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Methods for the reliable and effective detection and identification of impurities are crucial to ensure
the quality and safety of biopharmaceutical products. Technical limitations constrain the accurate
identification of individual impurity peaks by size-based electrophoresis separations followed by mass
spectrometry. This study presents a size-based electrophoretic method for detecting and identifying
impurity peaks in antibody production. A hydrogen sulfide-accelerated degradation method was
employed to generate known degradation products observed in bioreactors that forms the basis for
size calibration. LabChip GXII channel electrophoresis enabled the rapid (<1 min) detection of impurity
peaks based on size, while capillary zone electrophoresis-mass spectrometry (CZE-MS) facilitated their
accurate identification. We combine these techniques to examine impurities resulting from cell culture
harvest conditions and forced degradation to assess antibody stability. To mimic cell culture harvest
conditions and the impact of forced degradation, we subjected samples to cathepsin at different pH
buffers or exposed them to high pH and temperature. Our method demonstrated the feasibility and
broad applicability of using a CZE-MS generated spectral library to unambiguously assign peaks in
high throughput size-based electrophoresis (i.e., LabChip GXII) with identifications or likely mass

of the antibody impurity. Overall, this strategy combines the utility of CZE-MS as a high-resolution
separation and detection method for impurities with size-based electrophoresis methods that are
typically used to detect (not identify) impurities during the discovery and development of antibody
therapeutics.

Keywords Antibody, Impurity, Degradation, LabChip, CE-SDS, CZE-MS

The detection and identification of impurities have always been crucial in the development of biopharmaceutical
products. Impurities linked to size variants (clips, fragments, aggregates) are important quality attributes that
can directly impact the efficacy or safety of protein therapeutics'~. Resulting from peptide bond cleavage via
chemical or enzymatic reactions, fragments or clips are generated during cell culture, bioprocessing and storage*”.
Therefore, size heterogeneity is an important indicator of the entire antibody production process, necessitating
an effective monitoring strategy to assess the purity and integrity of the protein. Having been widely applied
for decades to study impurities, capillary electrophoresis (CE) has been an important technique for analyzing
biological therapeutic molecules with unique features yet complementary to liquid chromatography®’.

For the analysis of biotherapeutic antibodies, the determination of protein purity has transitioned from
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) slab gel technology to capillary elec-
trophoresis-sodium dodecyl sulfate (CE-SDS) methods>®*-'°. The robustness, reliability, and accuracy of the
CE-SDS method underwent extensive research and investigation in a 2006 cross-organization collaboration lead
by Nunnally et al.'’. The results demonstrated that CE-SDS is more suitable than traditional SDS-PAGE for the
characterization and quality control of monoclonal antibody drugs, exhibiting significantly higher robustness and
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reliability. CE-SDS has undergone significant development over the years and has been incorporated into several
pharmacopoeias worldwide'? and established itself as a conventional method for molecular size estimation and
purity analysis in biopharmaceuticals®>>!>1%. The continuous development within the CE market has led to the
progress of the microchip electrophoresis method due to its automation, high throughput, increased sensitivity,
and resolution'*">. Herein, we have chosen commercial microchip electrophoresis instrument (LabChip GXII) for
examining degradation products of antibodies. However, strategies based on capillary based SDS electrophoresis
or microchip techniques can only address the detection of impurity peaks but not the identification of these
peaks. The assignment of impurity peaks in antibody products and understanding the root causes of degrada-
tion remain challenging based on current techniques since direct identification of impurity peaks observed in
CE-SDS is oftentimes an ambiguous task!®.

Mass spectrometry (MS) has been widely used as a protein characterization technique during research and
development of biopharmaceutical products'’-*%. Due to strong ion suppression effects of SDS and other separa-
tion buffer components, direct analysis by coupling CE-SDS separated proteins with electrospray ionization (ESI)
mass spectrometers has not been feasible?>~2%. However, Sarkozy et al. recently described a method to detect small
proteins via MS by coupling CE-SDS using a coaxial-sheath flow reactor?. Orthogonal analytical methods have
been established for indirect analysis of CE-SDS peak identification and characterization. However, workflow
based on liquid chromatography coupled with MS tend to rely on the combination of intact and peptide level
analysis, and multi-dimensional separation to remove MS-incompatible components before detection, which
can be tedious and sometimes makes data analysis more complex?**0-32,

