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Abstract

Top-down mass spectrometry (MS) and top-down proteomics have become indispensable
tools to characterize and identify unique proteoforms. Proteoforms are defined as all protein
products of a single gene, including splicing variants, mutants, and post-translationally modified
forms. Although the development of new MS capabilities has exploded in recent years, the
comparative underdevelopment of intact protein separations and data processing solutions has
prevented full realization of the benefits of top-down. To address these challenges, I have
developed new front-end separation approaches for top-down proteomics, beginning with targeted
separations for multi-attribute analysis of antibody-drug conjugates (ADCs) and later developing
an online two-dimensional liquid chromatography (2DLC) method to expand global proteome

coverage by top-down proteomics.

Chapter 1 focuses on recent advances in front-end separations and data processing
solutions for top-down proteomics and introduces top-down applications to antibody-based
therapeutic analysis. Chapter 2 and chapter 3 detail new targeted separation approaches for
monoclonal antibodies and ADCs. Chapter 2 reports reversed phase liquid chromatography
(RPLC) coupled to high-resolution Fourier transform ion cyclotron resonance MS for top-down
analysis of a reduced cysteine-linked ADC. Chapter 3 details the development of a native complex-
down workflow using trapped ion mobility spectrometry-MS with a cysteine-linked ADC and
parent mAb under non-denaturing conditions (Chapter 3). Chapter 4 reports a new software
package designed to address the challenges associated with native top-down proteomics, MASH
Native. Chapter 5 focuses on the development of a new online 2DLC method coupling serial size
exclusion and RPLC to expand global top-down proteome coverage, with application to human

heart extract. Appendix I reports a shotgun proteomic approach to characterize the impact of
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splicing factor RNA binding motif 20 knockout on the rat heart proteome and identifies targets for
follow-up analysis by top-down proteomics. The developed techniques detailed here will address

key challenges to front-end separation in the field of top-down proteomics, expanding analytical

capabilities for future targeted and discovery studies.
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Chapter 1

Top-Down Proteomics: Challenges, Opportunities, and Applications

Portions of section 1.2 have been published and are adapted from:

Melby, J. A. T; Roberts, D. S.T; Larson, E. J.; Brown, K. A_; Bayne, E. F.; Jin, S.; Ge, Y. “Novel

Strategies to Address the Challenges in Top-Down Proteomics”. J. Am. Soc. Mass Spectrom. 2021.



1.1 Introduction to Top-Down Proteomics

Proteins are the molecular machines that drive cell function, and are responsible for
activities ranging from signaling,'™ to enzyme catalysis,*> and immune response.®’ Assembly of
proteins occurs at the end of the “central dogma of biology”, where genetic information from DNA
is transcribed to RNA and then translated into protein sequences. Each subsequent step in the
process introduces additional complexity and proteoforms - a term indicating any protein product
of a single gene® - include splicing variants, mutations, and post-translational modifications
(PTMs).? The complexity of the proteome caused by a high number of possible proteoforms'? is
compounded by the dynamic range of protein expression levels.!"!? These factors challenge efforts
to monitor relative proteoform expression, a feature of the proteome known to cause alterations in

t,14

function,'® mark disease onset,'* or indicate stage of disease progression.!> Currently, the most

widely-used tool to monitor proteome-wide expression changes is bottom-up proteomics.'®'#

Bottom-up proteomics simplifies detection of proteins through enzymatic digestion of
proteins into peptides prior to detection by mass spectrometry (MS) and tandem MS (MS2)
analysis. This approach is facilitated by a plethora of MS instruments designed for sensitive
peptide detection,!® highly efficient front-end separations,?® and well-established, automated data
processing workflows.?! This approach allows sensitive detection of expression changes and is

2223 and other high-throughput strategies.”**> However, bottom-up

compatible with multiplexing
proteomics faces several critical challenges when analyzing proteoforms including possible
alterations to PTMs,?® detection bias between modified and unmodified peptides,?’ and peptide to
protein inference problems.?® Alternatively to bottom-up proteomics, top-down proteomics can

provide a “bird’s eye view” of proteoform-level changes.?*° Top-down proteomics forgoes

enzymatic digestion and introduces intact proteins to the MS, relying on gas-phase dissociation to



sequence the protein and localize PTMs.?*3!32 This provides an unbiased view of the proteoform
landscape by preserving labile modifications and enabling facile determination of relative
proteoform expression.’®** Additionally, top-down proteomics can be performed in either
denaturing or native conditions to preserve non-covalent interactions and protein complex
association.**® While top-down proteomics can provide critical insight into proteome changes,
the implementation of top-down has been challenged by factors including the decreasing MS
signal-to-noise as protein size increases,’’ underdeveloped front-end separations for intact proteins
(Chapter 5), and a paucity of available software options relative to bottom-up proteomics.*® In this
chapter, I will provide context for how the field of top-down proteomics can address these
challenges. I will detail recent advances and available techniques in the field of intact protein
separations (1.2) and data processing software for top-down proteomics (1.3). Finally, I will
discuss the utility of top-down proteomics for quality control and characterization of a prominent

class of biotherapeutics, antibody-based therapeutics (1.4).
1.2 Recent Progress in Development of Separations for Top-Down Proteomics

The complexity of the proteome remains a significant challenge to top-down proteomics,
which necessitates the separation of intact proteins prior to the MS analysis.’*** As MS
instruments capable of top-down analysis have become more widely available, the demand for the
further development of intact protein separations has grown.?® Despite the central roles played by
LC in the development of bottom-up proteomics,* chromatographic separation of intact proteins

remains underdeveloped.’’*! However, recent improvements to liquid chromatographs,***

advances in coreshell and monolithic stationary phases,***’

and the development of new column
chemistries and selectivities*® have greatly improved the separation resolution and efficiency of

intact protein mixtures. Here, I will summarize recent progress in intact protein separations for



several important approaches used in the field of top-down proteomics including: reversed phase
liquid chromatography (RPLC), size-based separations, non-denaturing separations, ion mobility

spectrometry, and multidimensional LC (MDLC).
Reversed Phase Liquid Chromatography

The liquid separation technique employed most often in top-down, RPLC separates
analytes by relative hydrophobicity. The standard RPLC workflow follows a “trap-and-elute”
model with analytes loaded onto the hydrophobic stationary phase in an aqueous mobile phase
where they are absorbed then eluted by increasing the percentage of organic solvent in the mobile
phase. This causes analytes to elute in order from least hydrophobic character to most hydrophobic
character. Similar to other absorptive modes of separation, RPLC is a high-resolution
chromatographic technique (peak capacities >450 possible)* that yields predictable, reproducible,
and robust separations. However, unlike some high-resolution chromatographic techniques, such
as ion exchange chromatography (IEX), RPLC solvents are directly MS-compatible as they are

comprised of volatile organic solvents and low amounts (< 0.2%) of volatile organic acids.*

Typically, RPLC is performed using a packed bed column containing mesoporous polymer

particles or functionalized silica particles with ligands such as C2*°, C4°!, C8%

, or a polyphenyl
ligand.> These ligands are selected to have a lower hydrophobic character than the C18 ligands
used for BUP or small molecule RPLC, which provide poor recovery in top-down proteomics.>
Polymeric phases such as poly(styrene-divinylbenzene), or PLRP-S, have some advantages over
the historically used fully-porous silica particles including greater chemical stability and reduced
secondary interactions.’* These materials are inexpensive and easy to home-pack, however, a key

disadvantage to the use of PLRP-S material is lower mechanical stability with the maximum

operating pressure commonly under 300 bar, less than half the pressure limit of silica-based



stationary phases and well under the 1200 bar operating pressure limit of modern UPLC systems.>
Therefore, the initial production and subsequent rediscovery of superficially porous silica
materials for intact protein separation by Kirkland and coworkers®® motived the further
development due to faster mass transfer kinetics and lower overall backpressure than fully porous
silica. Development of these materials culminated in the release of HALO C4 3.4 um 400 A fused-

17 and subsequent efforts have produced greater pore size

core superficially porous materia
materials (1000 A) for improved intact protein separation efficiency.’® While both polymeric and
superficially porous packed bed stationary phases have experienced widespread adoption for
RPLC-MS in top-down proteomics; non-porous particles, monolithic materials, and ordered
stationary phase materials have all shown great promise in recent years. Here, contributions of

these stationary phase materials for intact proteins will be discussed, but interested readers are

referred to the excellent review by Astefanei et al>>.

Development of non-porous, or “pellicular”, stationary phase materials began with Horvath

59,60

and coworkers™”"" as a faster mass transfer alternative to the prevailing fully porous particle of the

day.>66162 L ater extension to intact protein separations for both RPLC and IEX demonstrated the

63.64 " with intact protein

potential utility of pellicular phases for rapid, high efficiency analyses
separations performed for a five-protein mixture in as little as eight seconds®. Despite the
advantages of pellicular phases, practical limitations including the high backpressure associated
with optimal flowrates®®, a need for high column temperature, and the associated system
modifications needed for liquid separations performed beyond the vapor point of solvents®® have
greatly hindered widespread adoption of these materials. However, as the capabilities of

commercially available liquid chromatographs increase, these materials may play a larger role.

Alternatively, monolithic columns also possess faster mass transfer than porous packed bed



columns, but with substantially lower backpressure than either porous or pellicular phases.®%¢’

This has led to a broader adoption of monolithic materials for intact protein separations and
development of monoliths for RPLC,%% IEX,’*’! and even hydrophilic interaction liquid
chromatography.’>”® Although experiencing moderate success, trouble generating reproducibly
sized monolithic structures and lower overall separation efficiency than porous or pellicular
materials have prevented the full acceptance of monolithic materials.”*’> This issue has been
addressed through the development of ordered stationary phases over the past decade,’® with
micromachined “pillar-array” columns receiving great interest both industrially’”’ and
academically.”®* % While work to improve these columns has yielded reported theoretical peak
capacities >1,000,000 previously,®! current machining method are incapable of generating pillar
spacings small enough for practical use with intact proteins due to their low diffusion coefficients

compared to peptides or small molecules.
Size-Based Separations

The broad range of protein molecular weights within a proteome can exceed five orders of
magnitude,'!! making global top-down coverage of the proteome difficult. This challenge is most
acute for large proteins because as protein size increases, the signal-to-noise ratio decreases due to
an increased number of charge states and isotopomers.®’ Size exclusion chromatography provides
a means to address this issue, separating analytes by their hydrodynamic radii, where the largest
molecular weight species elute first and smallest species elute last. This is achieved not through
affinity-based separation but using a porous stationary phase containing a distribution of pore sizes
tailored to the size of the desired analyte, where larger analytes will be unable to diffuse into most
pores and smaller analytes can diffuse into nearly all pores. Upon diffusion into a pore, the analyte

enters a stagnant region of solvent and forward motion stops until the analyte diffuses back out of



the pore into the flowing region of the mobile phase.®? Recently, the Ge lab has developed serial
size exclusion chromatography (sSEC) to improve chromatographic resolution and size-based
proteome fractionation. Following sSEC fractionation with online RPLC-MS enabled the
detection of proteoforms up to 223 kDa using a Q-TOF mass spectrometer.®> In contrast to
conventional SEC methods which use only one separation column,® the sSEC method links
multiple columns of differing porosity to more effectively separate smaller proteoforms from large
proteoforms, facilitating the characterization of high molecular weight proteins. Proteins in excess
of 100 kDa that were previously only detectable using ultrahigh resolution MS, such as cardiac
myosin binding protein C (140 kDa)® and myosin heavy chain (223 kDa),¢ could be characterized
using online RPLC-MS/MS using a Q-TOF mass spectrometer.®* This work was further extended
to characterization of large cardiac proteoforms, such as swine aconitate hydratase (82.5 kDa),

using a 12T FTICR-MS without front-end RPLC separation.®’

In addition to SEC-based size fractionation, several other size-based proteome
fractionation techniques have been developed. Tran and Doucette developed gel-eluted liquid
fraction entrapment electrophoresis (GELFrEE) as an offline technique to bin proteins into size-
selected fractions.®® Another method, termed Passively Eluting Proteins from Polyacrylamide gels
as Intact species for MS (PEPPI-MS), has been developed for size-based proteome fractionation
prior to LC-MS/MS.% The PEPPI-MS method enables recovery of separated protein bands from
SDS-PAGE gels using equipment common to biological and biochemical labs. Unlike GELFrEE
or PEPPI-MS, SEC-based separation can fractionate proteins in both offline and online modes due
to MS-compatibility of the mobile phases used. This affords sSEC greater flexibility and allows

much higher sample throughput than other size-based separations.

