pseudo-third dimension in which isoform
identification correlates with the expected elution behavior
based on PTM chemical nature.

Low-mass PTMs such as deamidation pose a substantial
challenge for intact mass analysis, particularly when using an
approach based on RP or SEC (whether denatured or native).
Our ‘Balanced Method” CVMS experiment allowed Sliding
Window deconvolution identification of isoforms across a
dynamic range of almost three full orders of magnitude peak
area abundance while reproducibly detecting deamidation
versus main peak for the top three glycoforms. The most
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abundant charge states (peak area >le5) maintained a mass
standard deviation of less than 0.5 Da, which is suitable for
directly identifying deamidation or any other PTMs that are
approximately 1 Da or larger, assuming that baseline chroma-
tographic separation has been achieved. Importantly, we also
found that the lowest abundance tier of charge states (peak
area <le4) exhibited mass standard deviations as high as 2 Da,
and thus are not suitable for distinguishing deamidation.
Taken together, these data illustrate that low mass PTMs
require sufficient abundance of an isoform in order to attain
high precision mass measurements. The overall capacity of a
CVMS experiment to accurately identify and quantify indivi-
dual isoforms (including low mass PTMs such as deamida-
tion) can be related to the degree of separation achieved by
LC, the degree of mass separation between coeluting isoforms,
and the absolute abundance of each of isoform.

Our findings support the notion that coupling properly
suited chromatographic separation directly to MS can
improve both mass accuracy and dynamic range, even when
using significant concentrations of volatile salt in the mobile
phase. This approach is particularly beneficial for MS1-only
assignment of isoforms in intact mass analysis. The analytical
advantage of our CVMS workflow has powerful implications
for all fields of intact protein mass spectrometry, including
biopharmaceutical characterization, proteomics, and struc-
tural biology.

Material and methods
WCX separation and native MS acquisition

Trastuzumab (21 ug in formulation buffer, produced in-house
at Genentech) was injected using an autosampler-equipped
Thermo Scientific Vanquish UHPLC system. Our ion
exchange method optimized for MS sensitivity used a system
of mobile phases A [50 mM ammonium acetate (99.9995%
purity metals basis, Fluka), pH 6.6] and B [50 mM ammo-
nium acetate, pH adjusted to 10.1 using ammonium hydro-
xide]. A 20 min gradient of 1-8% B was delivered at 0.3 mL/
min through a ProPac WCX-10 column [5 pm particle size,
2.0 x 250 mm] (Thermo Fisher Scientific). The Orbitrap MS
system (Q Exactive HF-X, Thermo Fisher Scientific) was
operated in high mass range (HMR) mode using a resolving
power of 45,000 or 60,000 (FWHM at m/z 200).

PTM analysis after proteolytic digestion

For LC-MS/MS analysis, six runs of 100 pg of trastuzumab
were separated and fractionated offline, based on UV
(280 nm) chromatogram, with a Shimadzu FRC-10A fraction
collector, using identical conditions (column, gradient, and
buffers) to the LC-MS analysis described above.
Corresponding fractions from three runs were collected,
pooled together and dried, resulting in two replicates for
each fraction. Fractions were reconstituted in 50 mM ammo-
nium bicarbonate pH 8, followed by reduction (10 mM
dithiothreitol at 37°C for 1 hour) and alkylation (10 mM
iodoacetamide at room temperature for 20 minutes).
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Figure 7. High Specificity Sliding Window ReSpect deconvolution. (a) Simulated spectra are shown for the deamidated (1) and relatively unmodified (*) isoforms of
trastuzumab GOF/GOF 27+ charge states. The centroid peak apices of the two isoforms are distinguished by a calculated mass difference of 6.75 ppm. (b)
Experimentally-measured m/z values for deamidated and unmodified GOF/GOF 27+ions are shown as profile and centroid. (c) Top panel shows base peak
chromatogram (BPC) with labeled peaks corresponding to deamidated and relatively unmodified isoforms. Bottom panels show XIC traces for deamidated and
unmodified isoforms rounded to nearest hundredth m/z value and plotted using a 3.3 ppm extraction width. (d) Major isoforms (corresponding to the top 3 glycan
combinations +/- deamidation) are detected using Sliding Window deconvolution and plotted as individual XDC traces (3.3 ppm mass/merge tolerances).

Table 2. Trastuzumab PTMs and observed interfering isoforms. Trastuzumab
modifications are organized by specific interfering isoforms which we observed
using our CYMS method and the theoretical delta mass shown in ppm and
nominal delta mass in Da. The maximum tolerance allowable for deconvolution
mass and Sliding Window merge is calculated as AM/2, where AM relates to the
difference in mass between two near-isobaric isoforms and a random dispersion
of data points is assumed.