With the advancement of electrospray ionization (ESI) ion sources, capillary electrophoresis-mass spectrom-
etry (CE-MS) now offers higher sensitivity**** capillary zone electrophoresis-mass spectrometry (CZE-MS)
and capillary isoelectric focusing-mass spectrometry (cIEF-MS) coupling®**-*7. CZE-MS holds promise for
facilitating efficient protein separation and potentially enhancing the detection sensitivity of low-abundance
impurity proteins®-%,

In this study, we developed a method for detecting and identifying impurities that can form during antibody
production. Previous studies have revealed that cysteine in the feed and the bioreactor media produces hydrogen
sulfide which leads to the insertion of a sulfur atom to a disulfide bond or formation of a trisulfide bond in the
biological product**2. Thus, we employed a hydrogen sulfide-accelerated degradation experiment to simulate
bioreactor-induced antibody degradation to generate specific antibody fragments that can be used as a calibration
standard. Microchip electrophoresis LabChip GXII was used to detect impurity peaks in the antibody product,
and capillary zone electrophoresis-mass spectrometry (CZE-MS) was used for generating spectral libraries of
antibody impurities that are used for the identification and assignment of LabChip GXII peaks. After successful
method development and validation of the approach for assigning GXII peaks to a known antibody clip site, we
subjected antibodies to Cathepsin and pH-induced forced degradation experiments to emulate enzymatic or
chemical reactions in cell culture or during down-stream processing*>*%. With the established CZE-MS-based
methodology, we obtained spectra that consists of the accurate molecular mass of each impurity peak in GXII
electropherograms and proposed possible explanations for their occurrence. Further validation of the GXII
impurity peaks was performed by using CZE-MS/MS. Overall, this method demonstrates the feasibility and
broad applicability of detecting and mapping impurity peaks during antibody production.

Experimental section

Reagents

Iodoacetamide (IAA), N-ethylmaleimide (NEM) and NIST IgG K1 (NISTmAb), Rituximab, Inflixmab, Pem-
brolizumab, Vedolizumab, Sigmamab ADC mimic, Cathepsins D, Cathepsin L, formic acid, ammonium solu-
tion, water, ammonium acetate, methanol, acetic acid, formic acid, isopropanol, and hydrogen sulfide were all
purchased from Sigma Aldrich (St. Louis, MO). HT Pico Protein Express kits and HT Protein Express LabChips
were obtained from Revvity (Waltham, MA), and Zeba spin desalting columns and plates 7 kDa MWCO, and
dithiothreitol (DTT) were bought from Thermo Fisher Scientific (Waltham, MA).

Degradation of antibodies

Three stock solutions of 1 mg/mL of NIST IgGK1 (NISTmAb) antibody are prepared by buffer exchanging to
200 mM sodium phosphate solution buffered at a pH of 7, 500 mM citrate solution buffered at a pH of 3 and
200 mM acetate solution buffered at a pH of 5. The NISTmADb at pH 3 and 7 was digested with Cathepsin L at
100:1 ratio (w/w) while NISTmAD at pH 5 was digested Cathepsin D at 100:1 ratio (w/w). Three 100 pL aliquots
from each mixture was taken after 1 day or after 2 days of incubation at room temperature for LabChip GXII
and CZE-MS experiments. H,S gas was bubbled into a 5 mL vial containing 1 mg/mL NISTmAb buffered with
500 mM citrate at pH 3 for 20 min. 100 pL of the reaction mixture was used for LabChip GXII and CZE-MS
experiments. 1 mg/mL Rituximab stock solution was prepared in 1xPBS. Two stock solutions of 1 mg/mL Rituxi-
mab were prepared in 25% ammonia solution (pH ~ 10) that was stored at 4 °C or 37 °C for two days. Three 100 uL
aliquots from each condition was taken for LabChip GXII and CZE-MS experiments.