Non-Denaturing Separations



As the field of native top-down proteomics continues to grow, the need for native
separation methods also grows.’®*® Mobile phase compatibility with ESI is essential to the
development of new separation selectivities or adaptation of previously developed techniques.’!
One separation mode with great promise for native separations is HIC,’? where analytes elute in
order from least to most hydrophobic, analogous to RPLC. Unlike RPLC, HIC selects by analyte
surface hydrophobicity, beginning the separations using a high salt concentration in the mobile
phase to “salt out” and retain proteins, then lowering salt content to elute proteins in order of
increasing hydrophobic character on the surface.”? However, the conventional HIC buffers such as
sulfate or phosphate salts are non-volatile and incompatible with online MS analysis.”>** Recent
work has allowed online coupling of HIC with MS using the volatile buffer ammonium acetate.”
In collaboration with the late Andy Alpert from PolyLC, the Ge lab developed a series of more-
hydrophobic HIC materials that can separate proteins using MS-compatible concentrations of
ammonium acetate while preserving protein structure. The HIC approach developed in the Ge
enabled non-denaturing analysis of E Coli cell lysate in only 25 minutes.’* The stabilizing effect
of the volatile salt and limited time on column resulted in native-like charge state distributions for
proteins, aiding the detection of large protein species up to 206 kDa and demonstrating the
potential of online HIC-MS for both qualitative and quantitative top-down proteomics. Further
development of HIC-MS by Chen ef al. separated two intact IgG species, offering great potential

for HIC-MS as a biotherapeutic characterization technique.”®

There is also significant interest in the development of capillary electrophoresis-MS (CE-
MS) as a non-denaturing separation technique.’®®® CE is a highly efficient separation technique
which selects analytes based on their size and charge by applying a voltage potential across a

capillary filled with buffered electrolyte solution.”® Proteins migrate in CE in order of their



isoelectric point, which can be altered by sequence variants or charge altering PTMs such as

0 1

phosphorylation,'® acetylation,'”! or deamidation.!”” The wide variety of CE techniques that

display complementary separation selectivity to conventional LC-MS methods and low sample
volume requirements have made CE-MS a very attractive technique for native separations.'?*1%
Because solvent gradients are not used to drive CE separation, CE avoids time consuming solvent
equilibration and requilibration steps that are essential to avoid sample carryover in many LC-
based separations.'® Similar to SEC, CE can be performed under both native and denaturing
conditions depending on the electrolyte solution that is chosen.!®*1% As new commercial systems

and discrete devices are developed,'”"!% CE-MS may help to address the dearth of native

separation options for top-down proteomics.
lon Mobility Spectrometry

Although liquid phase separations remain the dominant separation approach used in top-
down proteomics, the development and capabilities of ion mobility spectrometry (IMS) have

10112 Techniques including traveling wave ion mobility

exploded in just the past decade.
spectrometry (TWIMS),!'3 field asymmetric waveform spectrometry (FAIMS),!!'* trapped ion
mobility spectrometry (TIMS),'"® and structures for lossless ion manipulation spectrometry
(SLIMS)''® have all expanded the utility of IMS beyond the limitations of more classical

approaches such as differential ion mobility spectrometry (DIMS)!!”

or drift tube ion mobility
spectrometry (DTIMS).!!® Similarly to the suite of liquid separations presented above, each IMS
tool relies on different selection mechanisms and exhibits unique benefits and limitations.!"
Dissimilarly to liquid separations, IMS is performed in the gas phase, commonly at sub-ambient

pressures in the low vacuum region of the MS instrument. Fundamentally, separation by IMS

occurs when the motion of ions under the influence of an electric field is impeded by the presence
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of a neutral buffer gas. The mobility of an ion through the buffer gas, depends on the rotationally
averaged collision cross section (CCS) of the analyte, with more compact ions having shorter drift
times through the IMS device and larger ions having longer drift times when charge is equal.!?°
This enables filtering of ions by size or determination of CCS in some techniques, which may be

used to probe alterations in analyte structure.!?!-12?

A key advantage of IMS is the high speed, with separations occurring on the second to
millisecond timescale for intact proteins; a substantial improvement compared to the minute or
hour timescale of liquid separations.'?>"'2° The fast analysis time of IMS also allows easy
integration of IMS into existing LC-MS workflows, providing an additional dimension of
separation without the need to modify existing LC conditions. Alternatively, using IMS in the
direct infusion mode can circumvent the need for conditions that are compatible with analyte peak
widths generated by CE or LC."?%!?7 Direct infusion IMS-MS for intact protein analysis has shown
success with all of the techniques listed above, but TWIMS and TIMS have been used the most
extensively for intact protein work. TWIMS functions by applying a repeating pattern of oscillating
DC voltage potential along the length of a drift tube filled with static drift gas.'*® The forward
motion of ions with large CCS is impeded by the buffer gas, and voltage waves “overtake” these
ions. The smaller the CCS of an ion, the fewer waves overtake the ion and the faster it moves
through the TWIMS cell. TWIMS has proven to be a useful technique for structural elucidation
and monitoring conformational stability.!?®-13! Specifically, under native conditions through
collision-induced unfolding (CIU), the structures of intact antibodies can be investigated.!3%!3%:133
TWIMS CIU is compatible with native top-down workflows and has shown promise as a

separation technique for native top-down analysis of protein complexes.'>*
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Departing from traditional IMS designs, TIMS causes analytes to elute in order from largest
CCS to smallest CCS.!"” In TIMS, analytes are pushed into the TIMS cell with a flowing buffer
gas at fixed pressure, then trapped by an increasing DC voltage gradient in the first region of the
TIMS cell (or accumulation region).'*> Ions with larger CCS or higher charge migrate further into
the accumulation region of the TIMS cell before their forward motion is stopped by the applied
voltage. The DC potential in the TIMS cell is then lowered to release trapped ions in order from
largest to smallest CCS. There are several unique advantages to TIMS, including a compact cell

136,137

design enabling hybrid instrument design, easy integration with ultrafast'*® or slow scanning

applications,'*” and flexibility of TIMS cell control.!**!*! Recent work showcases the potential of

136,142,143

TIMS for native separations, and the flexibility of TIMS design will facilitate its use in

future either as a standalone technique or as a part of hybrid workflows.
Multidimensional Separations

Unlike peptides, proteins have a much more diverse range of physiochemical properties,'**
therefore, MDLC by combining multiple orthogonal separation modalities can be a useful
approach to address the complexity of the intact proteome.?”*!!4> Although extensively used in
bottom-up separations, the use of two-dimensional (2D) LC coupled to MS in top-down
proteomics has been more recent.!**"1* Much of the 2DLC-MS work for top-down proteomics has
used an “offline” coupling strategy, collecting fractions across the first dimension of separation
('D), then analyzing all fractions using the second dimension of separation (>D) interfaced directly
with the MS. Offline 'D separation allows samples to be buffer-exchanged or concentrated
between dimensions, enabling use of traditionally MS-incompatible separation techniques. The Ge
lab developed an offline 2DLC strategy coupling HIC and RPLC.!*” The orthogonality of HIC and

RPLC separations extended the range of separable protein polarities and can be used to eliminate
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the need for offline desalting of non-volatile buffers in HIC fractions as demonstrated by E coli

1'% extended this to a three-dimensional (3D) LC approach,

cell lysate analysis. Valeja et a
coupling HIC-IEX-RPC with offline 'D HIC and ?D IEX separation before third dimension (°D)
online RPLC-MS.!*° This achieved a 14-fold improvement in protein identifications from human
embryonic kidney cell lysate using 3D HIC-IEX-RPLC-MS compared to 2D IEX-RPLC-MS.!#
Alternatively, to enable better characterization of large proteoforms, Cai and Tucholski et al.®3

used a 2DLC approach coupling sSEC to separate proteins by size prior to RPLC-MS to separate

by hydrophobicity.*?

Though the advantages of MDLC are clear, the process of offline MDLC is time-
consuming and labor-intensive. Online MDLC strategies can alleviate this problem through
automation, using a valve interface to automate transfer of eluent from 'D to ?D.!* Coupling of

orthogonal phases has been facilitated through the use of modulation strategies such as active

0 1

solvent modulation,'™® stationary-phase assisted modulation,'”! and multiple heart-cutting.'*?
While many coupling techniques have been developed for online 2DLC,'* comprehensive mode,
which transfers all eluent from 'D to 2D, has the greatest potential to aid global top-down
proteomics. Several groups have employed online 2DLC for top-down proteomic analyses,!>*15¢
including a comprehensive high pH low pH RPLCxRPLC-MS method from the Schug group.
Beyond 2DLC, Moore and Jorgenson developed an online comprehensive 3DLC system for
peptide separation, which has not yet been extended for use with intact proteins.!>’ In the coming
years, the power of MDLC and the attraction of automation will likely lead to new combinations
of separation modalities and routine MDLC analysis. Further extension of MDLC approaches to

non-denaturing separation techniques is primed for rapid growth as the interest in native top-down

proteomics grows within the top-down community.
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1.3 Data Analysis Challenges in Top-Down Proteomics

While data processing in bottom-up proteomics follows well-established workflows with

a wide variety of software options,2!:!13%1%

workflows in top-down proteomics require more
flexibility and suffer from a paucity of software options compared to bottom-up.>® Typically, data
analysis workflows for top-down proteomics begin with a spectral deconvolution step to identify
fragment ion isotopic clusters in the MS2 spectra. If the top-down experiment took a targeted
approach, the results of deconvolution are then compared to the known protein sequence for
characterization. For discovery mode workflows, the results of deconvolution are input into a
database search algorithm along with a list of possible protein sequences, allowing identification
of unknown proteoforms. To address these data processing needs the commercially available

160-162

ProSight family of software and the freely available solutions such as the MASH software

38,163-165 5 MetaMorpheus'®® have developed software that is easy to use and capable of

series
supporting these workflows. Although efforts have been made to standardize data processing as
well as data reporting for top-down,'®” a lack of consensus about best practices regarding data
processing remains. Here, I will summarize some of the challenges associated with top-down

proteomics data deconvolution and database searching as well as discuss recent strides to address

these challenges.

The term “deconvolution” can be used to denote either MS1-level or MS2-level data
processing in the field of top-down proteomics, although the reporting of deconvolution results
differs.>® Deconvolution at the MS1 level identifies specific charge states within a distribution of
multiply charged species,'®® and is often accompanied by the calculation of a “zero-charge” mass
spectrum to simplify interpretation.'¢® At the MS2-level, deconvolution is used to identify isotopic

clusters and determine their charge, calculating the uncharged mass to identify potential fragment
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ions!'”? but typically omitting generation of a zero-charge spectrum. Currently, two key challenges
in top-down deconvolution are isotopically unresolved data and the speed of data processing.
Isotopically unresolved spectra are most commonly associated with native top-down, and pose
challenges to charge state determination during MS1 deconvolution.’®!"172 The Marty lab has

I and later

developed a number of tools to address this challenge, beginning with UniDec!”
extending the software series to MetaUniDec!”? for batch processing to improve throughput. To
address the second challenge to deconvolution, the Kohlbacher lab developed FLASHDeconv, !
which sets the benchmark for fastest average scan processing time (whether profile or centroided)
of less than 20 milliseconds. The speed of this approach has been leveraged to generate a real-time
instrument control software, FLASHIda, not only improving data processing speed, but quality of
generated data as well.!”> The extension of this platform to new instruments and data processing

workflows, perhaps with real time searching as well, will continue to positively impact the top-

down community for some time to come.