Mass/Merge
Tolerance
Required for
Deconvolution and

Sliding Window
Example of AM Methods
Modification  Interfering Isoforms (ppm, Da) (ppm)
Deamidation GOF/GOF vs. 6.75, 1 +3.3
GOF/
GOF + Deamidation
Succinimide  GOF/GOF vs. 118, 18 +69
(from GOF/
Aspartic GO + Succinimide
Acid) (D)
Lysine GOF/G1F vs. GOF/ 224, 34 +112
GOF + Lysine
Sialic Acid G2F/G2F vs. GOF/ 224, 34 +112
S1G1F
Hexose GOF/GOF vs. GOF/G1F 1069, 162 +534.5

Fractions were digested overnight with trypsin (Promega,
modified) at a 1:50 enzyme:substrate ratio at 37°C.
Digestions were quenched with 2% trifluoroacetic acid and
subjected to C18 stage-tip clean up. Samples were injected via
an auto-sampler onto a 100 pm x 25 cm column (BEH,
1.7 pm, Waters Corp) at a flow rate of 0.7 pL/min using a
NanoAcquity UPLC (Waters) system. A gradient from 98%

Buffer A (water +0.1% formic acid) to 80% Buffer B (acetoni-
trile + 0.1% formic acid) was applied over 40 min at a flow
rate of 0.5 uL/min. Samples were analyzed on-line via nanos-
pray ionization into an Orbitrap Fusion Tribrid mass spectro-
meter (Thermo Fisher Scientific). Data were collected in data-
dependent mode with HCD and ETD fragmentation.
Extracted ion chromatograms corresponding to peptides of
interest and area determinations were obtained through Qual
Browser in Xcalibur 4.0 (Thermo Fisher Scientific). Data were
also searched against the trastuzumab heavy and light chain
sequences (Figure S1) using BioPharma Finder version 2.0
(Thermo Fisher Scientific).

Intact mass data analysis

Qual Browser (Xcalibur 4.0) software was used for creating and
integrating the XIC trace of trastuzumab GOF/GOF 27+ion.
BioPharma Finder version 3.0 (Thermo Fisher Scientific) was
used for intact mass determination of raw MS spectra. The
Sliding Window algorithm was used to generate a series of
sequential average source spectra that were deconvoluted using
the ReSpect™ algorithm iteratively along the separation time
scale (time-resolved deconvolution). Deconvolved mass chro-
matograms (XDC) were constructed for each isoform using the
summed intensities of all charge states identified in each of the
averaged spectrum “windows”. Isoform abundance was calcu-
lated in BioPharma Finder software using the area under the
curve in the XDC trace.”

Table 3. Masses generated using respect deconvolution combined with sliding window. matched mass errors (Measured — Theoretical) are reported in ppm and Da.

Theoretical Average Mass (Da) Matched Mass Error (ppm, Da)

Modification Measured Average Mass (Da)
G1F/G1F,1 x Deamidation 148381.53
GOF/G1F,1 x Deamidation 148219.47
GOF/GOF,1 x Deamidation 148057.69
G1F/G1F 148380.81

GOF/G1F 148219

GOF/GOF 148056.95

148381.80 -1.82, -0.27
148219.66 -1.28, -0.19
148057.52 1.20, 0.17
148380.82 -0.07, —0.01
148218.68 2.16, 0.32
148056.54 2.77, 0.41




(a)

(b)

MABS (&) 1223

GOF/G1F GOF/G1F, Deamidation GOF/G1F
100 - +/- Isomerization +/- Isomerization
G1F/G1F 100 +1 %
80 ]
GOF/GOF 8 T
5 01 AN N
£ 601 100 A 5 R
2 E ea: nj.1 rea:
3 € o 2 457\/\ 3s7E4 i 6L7\\ 471ES
] T T
§497 g 100 . 5 )
K9] ™ 3 2032 rea: |nj.2 j 2567 rea:
- ) 7.62E4 44085
20 4 ~ 9 a |
Q 1007 A . .
E rea: |nj.3 J 25.67 rea:
0 x 0 2038 7\‘/\ 4.31E4 7\ 4.94E5
] : | |
147500 148000 148500 149000 1 40 10 0
Mass (Da) Tlme (mln) Tlme (m|n)

Figure 8. Reproducibility of ‘Balanced Method’ optimized for both selectivity and dynamic range. (a) Deconvoluted spectrum shows a different glycosylation pattern
for a second batch of trastuzumab analyzed using a method which was optimized for both specificity and dynamic range (Orbitrap resolution setting = 45,000,
Sliding Window Deconvolution Mass/Merge Tolerance = 3.3 ppm, LC gradient = 1-8% B in 30 min). (b) XDC traces plotted at 3.3 ppm mass/merge tolerance
demonstrate reproducibly sufficient separation in both mass and RT domains to distinguish deconvoluted GOF/G1F isoforms as being deamidated (LC-N30) or
otherwise unmodified. Doublet peaks are observed for both the deamidated and main peak isoforms of GOF/G1F, presumably due to isomerization at HC-D102 as

previously identified by Harris et al.f

Table 4. Mass precision of Sliding Window deconvolution-identified charge states in replicate CVMS analyses. Charge state value, mass mean (m/z), mass standard
deviation (m/z, ppm, and Da), peak area, and apex RT are shown for the four most abundant charge state ions of the deamidated and main peak GOF/G1F isoforms

identified by Sliding Window deconvolution.