LabChip® GXII

Purity analysis on the LabChip GXII Touch (PerkinElmer Inc.) was performed according to the manufacturer’s
instructions with a few modifications. In brief, samples were diluted to 0.5 mg/mL and desalted (Zeba 7 kD
desalting plates) prior to analysis. For non-reduced analysis, 5 pL of sample was incubated with 5 uL of a work-
ing fluorescent dye solution (40 uM). For the ladder preparation, 4 uL ladder, 2 uL of a 5 x non-reduced labeling
buffer and 4 pL water were mixed by pipetting, and 5 L of the diluted ladder was added to 5 pL working dye
solution. Both samples and ladder were incubated in the dark at room temperature for 1 h, followed by addition
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of 1 pL stop solution; 18 uL non-reduced sample buffer (0.2 M Bis-Tris Citrate SDS buffer containing 25 mM
NEM) was added to 5 uL of the sample, and 11 uL ladder, and denatured at 70 °C for 10 min before the addition
of 77 uL water to the sample, and 137 pL water to the ladder. Samples were placed in the 96-well BioRad fully
skirted plates for analysis and testing was performed on the HT Protein Express LabChip (P/N 760499) with
the Pico Protein Express Reagent Kit (P/N 760498). The LabChip was prepared according to the manufacturer’s
instructions using Protein Gel Matrix. During the 40 s run time, the chip was primed with reagents and warmed
to 30 °C. The samples were injected at — 100 to —3000 V and separated on the approximately 12 mm separation
channel with excitation by the red laser diode (635 nm) and emission detected by a bandpass filter (670-725 nm).
An internal lower molecular weight marker was added to each sample to align the time. The ladder was used to
quantitate protein size (kDa) and brackets every 12 injections. The data was analyzed by LabChip GX Reviewer
Software ver. 5.8.84.0.

CZE-MS

The CE-MS system consists of an Agilent 7100 CE system (Agilent Technologies, Santa Clara, CA), an EMASS-
IT CE-MS ion source (CMP Scientific Corp, Brooklyn, NY), an Agilent 6230 TOF mass spectrometer (Agilent
Technologies, Santa Clara, CA), and an Agilent 6545XT AdvanceBio Q-TOF mass spectrometer (Agilent Tech-
nologies, Santa Clara, CA). Electrospray emitters and separation capillaries (100 cm, 50 pum i.d. neutral coating
PS2 capillary) were from CMP Scientific. The background electrolyte (BGE) for the CZE separation was 5% acetic
acid and the sheath liquid was 10% methanol and 0.2% formic acid. In the CZE-MS experiment, the sample was
injected using 50 mbar injection pressure for 20 s, followed by a 50-mbar injection pressure for 3 s of the BGE.
The CZE separation was performed with a voltage of + 30 kV for 20 min. The CZE capillary was flushed with
BGE for 2 min between runs.

MS parameters

The regular LC-MS spray shield was used on the Agilent mass spectrometers. The drying gas temperature was
365 °C. Flow rate of drying gas was 4 L/min. The nanospray was established with a voltage on the TOF capillary at
2500 V. Fragmentor voltage was set to 380 V and the skimmer was set to 45 V. The acquisition rate was collected
at two spectra per second from 400 to 3200 m/z. MS/MS experiments are performed with an isolation window
of 4 m/z and collision energy of 45 V.

MS data analysis

The Agilent Mass Hunter software (ver. 10.0) was used for instrument control, data acquisition, and data analysis.
Data analysis was performed with Agilent BioConfirm software (ver. 10.0). Mass spectra were deconvoluted using
MaxEnt. MS/MS spectra were interpreted manually.

Results and discussion

Clipping variants of recombinant protein therapeutics are closely monitored during cell culture and process
development as the existence of clipping impurities are a high-risk critical quality attribute. Although effective
approaches have been routinely applied to detect and quantify such impurities, there are unmet needs in the
biopharmaceuticals industry for efficient means of identifying impurities detected by size-based separation
methods. By obtaining a more accurate understanding of the identity of the clipping impurities, optimization
procedures in process development may then be developed to improve safety, efficacy, and quality of biologics.

Overview of the study

In the production of biologics, impurities can be generated due to degradation caused by various factors. These
processes can occur in both upstream cell culture all the way through down-stream purification and formulation
development (Fig. 1A). To emulate a few of these process development scenarios where degradation of biologics
is observed, we subjected several commercial IgG1 antibodies to both chemical and biochemical stresses i.e.,
to H,S gas or to Cathepsin D and L or to high-pH buffer leading to IgG degradation. For the identification of
electrophoretic peaks resulting from the degradation of mAb, we initially utilized a degradation standard that
was generated via the reduction of a NISTmADb with H,S. This standard, comprising several known degradants,
is the basis of a mass ladder that was subjected to LabChip GXII for electrophoretic separation detection and
to CZE-MS for identification (Fig. 1B). A GXII peak identification strategy, illustrated in the workflow, shows a
linear fit of the log values of molecular weight of each degradant and the inverse of their migration times. The
regression analysis enables accurate estimation of molecular weights of each impurity peak in the GXII elec-
tropherogram, via the impurity masses derived by CZE-MS (Fig. 1C). A given GXII electrophoretic peak that
was initially assigned a molecular weight based CZE-MS analysis, is further validated based on the accuracy of
migration time of the peak which is the difference in migration times between the predicted migration and the
observed migration time. This allows previously questionable GXII peaks to be reassigned with the most accurate
impurity species (Fig. 1D). The CZE-MS spectra forms the basis of this investigation for accurate identifications of
the impurity peaks, confirming and validating the identity LabChip GXII impurity peak. In some instances, top-
down sequencing was performed via CZE-MS/MS of impurity fragment ions. This approach provided detailed
structural and sequence information, confirming the reliability of our CZE-MS results.