Although a number of database search tools exist for top-down proteomics, including
MSPathFinderT,'”® pTop,'”” MS-Align+,'”® and TopPIC,!” a consensus has not been reached
regarding scoring of identifications made. This represents the first of two major challenges to top-
down database searching: filtering and validation of identified proteoforms, and low ID numbers
when MS2 performance is inadequate. Filtering and validation of proteoform IDs occurs
differently in nearly all top-down software which are currently available.!”®!” In an effort to
simplify data validation and reporting, and improve user control over identification stringency,
Martin and coworkers developed TopPICR, ' allowing post hoc filtering and scoring well-beyond
the single step E-value or FDR based scoring commonly used,'®""!82 and improving confidence in

reported results. To address the negative impact of poor MS2 performance on proteoform
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183 which uses MS1 mass to identify

identifications, the Smith group developed Proteoform Suite,
proteoforms with MS1 spectra alone or in combination with MS2-level top-down or bottom-up
spectral identifications.!®® Application of proteoform suite substantially increased the number of
proteoforms over 60 kDa which were identified from human heart extract, however, these
identifications remain controversial without MS2 data support.'3* In future, it is possible that MS1-
level identifications could play a larger role in proteoform searching, but the utility identifications

may be limited to a filtering step used to reduce the size of databases prior to MS2 database

searching at the present time.
1.4 Applications of Top-Down: Antibody-Based Therapeutics

Antibodies, or immunoglobulins, are a class of proteins that are part of the body’s adaptive
immune response'® and neutralize foreign pathogens through specific complementary binding.'%
Formed from two heavy chains (Hc) and two light chains (Lc), antibodies take on a globular form
with a hinge region connecting the constant region and the variable region, called the
complementary determining region (CDR).!®” Efforts to engineer antibody CDRs for specific
antigen recognition began in the 1970’s and were first realized with the release of the monoclonal
antibody (mAb) therapeutic, Orthoclone in 1986.!%% Since the first commercial success, the
development of antibody therapeutics has exploded, with 162 FDA approved antibody-based
therapeutics as of June 2022.!'% Along with this boom in popularity came the development of
hybrid antibody-based therapies such as antibody-drug conjugates (ADC),'”° bispecific and
trispecific (bsAb and tsAbs) antibodies,'""!? Fab fragments,'*> and Fc-fusion proteins.!** Despite
the prominence and success of this drug class, the complexity of antibody-based therapeutics and
evolving understanding of drug product stability as well as changing critical quality attributes

(CQA) for each novel therapeutic make quality assurance difficult.'>"1°7 Additionally, the size of
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most antibodies (~150 kDa) can challenge characterization efforts.'® Therefore, the need to revisit
and reinvent previous quality control assays is a constant challenge to antibody-based therapeutic

development.

Similar to discovery top-down experiments, bottom-up (termed “peptide mapping”)
remains the most commonly used MS characterization technique for mAbs and ADCs.!” Though
often used to determine the amount of deamidation®® or oxidation?®! present in antibody-based
therapeutics, a peptide mapping approach is known to alter these CQAs and induce additional
artifactual modifications.2°22% Additionally, determination of features such as relative glycoform
expression or average drug-to-antibody ratios (DAR) of drug products is hindered in peptide
mapping workflows due to differences in ionization efficiency of modified and unmodified

peptides.?’” Middle-down digestion approaches?%+2%

provide a useful alternative to peptide
mapping that limit sample preparation time at elevated temperatures and enable determination of
global features such as average DAR by producing ~25 kDa subunits after digestion.'”® This
approach also allowed rapid determination of methionine oxidation in a forced degradation
approach,?°® however, elevated temperature during digestion may still perturb oxidation levels.
Alternatively, chemical reduction approaches forego digestion entirely, breaking disulfide bonds
under ambient temperature using a reduction agent such as tris(2-carboxyethyl)phosphine
(TCEP)?Y or dithiothreitol (DTT)?* to generate two Lc (~25 kDa) and two He (~50 kDa) subunits
from each antibody.”>2% This approach is effective for determining CQAs, and is technically a
top-down approach because it forgoes digestion. However, top-down approaches which eliminate

steps to reduce the size of antibody-based therapeutics enable faster measurement duty cycle and

provide the option to use non-denaturing conditions.
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Top-down analysis of the NIST standard antibody, NISTmAb, on high-resolution Fourier
transform ion cyclotron resonance MS enabled baseline isotopic resolution for determination of
the monoisotopic mass of the 147 kDa intact antibody, and provided sequence characterization.?'°
Another study using orbitrap MS with activated ion electron transfer dissociation for NISTmADb
characterization enabled disulfide bond cleavage in the gas phase for deeper sequence coverage.?!!
Recently, the inclusion in internal fragments for top-down sequence characterization of mAbs and
ADCs on a UHMR orbitrap further improved sequence coverage to >75 % residue cleavage.?!'? In
addition to denaturing top-down opportunities, the use of non-denaturing conditions for antibody
analysis creates a unique opportunity to not only preserve non-covalent interactors such as “native”
cysteine-linked ADCs'* or antigen binding,?!? but also probe changes in higher order structure of
the antibodies.?!* Hybrid workflows such as complex-down analysis of non-covalently associated
antibody drug products with TIMS demonstrate the potential of top-down proteomics to improve
sample throughput and confidence in CQA measurements as both separations and MS

instrumentation continue to improve.
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Chapter 2

Rapid Analysis of Reduced Antibody Drug Conjugate by Online LC-MS/MS with Fourier

Transform Ion Cyclotron Resonance Mass Spectrometry
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Abstract

Antibody drug conjugates (ADCs), which harness the high targeting specificity of
monoclonal antibodies (mAb) with the potency of small molecule therapeutics, are one of the
fastest growing pharmaceutical classes. Nevertheless, ADC conjugation techniques and processes
may introduce intrinsic heterogeneity including primary sequence variants, varied drug-to-
antibody ratio (DAR) species, and drug positional isomers, which must be monitored to ensure the
safety and efficacy of ADCs. Liquid chromatography coupled to mass spectrometry (LC-MS) is a
powerful tool for characterization of ADCs. However, the conventional bottom-up MS analysis
workflows require an enzymatic digestion step which can be time consuming and may introduce
artifactual modifications. Herein we develop an online LC-MS/MS method for rapid analysis of
reduced ADCs without digestion, enabling determination of DAR, characterization of primary
sequence, and localization of drug conjugation site of the ADC using high-resolution Fourier
transform ion cyclotron resonance (FTICR) MS. Specifically, a model cysteine-linked ADC was
reduced to generate six unique subunits: light chain (Lc) without drug (Lc0), Lc with 1 drug (Lc1),
heavy chain (Hc) without drug (Hc0), and Hc with 1-3 drugs (Hc1-3, respectively). A concurrent
reduction strategy is applied to assess ADC subunits in both the partially reduced (intrachain
disulfide bonds remain intact) and fully reduced (all disulfide bonds are cleaved) forms. The entire
procedure including the sample preparation and LC-MS/MS takes less than 55 minutes enabling

rapid multi-attribute analysis of ADCs.
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Introduction

Development of antibody drug conjugates (ADCs) has become a focus of the
pharmaceutical industry for the past two decades.?>2!7 Coupling the targeting specificity of
monoclonal antibodies (mAbs) with the cytotoxic small molecule drugs, ADCs are considered to
be “magic bullets” which can kill the selected cell type and limit non-selective toxicity for normal
cells.?!6218219 This has generated considerable interest in ADC development, specifically for
various types of cancer.?!> Small molecule drugs may be conjugated to the mAbs by ‘native’
cysteine conjugation, which breaks interchain disulfide bonds and attaches the cytotoxic drugs to
the resulting free cysteines by stable chemical linkers.??° This conjugation technique results in high
heterogeneity for ADC products, causing drug positional isomers and a mixture of various drug-
to-antibody ratios (DAR) species. The average DAR is one of the essential quality attributes of
ADC which may be associated with multiple properties such as pharmacokinetics, efficacy, safety
and stability.>*??! This necessitates the development of an efficient and accurate method for DAR
determination. Additionally, modifications such as sequence truncation®??, oxidation®®, and
glycosylation??* which originate from the starting mAb and any following modification that occur
to the mADb and drug linker components during the ADC manufacturing process may also impact
ADC function, further convoluting ADC analysis. To ensure safe, stable, and efficacious use of
ADCs, a robust assessment of multiple quality attributes is needed during both drug development

and quality control stages.?!?

Among various analytical strategies that have been utilized to characterize ADCs, liquid
chromatography with mass spectrometry (LC-MS) is a method of choice.??>22° Typically, bottom—
up MS with Trypsin or Lys-C digestion is used for analysis of ADC?2"?% but it has intrinsic

limitations for ADC characterization.?%!%%22722% Moreover, bottom—up requires a lengthy sample
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preparation procedure which may induce artifactual modifications to the ADCs.?¢ Recently, intact
MS has been utilized to analyze ADCs providing a broader view of ADC heterogeneity than
bottom-up MS and has allowed determination of DAR value and detection of glycovariants.?3*232
However, it cannot effectively characterize the primary sequence variants of the ADC and
conjugated drugs due to the lack of tandem MS (MS/MS) information. Top-down MS/MS
strategies have been applied in characterization of intact therapeutic mAbs previously, but it has
been challenging to perform efficient fragmentation or achieve baseline isotopic resolution due to
the high molecular weight of the mAb.?!° Additionally, achieving isotopic resolution at the MS-
level was very time-consuming with one study needing >75 minutes to isotopically resolve the
mADb.2!° Although ADCs are similar in size to mAbs, their analysis by intact top-down MS/MS is
precluded by the extremely high heterogeneity. To overcome this, middle-down digestion?** of
ADCs can be performed where enzymes such as immunoglobulin gamma-degrading enzyme of
Streptococcus pyogenes (1deS)*** or Gingipain K (KGP)*° are able to produce the subunits of
approximately 25 kDa in mass. Such a middle-down approach offers a comprehensive overview
of the micro-variants associated with each subunits and facilitates greater MS/MS efficiency of the

subunits than top-down MS/MS of an intact ADC.!?%236237 Nevertheless, the process of digestion

is still laborious, and the enzymes required are costly.

One technique that offers rapid generation of ADC subunits without the need of enzymatic
digestion is chemical reduction, which breaks disulfide bonds to generate light chain (Lc) subunits
(~25 kDa) and heavy chain (Hc) subunits (~50 kDa).??* This technique is particularly useful for
molecules which are unstable in acidic, denaturing conditions such as cysteine-linked ADCs.
Recently, Kelleher and coworkers reduced a model mAb and used front end high-field asymmetric

wave form ion mobility coupled with an Orbitrap Eclipse™ Tribrid™ mass spectrometer (FAIMS-
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MS/MS) to characterize Lc and He subunits by MS/MS.'?” Although the reduced mass strategy
has also been applied to ADC analysis to monitor the intact mass of subunits,*®** the lack of
MS/MS and high-accuracy MS data prevents confident subunit identification and assessment of

quality attributes.

For the first time, we have developed a LC-MS/MS strategy for the rapid analysis of
reduced ADCs using online reverse-phase (RP)LC coupled with ultrahigh-resolution Fourier
transform ion cyclotron resonance (FTICR) MS. A concurrent reduction strategy was applied to
assess subunits both in the partially reduced form (with interchain disulfide bonds cleaved but
intrachain bonds intact) and the fully reduced form (with all disulfide bonds cleaved) (Figure 1).
This method enables isotopic MS resolution and high-accuracy mass measurement for the reduced
ADC subunits and allows us to monitor the light chain subunits (Lc) and heavy chain (Hc) subunits
with various drug conjugations on a chromatographic timescale, for the first time. This integrated
concurrent reduction with LC-MS/MS strategy offered rapid determination of multiple ADC
quality attributes such as robust DAR quantitation, primary sequence characterization and drug

conjugation region localization in less than 55 minutes.
Materials and Methods
Reagents

HPLC grade water and acetonitrile (ACN) were purchased from Fisher Scientific (Fair
Lawn, NJ). Difluoroacetic acid (DFA), 2-amino-2(hydroxymethyl)-1-3-propanediol hydrochloride
(Tris-HCl), dithiothreitol (DTT), and guanidine hydrochloride (guanidine HCI) were purchased

from Sigma-Aldrich (St. Louis, MO).