Centroid Centroid

* Charge Mean Std Dev Absolute Area
GOF/G1F State (m/z) (m/z, ppm, Da) Mean Apex RT Mean

25 5929.815 0.010, 1.62, 0.24 3.90E+ 05 25.71

26 5701.765 0.003, 0.60, 0.09 7.49E+ 05

27 5490.627 0.009, 1.70, 0.25 8.59E+ 05

28 5294.571 0.016, 2.96, 0.44 4.09E+ 05
T Charge Centroid Centroid Absolute Area Apex RT Mean
GOF/G1F, 1xDeamidation State Mean Std Dev Mean

(m/2) (m/z, ppm, Da)

25 5929.895 0.007, 1.14, 0.17 5.42E+ 04 20.45

26 5701.813 0.011, 1.85, 0.27 1.05E+ 05

27 5490.687 0.019, 3.47, 0.51 8.26E+ 04

28 5294.619 0.016, 3.10, 0.46 3.55E+ 04
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Figure 9. Individual charge state ions exhibit abundance-dependent mass precision. Mean peak area was calculated for 90 charge state ions corresponding to every

isoform reproducibly identified by deconvolution across 4 replicates using our method optimized for both high sensitivity and high dynamic range.

For our ‘high dynamic range’ scheme, we used moderately
strict parameter settings for ReSpect deconvolution [Mass
Tolerance 15 ppm], Sliding Window plotting/integration
[Spectrum Width 0.3 min, Offset 1 scan, Merge Tolerance
15 ppm] and Sequence Matching [Mass Tolerance 50 ppm]. To

match isoforms to the deconvolution masses, we used the amino
acid sequences of the 2 pairs of light and heavy chains of trastu-
zumab, shown in Figure S1, and considered a static modification
of 16 disulfide bonds (loss of 2.016 Da each), and variable mod-
ifications of lysine (+128.173 Da), aspartic acid conversion to
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succinimide (loss of 18.015 Da), as well as a database of common
glycans found in Chinese hamster ovary cells.

For our ‘high selectivity’ and ‘balanced’ schemes, we used
highly constrained parameter settings for ReSpect deconvolu-
tion [Mass Tolerance 3.3 ppm], Sliding Window plotting/inte-
gration [Spectrum Width 0.3 min, Offset 1 scan, Merge
Tolerance 3.3 ppm] and Sequence Matching [Mass Tolerance
50 ppm]. Asparagine deamidation (+0.985 Da) was considered
as a variable modification in addition to those used in the ‘high
dynamic range’ scheme.

Theoretical protein isoform pl values were calculated with
Prot pi software, version 2.2.7.113, using Expasy as the source
for pKa values.

To estimate the relative abundance of specific isoforms, the
total areas reported for Sliding Window deconvoluted chro-
matograms (XDC) of the top three most abundant glycoforms
(GOF/GOF, GOF/GIF, G1F/G1F) were each multiplied by the
fraction determined by XIC peak area of GOF/GOF 27+ (m/
z = 5484.50) present at the main peak (63.2%) to calculate the
fraction of the XDC area that comprised the main peak. The
main-fraction XDC peak area of GOF/GOF was used a refer-
ence point of ‘100%’ for relative abundance measurements of
all other isoforms identified. The abundance of specific PTMs
was determined using the sum of the main-fraction XDC peak
areas for the top three glycoforms compared with XDC peak
areas of the top three glycoforms, which also bear that spe-
cific PTM.
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Abbreviations

Ccv charge variant

CVMS  charge variant mass spectrometry

EMR extended mass range

ESI electrospray ionization

IEC ion exchange chromatography

LC-MS  liquid chromatography-mass spectrometry
MW molecular weight

nanoESI  nanoflow electrospray ionization

nMS native mass spectrometry

PTM post-translational modification

RP reversed phase

RT retention time

SEC Size exclusion chromatography

UHPLC  ultra-high performance liquid chromatography
uv ultraviolet

WCX weak cation exchange

XDC extracted deconvolution chromatogram

XIC extracted ion chromatogram
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