H,S-induced degradation products of IgG as a GXII mobility ruler
We used PBS buffer that was sparged with hydrogen sulfide to emulate the environment of a bioreactor that has
high levels of cysteine and whereby the specific fragments can be used as a calibration standard. Cysteine in the
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Fig. 1. A workflow for mADb impurity analysis combining electrophoretic separation and accurate assignment
of masses (A) mAb impurities derived by forced degradation conditions emulating cell culture and formulation
screening. (B) Analysis of impurity mass ladder derived from mAb using LabChip GXII electrophoresis and
CZE-MS (C) CZE-MS spectral mass identifications of mAb impurities are mapped to the GXII peaks in the
electropherogram via the calibration curve. (D) Reassignment of GXII peak identifications based on the
accuracy of migration times using a lookup table of accurate CZE-MS masses. Note: graphics were created with
BioRender.com.

feed and bioreactor media may lead to the generation of hydrogen sulfide. It is commonly observed that hydro-
gen sulfide reaction with mAbs may result in the insertion of a sulfur atom at disulfide linkage and leading to
a trisulfide linkage. The disulfide linkage between Light chain and Heavy chain is most susceptible to trisulfide
formation®. Trisulfides are unstable and leads to monoclonal antibody (mAb) degradation to several products.
i.e., Heavy—Heavy-Light chain (HHL), Heavy-Heavy (HH), Half IgG1 or Heavy-Light (HL), Heavy (H), and
Light (L) chains. The GXII electropherogram of native NISTmAb shows low intensity peaks that correspond to
these degradation products.

We next incubated NISTmADb with PBS buffer saturated with hydrogen sulfide, which induced several
H,S-induced degradation products. Specifically, peaks 1-5 showed a significant increase in peak area relative to
the unstressed NISTmAD (Fig. 2A). When attempting to calculate and infer the molecular weights of the impurity
peaks, estimations were made based on the calibration procedure on LabChip GXII, that resulted in high degree
of mass inaccuracy (Table S1) due to a consideration of low molecular weight markers to infer higher masses
(Fig. S1A). CZE-MS analysis revealed the exact identity of most degradation product with high mass accuracy.
The native NISTmADb is composed of two heavy chains and two light chains (H2L2) that is the most abundant
peak in the deconvoluted mass spectrum. Upon close examination, H,S stressed NISTmAb shows several tri-
sulfide adducts. In addition, several other impurity peaks (i.e., HHL, HL, H, and L) were confidently assigned
based on the CZE-MS results (Fig. 2B). By obtaining accurate molecular weights of all impurities from the mass
deconvolution of CZE-MS raw data resulting in significantly high mass accuracy (<40 Da) and calibrating the
observed GXII migration times, a highly reliable linear curve is then established. This enabled the annotation
of each peak in the LabChip GXII analysis based on the linear calibration obtained by plotting the logarithm
molecular weight of the standards versus their electrophoretic mobility (Fig. 2C). Consequently, even in cases
where the molecular weight of Heavy chain dimer (HH) was not directly determined by CZE-MS, the mass of
the HH impurity observed by GXII was accurately estimated, using the calibration curve and the migration time
provided by LabChip GXII (Fig. 2D) analysis. The main electrophoretic peak was the intact H2L2 while peak with
an asterisk was confirmed as aglycosylated H2L2 (Fig. S1B). The H,S-induced NISTmAb degradation products
allow the effective, accurate calibration of the GXII masses where masses of impurities are validated using the
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Fig.2. (A) Analysis of degradation products of NISTmAb A) LabChip GXII electropherogram of unknown
mAD fragments peak 1-5 under unstressed (native condition), red trace and H2S stressed conditions green trace
of NISTmAD. Inset is the intact H2L2 with with up to 3 trisulfide adducts. (B) Deconvoluted mass spectrum
resulting from H,S-induced degradation products of NISTmAb. (C) Linear regression analysis via NISTmAb
fragments, plotted as log10 of the NISTmAb fragment molecular weights (MW) versus the mobility or inverse
of migration time. (D) Assignment of masses to GXII peaks based on calibration in C and assignment of peak

4 corresponding to HH. Note: NISTmAb intact molecule is denoted as H2L2, * is aglycosylated H2L2 and
degradation products are denoted as L, H, HL, HH, HHL. Note: graphics were created with BioRender.com.