Sample Preparation
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Model cysteine-linked ADC was provided by AbbVie (North Chicago, IL). For partial
reduction, ADC was incubated in 20 mM DTT in 50 mM Tris buffer at pH 8.0 for 30 minutes at
25 °C in the absence of light. For full reduction, ADC was incubated in 20 mM DTT and 6 M
guanidine HCI in 50 mM Tris buffer at pH 8.0 for 30 minutes at 25 °C in the absence of light.
Prior to analysis, the fully reduced sample was desalted using a Pierce Protein Concentrator PES
10 kDa molecular weight cutoff filter (Thermo Fisher Scientific, Waltham, MA) by washing the

sample five times with 0.1% DFA in water.
LC-MS/(MS)

An ACQUITY UPLC M-class system (Waters, Milford, MA) was coupled to a solariX XR
12 Tesla FTICR mass spectrometer (Bruker Daltonics, Billerica, MA). A 150 x 1 mm BioResolve
RP mAb polyphenyl column with 2.7 pm particles and 450 A pore size (Waters, Milford, MA)
was used for RPLC separation. For both the partially and fully reduced subunits, the same LC
conditions were used: a 25 minute gradient with 60 °C column heating and a flow rate of 100
pL/min. Mobile phase A (MPA) was 0.1% DFA in water, and mobile phase B (MPB) was 0.1%
DFA in ACN. The gradient began with a hold at 20 % MPB which lasted 5 minutes. The MPB was
then increased to 40% MPB at 19 minutes, then 100% MPB at 21 minutes. Finally, the column
was equilibrated at 20% MPB with a hold from 21.1 to 25 minutes. For the mass spectrometer,
the endplate offset and capillary voltage were set to -500 V and 4500 V, respectively. The nebulizer
gas pressure was set to 0.5 bar, with a dry gas flow rate of 4 L/min at 220 °C. The skimmer voltage,
octopole RF amplitude, and collision cell RF were optimized at 60 V, 300 Vpp, and 1500 Vpp,
respectively. For MS spectral collection, the quadrupole low mass was set to 500 m/z with a scan
range of 500 to 3000 m/z. The ion accumulation time was optimized at 100 ms and the file size

was 2,000,000 points. The collision cell voltage was set to 1.5 V. For MS/MS spectral collection
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the quadrupole low mass was set to 200 m/z with a scan range of 200 to 2500 m/z. The ion
accumulation time was optimized at 400 ms and the file size was 1,000,000 points. Seven
collisional energies were used for both the partially reduced and fully reduced ADC subunits. For
the partially reduced ADC subunits 10, 15, 20, 22.5, 25, 27.5, and 30 V were used. For the fully

reduced ADC subunits 10, 12.5, 15, 17.5, 20, 25, and 30 V were used.
Data Analysis

All data were processed and analyzed using Compass DataAnalysis 4.3 (Bruker Daltonics,
Billerica, MA) and MASH Explorer.?*>?*! For DAR calculation, extracted ion chromatograms
(EICs) were generated from the top five most abundant charge states with a window of 0.05 m/z.
Subunit EICs were smoothed using the Gaussian smoothing algorithm in Compass DataAnalysis
4.3, smoothing to one data point per three seconds of data acquisition. The area under the curve
(AUC) was integrated and DAR was calculated using the AUC values for individual subunits in

the following equation (Equation 1):

DAR—Z[( Lcl )+< Hcl )+2( Hc2 )+3( Hc3 )]
- LcO + Lcl HcO+ Hcl +Hc2 + Hc3 HcO+ Hcl+ Hc2 + Hc3 HcO+ Hcl+ Hc2 + Hc3

Equation 1 was adapted from the previously published method for calculating DAR in a middle-
down analysis of an ADC.??> Maximum entropy was used for spectrum deconvolution with
resolution set to 100,000 for high resolution spectra. All observed charge states were used for
deconvolution. For peak picking, the SNAP algorithm was used with a quality threshold of 0.5 and

an S/N lower threshold of 3. All fragment ions were manually validated using MASH Explorer.
Results and Discussion

Concurrent Reduction Strategy
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Reduction of the model cysteine-linked ADC (partial or full) breaks interchain disulfide
bonds and produces six distinct subunits (Figure 2.1); two light chain (Lc) and four heavy chain
(Hc) variants. The Lc subunits can be conjugated to no drug (Lc0) or 1 drug (Lc1), and He subunits
can be conjugated to no drug (Hc0) or 1— 3 drugs (Hc1- 3, respectively). Of the subunits generated
during reduction, Hcl and Hc2 have three possible drug positional isomers, whereas the rest of the
subunits have only one possible form. The ADC can be analyzed both at the partial reduction level
(intrachain disulfide bonds are intact) and at the full reduction level (all disulfide bonds are
cleaved) (Figure 2.1). Partial reduction can be achieved by incubation with 20 mM DTT in 50 mM
Tris buffer at pH 8.0 for 30 minutes at 25 °C, whereas full reduction requires both 20 mM DTT

and 6M guanine HCI in 50 mM Tris buffer at pH 8.0 for 30 minutes at 25 °C during incubation.

RPLC-FTICR MS

The six subunits in both the partially and fully reduced form can be effectively separated
using RPLC-FTICR-MS (Figure 2.2). We have shown that the separation of both the partially and
fully reduced subunits has been highly reproducible across replicate analyses (Figure 2.S1 and
2.S2). The separation of partially reduced ADC subunits yielded overall better separation
performance in comparison to that of fully reduced ADC subunits. Each subunit was well separated
in the chromatogram, with Lc0, Lc1, Hc0, and Hc3 subunits achieving baseline resolution (Figure
2.2A). For Hel and He2 subunits, three presumptive drug positional isomers can be detected,
although baseline resolution of theses isomers was not achieved. Separation of fully reduced
subunits showed stronger retention than partially reduced species (Figure 2.2B and Table 2.S1).
An increase in retention factor (K”) of fully reduced subunits relative to partially reduced subunits
was detected (Table 2.S1). The observed difference in K’ between the two reduction techniques

indicates that retention time may be used as a qualitative metric to assess the reduction state of a
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subunit peak based on the generated chromatogram alone. The separation of fully reduced subunits
also displayed lower selectivity and broader peak widths than the partially reduced sample
resulting in incomplete resolution of Lc1 and HcO (Figure 2.S3). This might be due to the higher
denaturing level of subunits inducing more secondary interaction with the column. Additionally,

only two presumptive positional isomers were observed for both Hcl and Hc2.

This RPLC-MS method can effectively separate partially reduced and fully reduce ADC
subunits, which enables the calculation of DAR, an important quality attribute for characterization
of ADCs. To calculate the DAR, EICs were generated from the top five charge states for each
subunit in both the partially reduced and fully reduced form and the AUC was utilized to calculate
DAR (Figure 2.2). The Hc subunits elicit a lower instrumental response than Lc subunits. To
account for this, Equation 1 calculates the drug-to-subunit ratio (DSR) for the Lc and He separately
before it combines the DSR values to calculate the DAR value. An average DAR value of 3.1 +
0.1 was calculated for the three partially reduced replicates (Figure 2.S1) and 3.0 = 0.1 for the
three fully reduced replicates (Figure 2.S2). Therefore, despite differences in separation
performance, both fully reducing and partially reducing methods are reliable and reproducible for
determining the average DAR (Table 2.S2 and 2.S3). These values are in good agreement with the
value determined by hydrophobic interact chromatography coupled with ultraviolet detection

(Figure 2.S4).

LC-MS analysis of fully and partially reduced subunits revealed noticeable differences
between the charge state distribution and abundance (Figure 2.3 and 2.S5). For the Lc0 subunit,
the number of charge states observed in the fully reduced form was more than twice that of the
partially reduced form (Figure 2.3A). In addition to a shift in the charge state of the most abundant

peak for the fully reduced subunit (Lc0?*" instead of Lc0'#* for the partially reduced subunit), the



27

intensity of the most abundant peak for the fully reduced subunit was less than one fifth of that for
the partially reduced subunit (Figure 2.3A). These differences were even more pronounced for Hel
(Figure 2.3B), with the intensity of the most abundant peak for the fully reduced Hcl subunit at
charge state 49" over an order of magnitude less than that of the most abundant peak for the
partially reduced Hcl subunit at charge state 33". These trends were also observed for the Lcl,
Hc0, He2, and Hc3 subunits (Figure 2.S5). We postulate that these differences are caused by the
intrachain disulfide bonds in the partially reduced subunits shielding regions of the subunit during
the ionization process**?, limiting the number of charges which the partially reduced form will gain
during ionization. The fully reduced form of the subunit has no such protection and takes on a
greater number of charges during ionization as a result. While this difference in ionization behavior
has no impact in the TIC (Figure 2.2), it greatly impacts detection using the base peak
chromatogram profile, with reduced intensity and signal to noise (S/N) of fully reduced Hc

chromatographic peaks most severely impacted (Figure 2.S6).

The deconvoluted mass spectra of the Lc and Hc subunits displayed the high resolving
power of FTICR MS (Figure 2.4). All subunits are isotopically resolved with partially reduced
subunits showing baseline resolution, despite the short elution time of each subunit peak in the
RPLC separation. The chromatographic peak width (in seconds) determined the number of MS
scans which could be collected and averaged for each subunit. Considering the free induction
decay time of a single FTICR scan was 2.8 seconds using the specified conditions, isotopic
resolution was achieved for peak widths as low as 12 seconds (partially reduced Hc3), or four MS
scans. While the wider peaks of the fully reduced subunit separation allowed the collection of a
greater number of MS scans, baseline isotopic resolution for fully reduced Hc subunits was not

achieved. This is likely due to the decreased S/N value of fully reduced subunits caused by
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spreading subunit signal over a greater number of charge states (Figure 2.3). The experimental
mass spectra of fully reduced subunits were in better agreement with theoretical isotopic
distributions than partially reduced experimental mass spectra (Figure 2.4), likely due to the greater
MS scan number collected from the broader fully reduced chromatographic peaks (Figure 2.2).
One factor which initially challenged the isotopic resolution of subunits was adduct formation
between the subunits and DFA during the chromatograph process (Figure 2.S7). Such adduct
formation decreased the intensity of the subunits as the signal intensity of the subunits distributed
between subunits without DFA adducts and subunits with DFA adducts. As demonstrated, this
problem was successfully addressed by increasing MS skimmer voltage from 30 V to 60 V, which

eliminated DFA adducts and facilitated full isotopic resolution (Figure 2.S7).

By intact mass analysis, the identity of each subunit can be confirmed at the MS level. A
mass shift of +1316.78 Da reflects a drug conjugation event. All Hc subunits displayed an
additional shift of +1444.50 Da corresponding to GOF glycan attachment. None of the Hc subunits
were observed without the glycan bound and no additional glycoforms were observed for this
model ADC (Figure 2.4). The deconvoluted MS data of Hc subunits also displayed a —128.07 Da
shift (Figure 2.4). This corresponds to C-terminal lysine clipping, a common modification for
antibodies.?**** The ultrahigh resolution FTICR MS offers high mass accuracy, which helps
unambiguously distinguish the small mass difference (0.35 Da) between a drug conjugation event
(+1316.78 Da), and a bound glycan (+1444.50 Da) with C-terminal lysine clipping (-128.07 D).

239

Conversely, the reported large MS mass error in the previous study”” may be insufficient for

confident MS-level subunit identification.

Deconvoluted MS spectra showed the reduction state of each subunit. Every intact

intrachain disulfide bond in the subunit caused a —2 Da mass shift from the fully reduced subunit
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mass. Therefore, reduction of two intrachain disulfide bonds in Lc¢ subunits and four in Hc subunits
resulted in a 4 Da and an 8§ Da mass shift, respectively, between the partially and fully reduced
forms. For the fully reduced subunits mass shifts of + 4 Da were observed for both Lc subunits
and + 8 Da for all Hc subunits compared to the partially reduced subunits (Figure 2.4). This
indicated that fully reduced species had no intact intrachain disulfide bonds, and all intrachain
bonds were intact for the partially reduced subunits, confirming that reduction state is easily
controllable by our concurrent reduction strategy. The reduced mass strategy allows facile
determination of DAR, glycan identity, and primary modifications through ultrahigh resolution
online LC-FTICR MS in less than 55 minutes. The ability to determine multiple critical quality

attributes of ADC in a single LC-FTICR MS run makes this method ideal for pre-clinical studies.