CZE-MS. Having low-level degradation products even under native conditions, the use of NISTmAD as a standard
provides a basis for accurate molecular weight determination of observed GXII masses. NISTmAD calibration
curve when applied to several mAbs having different molecular weights was robust enough to unambiguously
annotate fragments with a larger mass error (Table S2 and Figure S4).

Identification and assignment of pH-induced degradation products of IgG

We first applied our approach to examine Rituximab degradation. Rituximab is a therapeutic IgG that is prone
to degradation due to Asparagine-Proline (NP) clipping under basic conditions*. We identify the putative NP
clip site in a GXII electropherogram using the size-calibration obtained from the H,S-induced degradation
products. Commercially available rituximab when subjected to pH-induced degradation, under high-pH buft-
ers, is susceptible to cleavage at the NP site of the light chain (Fig. 3A). The high-pH stress samples as well as
the unstressed samples were subjected to CZE-MS to detect clip sites of Rituximab. Under high-pH stress we
identified the putative NP clip site (Fig. 3B). Untreated rituximab sample stored at 4 °C did not exhibit significant
impurity peaks. However, after one day of high-pH stress at both 4 °C and 37 °C, there was a noticeable increase
in Peaks 2 and 7 (Fig. 3B) relative to other peaks (Fig. 3B Inset).

Based on the data obtained from CZE-MS, and via the size calibration of the GXII electropherogram using the
H2S-induced NISTmADb calibration curve, we were able to assign most peaks (Table $3), including the impurities
resulting from the NP Clip site (Fig. 3C and D). It is noteworthy that increasing temperature in pH 10 buffer
promotes significant NP cleavage and removal of light chain resulting in Peak 7 as assignment as H2L-NP Clip
with a concomitant increase of Peak 2 assigned to light chain (L), Peak 8, which was assigned to H2L2-2xNP
Clip, also shows a temperature dependent increase in intensity.

Identification of cathepsin-induced degradation products of IgG

We employed cathepsins D and L to induce clipping of mAbs. As commonly seen proteases in cell culture harvest
conditions, Cathepsins D and L clipping variants have been identified as tenacious impurities, which are hard
to be removed during downstream bioprocessing of mAbs. These proteases cleave antibodies under specific
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Fig. 3. Analysis of pH-induced degradation products of Rituximab (A) Rituximab light chain sequence

with site-specific NP cleavage. (B) CZE-MS mass spectrum of L-N/P Clip. (C) Overlayed LabChip GXII
electropherogram corresponding to pH- and temperature-induced degradation products of Rituximab (Inset
shows the intensity of peaks 1-8 under native Rituximab stored at 4 °C (blue), incubated at high-pH of 10 at

4 °Cfor 1 day (red) and incubated at high-pH of 10 at 4 °C for 2 days (green). (D) Assignment of NP cleavage
products of Rituximab to peaks in the electropherogram with identities or masses obtained from the regression
analysis. Note: Peak 6~90 kDa, * ~ 1 kDa standard and ** is a system peak from the fluorescent dye.

conditions, resulting in structural changes and the formation of different-sized fragments, which contribute to
the impurity profile of IgG1.

IgG1 light chain undergoes site-specific cleavage between AA and FI residues to form L-AA Clip and L-FI
Clip respectively. L-AA Clip is formed by Cathepsin L at pH 3 while L-FI Clip is formed due to either digestion
conditions of Cathepsin L at pH 7 and Cathepsin D at pH 5*. Prediction of the fragment masses in silico due
to enzymatic cleavage facilitated the accurate prediction peak identities in the GXII electropherograms. The
FI Clip (Mass=12,306) and AA Clip (Mass=11,806) of the NIST mAb (H2L2) can take place on a single light
chain giving rise to two complementary fragments, H2L2-FI Clip and H2L2-AA Clip. In addition, when FI and
AA clipping occurs in both light chains simultaneously, results in two additional complementary fragments:
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H2L2-2FI Clip and H2L2-2AA Clip of the NIST mAb sequence (Fig. 4A). To mimic production and processing
effects we explored various digestion conditions, including treatment by cathepsin D at pH 5, and cathepsin L
at pH 3 and 7. As expected, this strategy generated a wide spectrum of clipping variant peaks, 1-10, which are
detected in the overlaid GXII electropherograms (Fig. 4B). We observe a time dependent increase in some peaks
when comparing the peak area for each species after incubation with respective enzyme and pH condition for an
additional day (after day 2 vs. day 1) (Fig. 4B Inset). The assignment of peaks associated with likely fragments is
challenging as the corresponding masses are unknown. GXII electropherograms are, therefore, typically used as
a stability indicating assay and not to identify fragment species. Herein, we can assign peaks with most probable
fragments using a look up table that was created using the calibration curve generated with CZE-MS masses
and GXII migration time.