RPLC-FTICR MS/MS

Reduced ADC subunits were further characterized by online LC-MS/MS using collision-induced
dissociation (CID) (Figure 2.5 and 2.6). We have shown that LC-MS/MS using CID yielded 34%
residue cleavage of LcO when applying 25 V of collisional energy, and 13% residue cleavage of
Lc1 when applying 17.5 V of collisional energy. While the percentage of residue cleavages for Lcl
is diminished compared Lc0, drug conjugation to the Lcl subunit was confirmed through the
presence of drug conjugated fragment ions (ySfand yiis, Figure 2.5B). Additionally, drug
conjugation on Lcl could be localized to C214 because b 207 was not observed in the drug
conjugated form. Since this is the first use of fragmentation for the reduced ADC analysis, no
benchmark exists for LC-MS/MS or MS/MS performance in the previous literature. Nevertheless

middle-down MS methods can provide reference LC-MS/MS data for Lc subunits. Our previous

middle-down study yielded 35% residue cleavage for LcO when performing LC-MS/MS using
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electron transfer dissociation (ETD) and 15% residue cleavage for the drug conjugated Lcl

subunit.'?®

Decreased percentage of residue cleavages of the drug conjugated Lc is presumably due to
the preferential fragmentation of the drug and linker, which generated several high abundance
species during the CID process (Figure 2.58).2%” In addition to drug conjugation the presence of
intrachain disulfide bonds was shown to negatively impact fragmentation efficiency. Partially
reduced Lc subunits achieved only 4% and 2% residue cleavage for Lc0 and Lc1, respectively, due
to the intrachain disulfide bonds (Figure 2.S9 and 2.S10), however drug-conjugated fragment ions
were still observed (y&7 and y$7in figure 2.S10). Although partially reduced subunits allow rapid
MS-level quantitation, MS/MS analysis necessitates the use of fully reduced subunits to achieve

maximum percentage of residue cleavages for subunit characterization.

Fragmentation of the fully reduced LcO subunit yielded 52% residue cleavage when
combining the seven fragmentation energies listed in the methods section (Figure 2.5A). LC-
MS/MS of fully reduced Lcl displayed 21 % sequence using the same fragmentation energies
(Figure 2.5B). Combining multiple CID energies for each subunit offered higher percentage of
residue cleavages without compromising the speed of LC separation or the requirement of a
specific instrument with various MS/MS techniques. A previous study reported 18% residue
cleavage of the LcO subunit by CID and coverage of 62% when combining CID, ETD, and
ultraviolet photodissociation.”?” Our LC-MS/MS method offered comparable fragmentation
efficiency using a single commonly available fragmentation technique, CID, by combining

fragments from multiple dissociation energies.

Similar to the results obtained for the Lc subunits, Hc subunits yielded greatly increased

fragmentation efficiency in the fully reduced form compared to the partially reduced form (Figure
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6 and Figures 2.S11 — 2.S17). The percentage of residue cleavages achieved for fully reduced Hcl
with one fragmentation energy (15 V) was 11%, increasing to 15% residue cleavage when
combining the CID energies specified in the methods section. Although we are not aware of any
literary precedent of LC-MS/MS analysis of drug conjugated Hc subunits, one study has
investigated the fragmentation of a model mAb Hc subunit.?*® This study achieved 11% residue
cleavage of the fully reduced Hc using CID alone. To increase the coverage of the model mAb Hc,
electron capture dissociation (ECD) fragmentation was also employed to yield 38% residue
cleavage for the Hc when combining both CID and ECD. The lowered fragmentation efficiency
observed in this study is likely due to a combination of two factors. First, in the case of the model
mADb the total mass of Hc species is represented in one chromatographic peak. In our study, the
total Hc mass is spread between four possible states of drug conjugation, lowering overall signal
intensity for each species. Second, the previous model mAb study employed a 21 T FTICR?,
which offers a faster scan acquisition rate’** than can be achieved with the 12 T FTICR used in

this work and is capable of collecting a greater number of MS scans during online separations.

Sequence coverage of fully reduced Hc subunits was sufficient to confirm drug
conjugation, localize conjugation region, monitor glycan state, and confirm C-terminal lysine
clipping. Interestingly, MS/MS analysis of the fully reduced HcO did not show a marked difference
from fully reduced Hcl as was observed for LcO and Lcl. The achieved percentage of residue
cleavages for HcO was 14%, comparable to the percent residue cleavage for Hel (Figure 2.S12).
This is likely due to the location of drug conjugation in Hc subunits is in the middle of the sequence
as opposed to drug attachment on the C-terminal residue for Lc1, which shows a paucity of y ions

near the C-terminal. For drug conjugated Hc subunits, conjugated drugs do not impact
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fragmentation dramatically because a pre-existing scarcity of labile bonds near the drug

conjugation region limits fragmentation in that region even without drug conjugation.'?’

Conceivably, the MS/MS analysis of Hc subunits was hindered due to their large size, the
decreased abundance of charge states relative to Lc subunit charge states and the lower S/N of Hc
subunits relative to Lc subunits (Figure 2.3 and 2.6). Drug conjugation could, however, be
localized to the region between C203 and A235 using b351 and y;3a. Of the cysteine residues in
this region (C203, C224, C230, and C233) it is highly unlikely that the drug is conjugated to C203.
C203 is part of an intrachain disulfide bond and should not break under kinetically controlled
reduction during the drug conjugation process which targets interchain disulfide bonds.
Additionally, broken intrachain bonds during drug conjugation may lead to Hc species conjugated

with more than 3 drugs, but none were observed in the MS spectra. Nevertheless, fragmentation

near the hinge region was limited, thus preventing the determination of the drug conjugation site.
Conclusion

In summary, we have developed an LC-MS/MS method for the rapid analysis of reduced
ADC:s at the subunit level using concurrent reduction strategy for multi-attribute analysis of ADCs
including determination of DAR value, detection of sequence variants and characterization of drug
conjugation. The DAR value was determined using both partial and full reduction techniques to
be 3.1 +£0.1 and 3.0 + 0.1 respectively, and subunit identity was confirmed by both the intact mass
and MS/MS characterization using CID. The partial reduction technique offered better peak shape
in RPLC and rapid MS characterization of subunits in the model cysteine ADC, with a total sample
preparation and LC-MS analysis in less than 55 minutes but limited residue cleavages by online
LC-MS/MS. Full reduction of the model ADC provided robust LC-MS/MS data with a greater

number of residue cleavages, localization of drug conjugation region and confirmation of attributes
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observed at the MS and MS/MS-level, but lower S/N at the MS-level than the partial reduction
technique. Our method leverages the power of ultrahigh resolution FTICR to achieve MS and
MS/MS characterization of a reduced mass ADC on a chromatographic timescale for the first time.
We have shown that integration of concurrent reduction strategy with LC-MS/MS provides a rapid
and robust tool for multi-attribute ADC analysis which can be added to the suite of techniques used

to characterize novel antibody-based therapeutics.
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Figure 2.1: Schematic of potential products from a representative cysteine-linked antibody-drug
conjugate (ADC) after full and partial reduction. This generates light chain subunits (Lc) with 0 or
1 conjugated drugs (LcO and Lcl respectively) and heavy chain (Hc) subunits with 0, 1, 2, or 3
drugs (HcO, Hel, Hc2, and He3 respectively). Hcl and He2 have three possible drug positional
isomers. Positional isomers are not demonstrated in this figure. Partial reduction using DTT (20
mM) cleaves interchain disulfide bonds but preserves intrachain disulfide bonds (shown in pink
arcs). In contrast, full reduction using DTT (20 mM) with the addition of guanidine HCI1 (6 M)
during sample preparation cleaves both inter- and intrachain disulfide bonds in the ADC.
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Retention Time (min)

Figure 2.2. Online RPLC-MS of partially reduced ADC subunits (A) and fully reduced ADC
subunits (B). The total ion chromatogram, shown in blue for panel A and red for panel B, is overlaid
with the extracted ion chromatograms (EIC) for each subunit. The EICs shown were generated
using the top-five most abundant charge states of each subunit as described in the methods section.
The relative intensity of Lc EIC peaks is scaled to the intensity of the most abundant Lc peak and
the relative intensity of Hc EIC peaks is scaled to the intensity of the most abundant He peak.
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Figure 2.3. Full mass spectra of the partially and fully reduced LcO (A) and the most abundant
conjugation isomer of Hcl (B). The presence of intrachain disulfide bonds appears to limit the
number of surface-exposed basic residues during ionization, resulting in a charge state distribution
with higher m/z values and fewer charge states overall. This allows easier detection of Lc and Hc
species in MS when using either base peak chromatograms or extracted ion chromatograms
providing more robust MS quantitation than the fully reducing sample preparation procedure.
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Figure 2.4. Isotopically resolved FTICR mass spectra of partially reduced subunits (shown in blue)
and fully reduced subunits (shown in red). A) LcO; B) Lcl; C) He0; D) Hel; E) He2; and F) Hc3.
A mass shift of 4 Da (corresponding to 2 disulfides) for the Lc subunits and 8 Da (corresponding
to 4 disulfides) for the Hc subunits confirmed the cleavage of intrachain disulfide bonds during
the fully reducing sample preparation. All Hc subunits in both the partially and fully reduced form
displayed a +1316.43 Da mass addition, corresponding to bound GOF glycan (+1444.50 Da) and
C-terminal lysine clipping (-128.07 Da). The ultrahigh resolution FTICR MS allowed isotopic
resolution of subunits during online RPLC-MS.
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Figure 2.5: Online MS/MS of Lc0 (A) and Lc1 (B). Number of drugs bound to each fragment ion
are indicated using (#) following each ion identifier. Fragmentation was performed using the seven
CID collisional energies for fully reduced subunits specified in the methods section. For Lc0,
online LC-MS/MS resulted in 110/214 bond cleavages, or 52% residue cleavage. For Lc1, the drug
is fragmented preferentially over the subunit back bone, resulting in 45/214 bond cleavages with
21% residue cleavage.
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Figure 2.6: Online MS/MS of fully reduced Hcl subunit. CID using the seven energies specified
for fully reduced subunits in the methods section resulted in 66/450 bonds cleaved or 15% residue
cleavage using online LC-MS/MS. Number of drugs bound to each fragment ion are indicated
using (#) following each ion identifier. The drug conjugation was confirmed (y2s8) and localized
to the region between Cys203 and Ala235.
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HIC-UV method

Hydrophobic interaction chromatography coupled with ultraviolet detection (HIC-UV) analysis of
the intact ADC was conducted on an Agilent 1260 HPLC system. There is minimal absorbance
contributed by drug linker at 280 nm for this model ADC, therefore the UV signal acquired at
280nm was directly used for DAR calculation. Mobile phase A contains 25 mM disodium
phosphate and 1.5 M ammonium sulfate. Mobile phase B contains 25 mM disodium phosphate
with isopropanol (75/25 v/v). The pH values of both mobile phases are adjusted to 7.0 = 0.1 with
phosphoric acid. ADC sample was prepared by diluting the ADC to ~2 mg/mL with 0.9 M
ammonium sulfate. HIC Butyl-NP (4.6%35 mm, 1.7 um) column was used for separation with the
column temperature been set to 30 °C. A 20-minute gradient was utilized for the separation of
different DAR species. The gradient starts with 10% B and increases to 35% B in 2 minutes. In
the next 12 minutes the mobile phase B increases from 35% to 100%. After that the percentage of
mobile phase B is brought down to 10% in 0.2 minute and kept until the end of gradient. The
average DAR was calculated using the AUC values for individual DAR states in the following

equation (Equation S1) as reported previously??>-24;

(2 * DAR2) + (4 » DAR4) + (6 * DAR6) + (8 DAR8))]

Average DAR = [( DARO + DAR2 + DAR4 + DARG6 + DARSB
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Supplemental Figures
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Figure 2.S1. Total ion chromatograms (TIC) of online reverse-phase liquid chromatography
(RPLC) coupled with Fourier transform ion cyclotron resonance (FTICR) mass spectrometry (MS)
analysis of partially reduced antibody-drug conjugate (ADC) using Waters BEH Bioresolve
polyphenyl column. Three injection replicates (A, B, C) show excellent separation reproducibility.
Separation method specified in the methods section.
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Figure 2.S2. TIC of online RPLC-FTICR MS analysis of fully reduced ADC using Waters BEH
Bioresolve polyphenyl column. Three injection replicates (A, B, C) show excellent separation
reproducibility. Separation method specified in the methods section.
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Figure 2.S3. Online RPLC-MS of partially reduced (A) and ADC fully reduced (B) subunits.
Shown are total ion chromatogram (TIC). RPLC was performed using a Waters BioResolve RP
mAb polyphenyl column (150 x 1 mm, 2.7 um particles, 450 A pore size).



45

N
N
200- DAR2

§ 160 \mﬂ

% 120- - Dam

Y /

e DARO | \ \H H/ |

& S ‘\ | f \ DARS6 %HHJ

0 _,,JL__J \J\L// P S ¢ D‘@Ra;ﬂ S

2 4 6 8 10 12 14 16 18

Retention Time (Min)
Figure 2.S4. Separation of native intact model ADC by HIC-UV at 280 nm. HIC-UV allowed the
determination of the average DAR for the model ADC, which was found to be 3.1. This value is
in good agreement with that determined by RPLC-FTICR-MS for both the fully reduced and
partially reduced samples. Separation conditions for HIC-UV are specified in the supplemental
methods section.
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Figure 2.S5: Full mass spectral comparison of partially and fully reduced Lc1 (A), HcO (B), Hc2
(C), and Hc3 (D). Subunits shown here are complimentary to the subunits shown in figure 4. This
figure illustrates that for all subunits the partially reduced form has a lower number of charge states
in the distribution and a lower z value for the most abundant charge compared to the fully reduced

form of the subunit.
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Figure 2.S6. Base peak chromatograms (BPC) for RPLC-FTICR MS separations of partially

reduced ADC (A) and fully re

duced ADC (B).
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Figure 2.S7. Impact of skimmer voltage on DFA adduct formation and MS1 resolution of
individual subunits for partially reduced form of the ADC, 30 V shown in brown, 40 V in red, and
60 V in blue. DFA adducts highlighted in green. A) Lc0, B) Lc1, C) Hc0, D) Hel, E) He2, F) He3.



49

N ‘| O W Llll N L ’u!\. .L,LlnLumln.‘. tl‘

550 650 m/z

Figure 2.S8. Structure of drug and linker used with this model ADC. The linker is formed by
connecting three moieties: a maleimidocapyrol (mc) moiety, a valine-citrulline moiety (vc), and a
para-amino benzyl alcohol (pabc) moiety, which is cleaved proteolytically cleaved during
endocytosis. The drug used is monomethyl auristatin E (MMAE). The full structure of the mc-vc-
pabc-MMAE is shown in panel A. Panel B shows four fragments of mc-vc-pabc-MMAE after
application of CID was applied to drug conjugated subunits in this study. A representative drug
fragmentation spectrum is shown from using 25 V CID with the partially reduced Lc1 subunit.
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Figure 2.S9. Online LC-MS/MS fragmentation of partially reduced Lc0 using CID. Fragmentation
yielded 8/214 bond cleavages (4% total residue cleavage) when combining the seven CID energies
specified for partially reduced subunits in the methods section. Representative fragment ions
shown. C, calculated molecular weight; E, Experimental molecular weight.
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Figure 2.S10. Online LC-MS/MS fragmentation of partially reduced Lcl using CID.
Fragmentation yielded 5/214 bond cleavages (2% total residue cleavage) when combining the
seven CID energies specified for partially reduced subunits in the methods section. Representative
fragment ions shown. C, calculated molecular weight; E, Experimental molecular weight.
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Figure 2.S11. Online LC-MS/MS fragmentation of partially reduced HcO using CID.
Fragmentation yielded 31/450 bond cleavages (7% total residue cleavage) when combining the
seven CID energies specified for partially reduced subunits in the methods section. Representative
fragment ions shown. C, calculated molecular weight; E, Experimental molecular weight.
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Figure 2.S12. Online LC-MS/MS fragmentation of fully reduced HcO using CID. Fragmentation
yielded 61/450 bond cleavages (14% total residue cleavage) when combining the seven CID
energies specified for fully reduced subunits in the methods section. Representative fragment ions
shown.
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Figure 2.S13. Online LC-MS/MS fragmentation of partially reduced Hcl wusing CID.
Fragmentation yielded 24/450 bond cleavages (5% total residue cleavage) when combining the
seven CID energies specified for partially reduced subunits in the methods section. Representative

fragment ions shown.
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Figure 2.S14. Online LC-MS/MS fragmentation of partially reduced Hc2 using CID.
Fragmentation yielded 9/450 bond cleavages (2% total residue cleavage) when combining the
seven CID energies specified for partially reduced subunits in the methods section. Representative
fragment ions shown.
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Figure 2.S15. Online LC-MS/MS fragmentation of partially fully reduced Hc2 using CID.
Fragmentation yielded 49/450 bond cleavages (11% total residue cleavage) when combining the
seven CID energies specified for fully reduced subunits in the methods section. Representative

fragment ions shown.
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Figure 2.S16. Online LC-MS/MS fragmentation of partially reduced Hc3 using CID.
Fragmentation yielded 11/450 bond cleavages (2% total residue cleavage) when combining the
seven CID energies specified for partially reduced subunits in the methods section. Representative
fragment ions shown.
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Figure 2.S17. Online LC-MS/MS fragmentation of fully reduced Hc3 using CID Fragmentation
yielded 18/450 bond cleavages (4% total residue cleavage) when combining the seven CID
energies specified for fully reduced subunits in the methods section. Representative fragment ions

shown.
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Table2.ST1. Retention factor (K’) of subunits in both partially and fully reduced forms. K’ is
calculated using the following equation: K’ = (Tr-Tv)/Tv
Where Tr is the retention time of the peak and Tv is the void volume elution time.

Subunit | Partially Reduced K’ | Fully Reduced K’
LcO 5.25 +0.01 6.83 £0.03
Lc1 7.18 £0.01 8.45 +0.04
HcO0 7.71 £0.01 8.71 £0.03
Hc1 8.67 +0.02 10.84 +0.03
Hc2 12.78 1£0.01 14.64 +0.02
Hc3 15.0 £0.02 16.10 +£0.02

Table 2.ST2. Peak areas for individual subunits from three injection replicate RPLC-FTICR MS
analyses of the partially reduced sample. The drug-to-subunit ratios (DSR) and drug-to-antibody
ratios (DAR) for each run are shown along with average DSR values for Lc and Hc subunits,
average DAR values for every run and calculated standard deviations.

LcO
Lc1
Hc0
Hc1
Hc2
Hc3

DSR Lc
DSR He

Average
DAR

Run 1

1.39E+09
1.68E+09
4 .53E+09
7.84E+09
3.00E+09
9.74E+08

0.55
1.03
3.14

Run 2

1.31E+09
1.50E+09
4.29E+09
7.23E+09
2.62E+09
8.74E+08

0.53
1.00
3.08

Run 3

1.58E+09
1.60E+09
4.66E+09
7.79E+09
2.77TE+09
9.20E+08

0.50
1.00
3.00

Average
0.53

1.01

3.1

Standard Deviation
+0.02

+0.01

+0.1
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Table 2.ST3. Peak areas for individual subunits from three injection replicate RPLC-FTICR MS
analyses of the fully reduced sample. The DSR and DAR values for each run are shown along with
average DSR values for Lc and Hc subunits, average DAR values for every run and calculated

standard deviations.

Run 1 Run 2 Run 3

LcO 3.86E+09  3.38E+09 2.91E+09

Lc1 4.08E+09 3.63E+09  3.44E+09

HcO 2.20E+08 1.69E+08 2.12E+08

He1 7.54E+08 6.33E+08  6.35E+08

Hc2 1.04E+08 1.07E+08  9.82E+07

He3 5.26E+07 4.81E+07  4.34E+07

Average Standard Deviation

DSR Lc 0.51 0.52 0.54 0.52 + 0.02
DSR Hc 0.99 1.04 0.97 1.00 + 0.03
Average 3.01 3.11 3.03 3.0 +0.1

DAR
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Chapter 3

High-Throughput Multi-Attribute Analysis of Antibody Drug Conjugates Enabled by

Trapped Ion Mobility Spectrometry and Native Top-Down Mass Spectrometry

Native
ESI

Mobility (1/Ko)

This chapter has been published and is adapted from:

Larson, E. J.; Roberts, D. S.; Melby, J. A.; Buck, K. M.; Zhu, Y.; Zhou, S.; Han, L.; Zhang, Q.;
Ge. Y. High-Throughput Multi-attribute Analysis of Antibody-Drug Conjugates Enabled by
Trapped Ion Mobility Spectrometry and Top-Down Mass Spectrometry. Analytical Chemistry.

2021.
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Abstract

Antibody drug conjugates (ADCs) are one of the fastest growing classes of anticancer therapies.
Combining the high targeting specificity of monoclonal antibodies (mAbs) with cytotoxic small
molecule drugs, ADCs are complex molecular entities that are intrinsically heterogeneous. Primary
sequence variants, varied drug-to-antibody ratio (DAR) species, and conformational changes in
starting mAb structure upon drug conjugation must be monitored to ensure the safety and efficacy
of ADCs. Herein, we have developed a high-throughput method for the analysis of native cysteine-
linked ADCs using trapped ion mobility spectrometry (TIMS) combined with native top-down
mass spectrometry (MS) on the Bruker timsTOF Pro. This method is capable of analyzing ADCs
by TIMS followed by a three-tiered native top-down MS characterization strategy for multi-
attribute analysis of a native ADC (~150 kDa). First, the charge state distribution of the native
ADC is monitored (MS1). Second, the intact mass of subunits dissociated from the ADC by low-
energy collision induced dissociation (CID) is determined (MS2). Third, primary sequence for the
dissociated subunits is characterized by CID fragmentation using elevated collisional energies
(MS3). We further automate this workflow by directly injecting the native ADC using and using
MS segmentation to obtain all three tiers of MS information in a single three-minute run. Overall,
this work highlights a multi-attribute native top-down MS characterization method that possesses

unparalleled speed for high-throughput characterization of ADCs.
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Introduction

By conjugating the targeting efficacy of monoclonal antibodies (mAbs) with the
cytotoxicity of small molecule drugs, antibody-drug conjugates (ADCs) have become a rapidly
growing sector of pharmaceutical development with considerable focus on anti-cancer
applications.?!>>*2% [n many cases, a “native” cysteine conjugation approach is used to break
interchain disulfide bonds and attach small molecule drugs to the resulting free cysteines via stable
chemical linkers with fast conjugation reactions and minimal structural perturbation.?2%24
Products of cysteine conjugation include a mixture of varied drug-to-antibody ratios (DAR)
species and drug conjugation positional isomers in most cases. The average DAR value, along with
ADC primary sequence and conformational variants can markedly impact pharmacokinetics,

stability, safety, and efficacy.??!??324%250 Therefore, a rapid and robust assessment of multiple

quality attributes is beneficial for both pre-clinical development and quality control analyses.

A variety of methods for assessing ADC quality attributes have coupled liquid
chromatography to mass spectrometry (LC-MS).?2%23-23I T assess the primary sequence of ADCs,
a bottom-up MS approach using trypsin or Lys-C digestion prior to LC coupled to tandem mass
spectrometry (LC-MS2) is commonly used.??’?*® However, bottom-up approaches suffer from
lengthy sample preparation procedures and artifactual modifications,?® and acquisition of integral
information such as average DAR via bottom-up approaches may be difficult.?*”-*** In recent years,
middle-down and reduced mass analyses have allowed more comprehensive detection of
molecular details than bottom-up MS.>>1%23 Using specific digestion by enzymes such as
immunoglobulin gamma-degrading enzyme of Streptococcus pyogenes (1deS) followed by
chemical reduction of disulfide bonds or simply chemical reduction alone, subunits between 25

and 50 kDa can be generated. This allows subunit-level MS analysis where quality attributes
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including average DAR and glycoform distribution can be monitored. Additional sequence
information can be probed at peptide level with high primary sequence coverage using MS2
analysis. 2198:237:252.253 While a middle-level approach provides a more comprehensive analytical
characterization than bottom-up MS, previously described techniques cannot directly probe native
ADC quality attributes, such as conformational heterogeneity. To assess these quality attributes,
native MS strategies have been developed for mAbs and ADCs.?**> This strategy requires
significantly less sample preparation than previously described techniques and often foregoes
front-end separation, thus increasing sample throughput. While rapid characterization of average
DAR and glycoform distribution can be achieved by intact native MS,>® characterization of ADC
conformation and localization of primary sequence variants and modifications are not possible

with intact analysis alone.