Using the strategy described above, we can now annotate GXII peaks 1-10 (Table S4) based on our predicted
fragment masses due to the activity of Cathepsin L at pH 3 and 7 and endogenous fragments found in NIST
mAb. We assigned of Peak 3 and Peak 4 as light (L) and heavy (H) chain. Peak 10 and Peak 5 were assigned as
HHL and HH based on the notion that they were also present in the unstressed NIST mAb. Cathepsin induced
clips were next categorized based on the most likely fragment masses derived from the linear regression. We
tentatively assigned Peak 1 as an L-AA Clip by mass although it was exclusively detected when IgG1 was incu-
bated with Cathepsin L at pH 3. Peak 2 corresponds to an L-FI Clip found exclusively when IgG1 was incubated
with Cathepsin D at pH 5. Finally, we assigned complementary fragments of the AA and FI clips. Incubation of
IgG1 with Cathepsin L at pH 3 produced Peak 9, which was assigned as the H2L2-2 AA Clip. Exposing IgG1 to
Cathepsin D at pH 5 exclusively generated Peak 8, which was categorized as the H2L2- 2 FI Clip. Analogously,
Peaks 7 and 6 were assigned as the HHL-FI Clip and HHL-AA Clip, respectively. The initial assignment of heavy
chain fragments at Peak 4 (H) and Peak 5 (HH) were tentative annotations as there was no CZE-MS evidence,
these assignments still require further verification (Fig. 4C).
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Fig. 4. Analysis of Cathepsin D- and Cathepsin L-induced degradation products of NISTmAD (A) NISTmAb
light chain sequence with site-specific AA cleavage and FI cleavage. Cathepsin-D and -L cleavages of light chain.
(B) Overlayed LabChip GXII electropherogram corresponding to incubation of NISTmab with Cathepsin

D at pH 5 (red), Cathepsin L at pH 3 (blue) and Cathepsin L at pH 7 (green) for 1 day (D1) and 2 days (D2)
(Inset shows the intensity of peaks 1-10 for cathepsin degradation products at D1 and D2) (C) Assignment of
Cathepsin cleavage products of NISTmAD to peaks in the electropherogram with masses obtained from the
regression analysis. Note: In addition to peaks 1-10, additional peaks are observed in the electropherogram.

Scientific Reports |

(2024) 14:20239 |

https://doi.org/10.1038/s41598-024-70914-5 nature portfolio



www.nature.com/scientificreports/

Intensity

Intensity

X104

15

05

CZE-MS identification of cathepsin-induced clips

CZE-MS provides the unambiguous identification of degradation products. The high-resolution of CE separa-
tions coupled with accurate mass spectrometry detection makes CZE-MS a powerful technique in detecting
low-abundant clips. To validate the composition of the impurity peaks observed in GXII, we conducted CZE-MS
experiments using samples treated with cathepsin L (at pH 3 and 7) or cathepsin D (at pH 5) to generate a library
of MS1 and some instances MS2 spectra. We confirmed the identities of the AA and FI clips of the light chain
(L) by mass deconvolution of the extracted ion electropherograms of fragments corresponding to deconvoluted
masses at 11.8 kDa, 12.3 kDa respectively. The L-AA Clip was identified from cathepsin L digestion (pH 3) while
L-FI Clip was identified in Cathepsin L (pH7) and Cathepsin D (pH5) digestion. In addition, a larger 97.6 kDa
fragment was identified, which is the result of FL Clip at each heavy chain below the hinge disulfides (Fig. 5A-D).
It is important to note that CZE separations partially resolved L-AA, L-FI and H-FL clips but were fully resolved
by their extracted ion electropherograms.