One solution which can provide deeper insight into ADC conformations without
compromising analysis speed is by incorporating ion mobility spectrometry (IMS).!!%:257:258
Previous studies have used IMS to monitor DAR and assess conformational heterogeneity of intact
native ADCs using techniques such as drift tube IMS (DTIMS) and traveling wave IMS
(TWIMS).?82% Another IMS technique that has gained significant attention due to its compact
design and utility for both selective and comprehensive separation modes is trapped ion mobility
spectrometry (TIMS).!!15119:122,137.260.261 previoys studies have shown TIMS to be a useful
technique for native protein and protein complex analysis.!36137:142261-265 Recently, Liu et al. used
a custom tandem-TIMS instrument to characterize the avidin homotetramer (~64 kDa) by tandem-

TIMS-MS.!¥” However, the broader application of TIMS-MS in the proteomics community will

require commercially available instrumentation that is generally accessible to a broad user base.
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Herein, we have developed a high-throughput method to monitor multiple critical quality
attributes of native cysteine—linked ADCs using the Bruker timsTOF Pro, for the first time. Our
method couples direct injection with a TIMS separation and a three-tiered approach to MS
characterization of a native protein complex using a commercially available and unmodified
instrument. The three-tiered MS approach profiles the native intact ADC (MS1), dissociates intact
subunits upon collisional activation (MS2), and fragments the released subunits at higher
collisional energy (MS3). Characterization of the primary sequence by MS3 can be achieved using
two fragmentation styles: either broadband collision induced dissociation (bbCID) or CID of an
individual subunit. To increase the sample data throughput, segmentation of a single direct
injection into 30 second windows enables multiple tiers of MS data to be rapidly collected. This
method rapidly acquires TIMS, MS1, MS2, and MS3 data in only 3 minutes for the
characterization of a ~150 kDa native protein complex, which represents a significant advance in

both the speed of analysis and the depth of information attainable from a natively prepared ADC.

Materials and Methods

Reagents. HPLC grade water and ammonium acetate (AA) were purchased from Fisher Scientific
(Fair Lawn, NJ, USA). Model cysteine-linked ADC (in 30 mM histidine buffer at pH 6.8) and its
starting mADb (in 30 mM histidine buffer at pH 6.8 with 8% sucrose (w/v)) was provided by AbbVie
(North Chicago, IL, USA). ESI-L Low Concentration Tuning Mix was purchased from Agilent
Technologies (Santa Clara, CA, USA). NISTmAb humanized IgG1x monoclonal antibody was

purchased from MilliporeSigma (Burlington, MA, USA).

Sample Preparation. The ADC sample was diluted to 15 pM in 150 mM AA solution prior to
injection. Starting mAb and NISTmADb samples were buffer exchanged into 150 mM AA by

washing the sample five times with a 10:1 ratio of initial volume to final volume using 30 kDa
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Amicon® Ultra molecular weight cutoff filters (MilliporeSigma, Burlington, MA, USA). The

mADb was then diluted to 15 uM in 150 mM AA solution prior to injection.

MS Analysis. A Bruker nanoElute LC system (Bruker Daltonics, Bremen, Germany) was coupled
to a timsTOF Pro mass spectrometer (Bruker Daltonics, Bremen, Germany). Samples were directly
injected using the nanoElute, injecting 5 puL of sample into 150 mM AA with a flow rate of 1
puL/min. To calibrate the MS and TIMS device, Agilent tune mix was directly infused to provide
species of known mass and reduced mobility.?®?%” For MS calibration, the MS resolution for the
most abundant calibrant signal, 1222 m/z, was 62,000. Calibrant points at 922, 1222, and 1522 m/z
were used for TIMS calibration. Nitrogen was used as the TIMS drift gas for all TIMS
measurements made in this work. For TIMS calibration, the TIMS resolution for the most abundant
calibrant signal, 1222 m/z, was 77.6. For the MS inlet, the endplate offset and capillary voltage
were set to -500 V and 3800 V, respectively. The nebulizer gas pressure was set to 1.5 bar, with a
dry gas flow rate of 6 L/min at 160 °C. TIMS region voltages were optimized at -20 V, -120 V, 160
V,200V,0Vand 100 V for Al — A6 respectively. TIMS RF was set to 350 Vpp, TIMS DC gradient
to 200 V. A ramp time of 400 ms yielded the optimal TIMS separation performance. To facilitate
high MS signal intensity, the TIMS accumulation time was locked to a 100% duty cycle, or 400
ms accumulation time. In the MS transfer optics the funnel 1 RF, funnel 2 RF, deflection delta, in-
source collision induced dissociation (isCID) energy and multipole RF were optimized at, 350
Vpp, 600 Vpp, 55V, 140 eV, and 600 Vpp respectively. For MS1 spectral collection, the
quadrupole low mass was set to 900 m/z with a scan range of 500 to 7000 m/z. Collision cell CID
(ccCID) energy was set to 20 eV, with 3500 Vpp collision cell RF, a 170 ps transfer time, and a
pre pulse storage time of 50 us. For MS2 spectral collection the quadrupole low mass was set to

200 m/z with a scan range of 200 to 7000 m/z. The collision cell RF was set to 3500 Vpp, a 170 ps
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transfer time, and a pre pulse storage time of 20 us were used. For MS3 spectral collection, MS
conditions were the same as the MS2 conditions with the exception of the isCID and ccCID
voltages. The isCID energy was increased 180 eV and three ccCID energies were used for
fragmentation of ADC species: 80, 90, and 100 eV. More detail about the voltages explored in this

work can be found in Table S1 and Figure S1.

Data Analysis. All data were processed and analyzed using Compass DataAnalysis 5.3 and MASH
Explorer.!2% For average DAR calculation, spectra were deconvoluted with the maximum
entropy deconvolution algorithm using resolution set to 60,000. All observed charge states were
used for deconvolution. This “natively” conjugated cysteine ADC displays five potential levels of
drug conjugation: zero drugs conjugated (DAR 0), two drugs conjugated (DAR 2), four drugs
conjugated (DAR 4), six drugs conjugated (DAR 6), and eight drugs conjugated (DAR 8). While
DAR 0 and DAR 8 each generate only one conjugation isomer; DAR 2, DAR 4, and DAR 6 all
generate multiple drug conjugation positional isomers which are isobaric at a given level of drug
conjugation. In this work, we will refer to all products of drug conjugation to the mAb moiety as
“DAR species”, regardless of the level of conjugation of drug conjugation position. The area under
the curve (AUC) for all DAR species were measured and average DAR was calculated using the

AUC values for individual DAR species in the following equation (Equation 1):

(2*+DAR2)+(4*DAR4)+(6*DAR6)+(8*DARS)

Eq. 1 Average DAR =
(DARO+DAR2+DAR4+DAR6+DARS)

Equation 1 was adapted from previously published methods for calculating the average DAR of
an intact ADC by MS1 analysis.??>?%® To calculate the collisional cross section using TIMS with
nitrogen drift gas ("™SCCSn2)?*° in A? for species of interest, the Mason-Schamps equation was

applied (Equation 2):
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3 2T
ces = SR

Eq.2 NoKq

Where u is the reduced mass of collision parameters, k» is Boltzmann’s constant, 7 is the drift
region temperature, z is the ionic charge, e is the charge of an electron, Ny is the buffer gas density,
and Ky is the reduced mobility. Equation 2 was selected to agree with previously published
collisional cross section (CCS) calculations.!'>*’° For MS1 peak picking, the Sum Peak algorithm
from Bruker DataAnalysis 5.3 was used with and absolute threshold of 50 and a relative intensity
threshold of 0.1 %. For MS2 and MS3 peak picking, the sophisticated numerical annotation
procedure (SNAP) algorithm was used with a quality threshold of 0.5 and an S/N lower threshold
of 3. All fragment ions were manually validated using MASH Explorer 2.1 searching using the

TopFD and eTHRASH deconvolution algorithms, !63:179:27!

Results and Discussion
Optimization of TIMS separation using the timsTOF Pro

Analysis of the model cysteine-linked ADC in the native state was performed by direct
injection in 150 mM AA using the timsTOF Pro (Figure 3.1). A selective approach to TIMS
optimization was used to facilitate IMS analysis of model ADC prior to MS analysis. The
parameters found to have the greatest impact on the TIMS separation performance were the A3
voltage, the A6 voltage, the TIMS RF, and the TIMS cell collision energy (Table 3.S1, Figure
3.S1). The A3 voltage, which applied in the TIMS funnel 1, is useful for desolvation and
declustering of ions entering the TIMS device, but may fragment or unfold a native antibody if the

voltage is too high (Table 3.S1).27? This is similar to the impact that the TIMS DC gradient has on
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TIMS separation performance (Figure 3.S1). While the A3 voltage and TIMS cell collision energy
largely affect desolvation, the A6 voltage is applied at the end of the TIMS accumulation tunnel
and affects the trapping and release efficiency of ions into the TIMS tunnel for separation (Table

3.81).

Screening five different A3 voltages found that the MS1 signal intensity (Figure 3.S2) and
the TIMS separation performance (Figures 3.S3 and 3.S4) were maximized when using a A3
voltage of 160 V. Similarly, A6 voltage conditions were also tested (Figure 3.S5-3.S7). Whereas
comparison of MS1 spectra showed that a A6 voltage of 90 V provided the highest MS1 signal
intensity (Figure 3.S5), it did not provide adequate sensitivity for low mobility species (Figure
3.S6 and 3.S7). Therefore, the selected A6 voltage was 100 V, which provided high MS1 signal
intensity and sensitive detection for all mobility regions (Figure 3.S6 and 3.S7). We examined the
effects of TIMS RF on the TIMS separation performance using the AbbVie starting mAb,
NISTmADb, and the AbbVie ADC (Figure 3.S8-3.S12). For all antibodies, we note that there is a
slight shift toward lower 1/Ko, and in turn lower "™3CCSna, as the TIMS RF decreases from 350
Vpp to 250 Vpp (Figure 3.S8, 3.S510, 3.S12; Table 3.S2-3.S4). The model IgG1 NISTmADb (Figure
3.510) yielded TIMS separation profiles and "™3CCSnz values similar to the AbbVie starting mAb
in all tested conditions (Figure 3.S11). Moreover, the measured "™3CCSn: and related error values
for the NISTmADb were slightly higher than those of the AbbVie mAb (Table 3.S2 and 3.S3). Unlike
the AbbVie mAb, which is glycoengineered to display only the GOF glycan,’* the NISTmAb
possesses multiple glycoforms, many of which are large than GOF, which can contribute to its
larger "™SCCSn: relative to the AbbVie mAb?”®. Similarly, the ADC showed a shift in mobility
toward lower 1/Ko values as the TIMS RF was lowered (Figure 3.S12). We note that while lowering

the TIMS RF resulted in a more compact gas-phase structure, the signal intensity was significantly
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attenuated when shifting from 350 Vpp TIMS RF to 250 Vpp for both the starting mAb (~15-fold
decrease) and the ADC (~50-fold decrease) (Figure 3.S8A,B and 3.S12A,B). Although the current
platform does not preserve the most compact gas-phase form of the mAb or ADC, a higher TIMS
RF is practically useful for the high-throughput analysis of larger proteins such as the mAbs/ADCs
due to higher ion transmission efficiency.>’?’* Thus, we found that a TIMS RF of 350 Vpp offered
suitable compromise between TIMS separation and MS intensity, which will later be shown to aid
accurate DAR quantification through improved S/N. Finally, several TIMS accumulation times
were screened for the starting mAb and the ADC (Figure 3.S8C,D and 3.S12C,D). While the
measured "™3CCSn;, did not change at varying TIMS accumulation times for either the mAb or
ADC, the relative intensity of the observed mobility regions did change. This effect should be
considered in future applications whenever the concentration of sample varies by time, such as

potential LC-TIMS-MS applications.

MS1 Analysis of Cysteine-linked Model ADC and Starting mAb

After optimization of the TIMS separation parameters, MS1 conditions were optimized to
facilitate desolvation and maximize signal intensity. First, seven different isCID energies were
surveyed to optimize desolvation (Figure 3.S12-3.S14). All isCID conditions yielded similar
mobility separation performance with the exception of 180 eV (Figure 3.S12A), which did not
detect the lowest mobility region observed at other isCID energies (Figure 3.S12B-G). Higher
isCID energies yielded higher MS1 signal intensity, with the greatest MS1 signal intensity found
when using 160 eV isCID energy (Figure 3.S13B). Lower isCID energies resulted in lower MS1

),273276 therefore

signal intensity due to inadequate desolvation of analytes (Figure 3.S13D-G
higher isCID energies were preferred. However, higher isCID energies caused dissociation of the

light chain with one conjugated drug (Lcl), which is non-covalently associated with the ADC
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(Figure 3.S14). The optimal isCID was 140 eV, which facilitated good desolvation and MS1 signal
intensity while minimizing dissociation of Lc1. Optimizing the detector TOF voltage showed that
a modest increase in detector TOF voltage of ~10% yielded a greater than three-fold increase in
MSI1 signal intensity (Figure 3.S15). Next, the TIMS DC gradient, applied in the segmented
collision cell, was observed to fragment ADC species and cause light chain dissociation and
apparent collisional unfolding at higher voltages, as anticipated (Figure 3.S16-3.S18). However,
lower TIMS DC gradient voltages resulted in lower signal for high mobility species (Figure 3.S17
and 3.S18). Therefore, a TIMS cell collision energy of 200 V was chosen to minimize

fragmentation and maximize detection sensitivity across the whole mobility range.