By performing tandem mass spectrometry using CZE-MS/MS analysis, we unambiguously identified both
as an AA Clip and a FI Clip. The sample treated with Cathepsin L at pH 3 shows multiple charge sates of the AA
Clip Fig. 5E). The + 8-charge state corresponding to the AA Clip was first mass selected and subjected to collision-
induced dissociation (CID) to obtain fragment ion spectra for further characterization. The observed fragment
ions in the MS/MS spectra matched with theoretical fragmentation pattern of the respective AA Clip sequence.
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Fig. 5. GXII peak assignment via CZE-MS identification of cathepsin degradation products of NISTmAb
(A) Extracted ion chromatograms of AA, FI and FL clips. (B) Deconvoluted mass spectrum of FI Clip (C),

Deconvoluted mass spectrum of AA Clip (D) Deconvoluted mass spectrum of and FL Clip (E). Mass spectrum
of Cathepsin L-induced AA Clip shown in brown circles. Inset shows the isotope distribution of Z= +8 ion). (F)
CZE-MS/MS product ion spectrum of AA Clip resulting from collision induced dissociation of Z= + 8. Inset
shows the fragment ion map of the AA Clip. (G). Assignment of a new peak associated with FL Clip along with
electropherogram peak assignments from Fig. 4C.
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The b and y ions derived from the cleavage sites were identified and agreed with the expected sequence (Fig. 5F).
Similarly, samples treated with Cathepsin L at pH 7 show a suspected FI Clip mass, which we subjected to CID.
Fragment ion spectra confirmed the sequence corresponding to the FI Clip (Fig. S2). This observation validates
the mass of the in silico fragment generated via Cathepsin L digestion at pH 3 and 7, respectively. The masses of
these clips were obtained using in silco predictions and were validated by mass and sequence confirmation using
CZE-MS. This data further reinforces the value of CZE-MS for the identification of impurity peaks in LabChip
GXII. In addition, during the analysis of the CZE-MS results, a species with a molecular weight of 97,608.08 Da
was observed (Fig. S3). The deconvolution mass of this ion corresponds to H2L2 of FL Clip (2x) that we were
able to assign a low intense GXII peak (Fig. 5G).

Reassignment of GXIl impurity peaks based on CZE-MS identifications

We used CZE-MS data to build a comprehensive list of identifications to further improve LabChip GXII peak
assignments. Interestingly, a species with a molecular weight of 47,628.20 Da that was identified by CZE-MS,
was confidently assigned as a Fab’ fragment generated via two HT Clips (H2L2-2 x HT-clip) in IgG treated with
Cathepsin L at pH 7 (Fig. 6A). The mass of the HT Clip, when applied to the regression analysis, closely matched
Peak 4. However, in the original GXII results, Peak 4 was assigned as heavy chain. Unlike the heavy chain that
is glycosylated, Peak 4 does not contain any glycans which further invalidated our initial assignment. This
discrepancy highlights potential errors that could arise from GXII peak assignments based on the GXII calibra-
tion that relies on the ladder of low molecular weight markers. Consequently, we performed reassignments for
peaks that were possibly misidentified, aiming to ensure accurate identification of the impurity peaks in GXII
via assigning masses that were identified by using the spectral library obtained via CZE-MS. CZE-MS data was
used to revalidate previously identified peaks as well as correctly assign misidentified peaks. The CZE-MS data
of the sample treated with cathepsin L at pH 7 and Cathepsin D at pH 5, showed a species with a charge state
envelope centered at Z= +44 corresponding to a deconvoluted molecular mass of 100,593.14 Da. We assigned
that mass as a H2L.2-2 x L-SS Clip (Fig. 6B) Close examination shows Fc glycans on this fragment (Fig. 6B inset).
This discovery revealed the possibility of a misassignment of the GXII peak 5 as HH, which could potentially be
reassigned as H2L.2-2 x L-SS Clip. Additionally, in the data from the sample treated with Cathepsin D at pH 5, the
species we identified as L-FI Clip with molecular weight of 12,306.57 Da (Fig. 4B), can now be further evaluated
by including identifications or masses derived from the CZE-MS spectral library. For example, we observed two
clusters of adjacent mass spectral signals with deconvoluted molecular weights of 18,371.08 Da and 18,503.06 Da
(Fig. 6C) exclusively in the sample treated with cathepsin D at pH 5. These adjacent species may explain for the
unresolved doublet of peak 2. With accurate molecular weights being obtained by the CZE-MS analyses, we
identified the most likely assignment for each mass for the observed peaks in the GXII electropherogram. The
most likely assignment is derived by minimizing the time errors (theoretical migration time—observed migra-
tion time for an observed mass) obtained by the linear calibration of masses and 1/time (mobility) in (Fig. 2C).
For example, peak 4 was assigned with fragment the mass of the H2L2-2 x HT-Clip derived from the spectral
library having the lowest migration time error. Notably, our initial assignment of Peak 4 as heavy chain (H) had
the second lowest migration time error. Likewise, peak 5 was assigned to H2L2-2 x L-SS Clip despite peak 5
also have a similar migration time error for HH. However, HH was not observed as an impurity in the CZE-MS
derived spectral library. The doublets of Peak 2 most accurately matched 18,371.08 Da and 18,503.06 Da masses
detected in CZE-MS as a doublet. It is conceivable that Peak 2 is composed of L-FI Clip and additional clipped
species at masses 18.3 kDa and 18.5 kDa that are poorly resolved. In addition, peaks 1, 8 and 10 were validated
for their assigned identifications of Light chain-AA Clip, H2L2-2SS Clip and HHL respectively as also having
the minimum migration time errors for the assigned mass (Fig. 6D). Utilizing the CZE-MS data, we achieved a
highly accurate assignment of all impurity peaks in the GXII electropherogram (Fig. 6E).
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Fig. 6. Reannotation of GXII NISTmAD cathepsin-induced degradation products by accurate assignment of
MS identifications (A) CZE-MS identification of 47.6 kDa F,;’ fragment due to heavy chain HT cleavage with
Cathepsin L incubated at pH 7. (B) CZE-MS identification of 100.5 kDa (H2L2-SS Clip) degradation product
due to light chain SS cleavage formed by Cathepsin D incubated at pH 5. Inset shows Fc glycans (C) CZE-MS
mass spectrum and corresponding deconvolution spectrum of 18.3 kDa and 18.5 kDa fragment masses formed
by cathepsin D incubation at pH 5. (D) Migration time error versus degradation products obtained from

the spectral library. Note: migration time errors are shown for GXII peaks 1, 2, 4, 5, 8 and 10. The identity of
the library species is assigned to the peak in electropherogram when migration time error is minimized. (E)
Reassignment of peaks 2, 4 and 5 in GXII electropherogram with accurate identities. Peaks 1, 8 and 10 are

validated to the initial assignments in Fig. 4C.
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Conclusion

This study presents a method for detecting and identifying product and process impurity peaks in size-based
electrophoretic separation of antibodies using CZE-MS. This approach provides a means to identity of certain
size-based impurities, complementing the information obtained from the electrophoretic separation alone.
Antibody degradation products were generated under forced stress to mimic conditions that are prevalent dur-
ing bioprocessing and storage of biotherapeutic antibodies. LabChip GXII electrophoresis enabled the rapid
(<1 min) size separation and detection of impurity peaks, while capillary zone electrophoresis-mass spectrometry
(CZE-MS) facilitated the generation of a spectral library of antibody impurities via high-resolution separa-
tion and accurate identification. CZE-MS identification approaches are complementary to chromatographic
methods hyphenated with MS. Wang et al., demonstrated a HILIC-MS method for the direct detection of anti-
body impurities. However, this approach required deglycosylation of antibodies while peak resolution was an
impediment to accurately quantify impurities compared to electrophoretic separation®®. In our method, a spectral
library was generated using accurate mass information of antibody impurities that increased the accuracy of the
calibration curve allowing improved peak assignments in GXII electropherograms. The method was applied to
several antibodies in systems that emulate cell culture harvest conditions and forced degradation. Our results
demonstrate the feasibility of this approach for identifying and assigning impurity peaks in GXII size-based
electropherograms. This method holds potential for ensuring the quality and safety of antibody therapeutics and
improving the production processes. Future explorations are needed to evaluate its broad applicability towards
comprehensive characterization of a variety of biotherapeutic modalities. Herein, partial validation of impurity
peaks was performed using CZE-MS/MS via collision induced dissociation (CID). However, new advancements
in mass spectrometry dissociation methods, such electron capture dissociation (ECD), will enhance the confi-
dence in the identification of degradation products. High-resolution CZE separations will enable the generation
of comprehensive MS/MS spectral libraries that will further improve in the precise annotation of peaks in size-
based electrophoretic methods. We envision that this method will have broad applicability in unambiguous and
rapid assignment of a clipped sites, and importantly, for monitoring mispaired chains in the growing number of
multi-specific antibodies that are emerging as anticancer therapeutics.
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