Implementation of the TIMS technology for native intact ADC analysis offered clear
advantage over conventional intact MS approaches. When direct injection of an ADC is performed
without the use of front-end separation, overlap in the charge state distributions of different DAR
species can inhibit MS1 detection of lower abundance species such as DAR 8 (Figure 3.2A), which
can negatively impact calculation of average DAR. The TIMS separation of native model cysteine-
linked ADC (Figure 3.2B, C) greatly increased the signal-to-noise ratio (S/N), thereby simplifying
MS1 measurements (Figure 3.2D-I). In the case of DAR0?®*, shown at 5270 m/z in Figure 2A, the
calculated S/N was 4.5 with TIMS disabled. When TIMS was enabled, an increase in the S/N to
7.0 was observed with MS1 accuracy <12 ppm for all DAR species (Figure 3.2D, Table 3.S2).
Beyond MS1 improvements, TIMS also allows the partial separation of DAR species (Figure

3.2D-H).

To assess the impact of drug conjugation on the ADC conformation, the same optimized
TIMS parameters used for the ADC were applied to the starting mAb by native direct injection

(Figure 3.3A). Two distinct regions of mobility were observed for the starting mAb (Figure
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3.S19A). This is potentially due to Fc wagging or Fab elbow bending, which have been reported

for IgG1 model mAbs previously,?’”*7®

and may also be due to collisional activation due to the
TIMS RF (Figures 3.89). Calculation of average "™5CCSnz values from three replicate injections
yielded values of 7735.1 + 16.4 A2 of mAb*** for mobility region 1 and 7802.4 £23.2 A2 of mAb*®*
for mobility region 2 (Figure 3.S19, Table 3.S3). These values are in close agreement with
previously published values for the NIST standard IgG1 mAb by DTIMS (using nitrogen as the

drift gas with a 0.1 % and 0.9 % difference, respectively).>”

Assessment of the model ADC by native TIMS analysis showed an increased number of
mobility regions compared to the starting mAb (Figure 3.3B). Five mobility regions were observed
for the ADC, referred to as region 1 (1.1-1.18 1/Ky), region 2 (1.18-1.26 1/Ky), region 3 (1.26-1.34
1/Ko), region 4 (1.34-1.42 1/Ko), and region 5 (1.42-1.5 1/Ko). While the mobility regions observed
for the mAb between 1.3 and 1.5 1/Ko were also observed for the ADC, three additional regions of
mobility were observed between 1.1 and 1.3 1/K, indicating the possible conformational changes
induced by the “native” drug conjugation process (Figure 3.S21). Previous work comparing the
dynamics of starting mAb and ADCs using hydrogen/deuterium (H/D) exchange has suggested
that a change to the conformation state of the mAb may occur during drug conjugation.?®* TWIMS
data has confirmed this finding for a site-specifically conjugated model ADC.?*® However, our
current work represents the first native TIMS data showing that “native” drug conjugation may
influence the gas-phase conformation of mAb moiety. Interestingly, the ADC shows mobility
regions (regions 1-3) that represent more compact structures than those of the starting mAb,
resulting in 1/Ko values and "™3CCSnz values (Figure 3.3 and 3.S22) lower than those observed
for the starting mAb. Although some ADC mobility regions displayed lower ™™SCCSx, values

than the starting mAb, other ADC mobility regions (regions 4 and 5, 1.34-1.5 1/Ko, also shown in
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Figure 3.S17 and 3.S22) generated higher "™S3CCSnz values than those of the mAb (Table 3.S4).
The observed ™SCCSn: values reveal the wide range of diverse changes that “native” drug
conjugation may have on mAb conformation. While positional isomers of various DAR species
(Fig. 3.S21) is a plausible explanation for the observed range of ADC mobility, the true influence

of drug conjugation location on ADC mobility is yet to be fully determined.

After determining the "™SCCSn, for each mobility region (Table 3.S4), the average DAR
value across the whole ion mobilogram and the regional average DAR values were calculated
based on the deconvoluted MS1 spectra using equation 1 (Figure 3.S23). The average DAR for all
mobility regions was found to be 3.01 + 0.01, which is in excelllent agreement with previously
established literary values for this specific model ADC.>? The average DAR for the whole mobility
space and regional average DAR were determined by triplicate analysis and displayed greater
precision than previous studies owing to the greater sensitivity and S/N afforded by the timsTOF

Pr0.52’198 A

strong linear relationship was observed between the regional average DAR value and
the regional "™S3CCSn; value calculated from the most abundant charge state in each mobility
region, with an R? value of 0.95 (Figure 3.S24, Table 3.S5). Comparison of extracted ion
mobilograms (EIMs) for each DAR species supports this finding and demonstrates that while
individual DAR species exist in all observed mobility regions, the distribution of higher DAR
values skews toward the larger mobility species (Figure 3.S25). Therefore, while drug conjugation

can induce ADCs to form more compact structures than the starting mAb, an increase in the drug

load still results in higher ™3CCSxz values for ADCs.

Released Subunit Analysis by MS2
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Following MS1 analysis of the model ADC, individual non-covalently linked subunits
were dissociated for MS2 characterization by increasing the ccCID energy from 20 to 60 eV
(Figure 3.4A and 3.4B). Collisional subunit dissociation for MS2 analysis was also achieved by
increasing the isCID voltage from 140 to 180 eV. The most abundant of the observed dissociated
subunits was the light chain conjugated to one drug molecule (Lcl) (Figure 3.4B and 3.S26).
Because the Lc is attached to the heavy chain (Hc) of the antibody through a single interchain
disulfide bond, drug conjugation to the Lc causes its association to the Hc to be entirely non-
covalent in a cysteine ADC. The intact monoisotopic mass of this species was determined to be
24993.05 Da, which is in good agreement with the theoretical mass with an error of 8.8 ppm
(Figure 3.S26C). The Lc species was also observed with only the linker bound to the Lc and no
drug associated (Figure 3.S26B). This is likely caused by fragmentation of the drug and linker as
a result of increased ccCID or isCID energy to promote subunit dissociation.??’ Intriguingly, the
Lc subunit without a drug conjugation (Lc0) was also observed (Figure 3.S26A). The experimental
mass found for Lc0 indicates that the C-terminal cysteine is protonated, indicating that this subunit
was generated in-solution prior to MS analysis. While it is possible that this LcO may be generated
by CID-induced cleavage of drug and linker, this observation has not previously been detected as
a major fragmentation product of Lc1 when using CID.>? Therefore, this LcO species is likely a
result of odd numbered drug loading during the drug conjugation process.?3!?*> The final
dissociated subunit observed was the Lc bound through an interchain disulfide bond to an Hc
bearing two conjugated drugs (Lc-Hc2) (Figure 3.S26D). Lc-Hc2 was observed at much lower
intensity than other dissociated subunits, largely due to a relatively high monoisotopic mass of
76,389 Da and a lower probability of drug conjugation isomers that can produce this subunit. Of

the 11 possible combinations of DAR state and drug positional isomers only two species can
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produce Lc-He2 for observation by MS2 compared to eight species which can produce Lcl by
MS?2 (Figure 3.S21). While Lc-Hc2 was observed, it was not sufficiently resolved to calculate the
experimental monoisotopic mass. Interestingly, the observed average mass of 76435.0 Da does
indicate that the GOF glycan is bound and the C-terminal lysine has been clipped, which is in good

agreement with previous characterization of this ADC by reduced mass analysis.>

MS3 Characterization using CID

After assessing subunits using MS2, isCID was set to 180 eV and ccCID energy was further
increased to allow MS3 characterization of the primary sequence using both CID and broadband
(bbCID) (Figure 3.4C-F). CID was used to characterize the fragment Lc1 subunit after collision-
induced release from the native ADC complex and quadrupole isolation of the most abundant
charge state (Lc1!''", m/z = 2229) (Figure 3.4C and 3.4D). Screening three CID energies facilitated
greater sequence coverage of the Lcl subunit, 8 % total residue cleavage over the course of 15
minutes of injection time (Figure 3.5A, 3.S27). Although this method yields limited sequence
coverage, it can still confirm drug binding, and locate interchain disulfide bonds. Moreover, this
method offered greater coverage than our previous LC-MS2 method to characterize denatured
subunits with intrachain disulfide bonds intact using CID, which showed only 2.3% residue

cleavage for the Lcl subunit.>?

The observed increase over the previous characterization method
is likely due to the combination of TIMS, which doubles the S/N, and the use of direct injection,
which allowed a greater number of MS3 scans to be collected than the previous online LC-MS2
method. Although direct injection using the timsTOF Pro can increase the number of residue
cleavages, the presence of intrachain disulfide bonds still limits the fragmentation for native Lcl.

Despite the presence of intrachain disulfide bonds, this analysis still confirmed the presence and

location of drug binding, and intrachain disulfide bonds (Figure 3.5A). Because the mass isolation
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range of the timsTOF Pro’s quadrupole cannot isolate species above 3000 m/z, larger subunits
required bbCID to be used for primary sequence characterization (Figure 3.S27). These analyses
yield a paucity of fragment ions, resulting no confidently identified cleavage in the Hc of the
antibody and only three residue cleavages for the Lcl subunits by bbCID. However, drug binding
on Lcl was still detected and could be localized using the presence of yo6. The sequence coverage
could be improved with further developments in TIMS technologies. For example, Liu et al
recently described a native top-down method using a modified tandem TIMS device (not yet
commercially available) which enabled improved sequence coverage for a glycoprotein
homotetramer complex avidin.'*” Additionally, equipping a TIMS front-end device on a system
equipped with multiple fragmentation options such as a Solarix Fourier transform ion cyclotron
resonance mass spectrometer (FTICR-MS) may be an attractive option to further improve protein

sequence coverage.'>’

Segmentation for Rapid Multi-Attribute Characterization

To further increase the throughput of analysis, a MS segmentation strategy was applied to
a single direct injection run (Figure 3.6). By dividing a single 10-minute direct injection run into
30 second increments, MS parameters could be switched every 30 seconds to provide unique
quality attributes. In the span of only 3 minutes, three tiers of quality attributes of ADC were
profiled from a single run. First, MS1 analysis of the native model ADC was performed along with
TIMS separation (Figure 3.6A). Second, non-covalently linked subunits were released by CID to
monitor intact subunit mass by MS2 (Figure 3.6B). Third, the primary sequence was characterized
by CID, providing an isolation spectrum (Figure 3.6C) and screening three ccCID energies for
MS3 characterization (Figure 3.5B and 3.6D-F). The total residue cleavage by MS3 using the 10-

minute, multiple segmentation approach was 6.1%, which is comparable to the 8% achieved by
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the 15 min method as detailed above (Figure 3.5, 3.S27 and 3.S29). This strategy has two
significant advantages over previously developed techniques for IMS-MS and intact native MS
characterization of ADCs. First, our method uses a single MS instrument to determine average
DAR and perform IMS analysis, MS1, MS2, and MS3 characterization of an intact native ADC.
Previous IMS-MS techniques, whether native or denatured, have not simultaneously utilized IMS
analysis of intact ADCs and characterized the primary sequence of the ADC in a single
method.?*?%> While Beck and coworkers have paired native IMS-MS analysis with a separate
middle-down analysis, the process of using multiple analytical strategies is time-consuming and
may require the use of multiple MS instruments.?®> In contrast, our method uses a single
commercially available instrument to profile all quality attributes in a MS run. Second, the
throughput of our method is much greater than previously established methods.'®>* In our recently
developed middle-down LC-MS2 method, sample preparation required 2.5 hours for a single
analysis.'”® However, using this new direct injection method which couples TIMS and native top-
down MS, we could perform 15 individual analyses in the same time. Since the sample preparation
time of our current method is negligible, the time required for analysis is essentially equivalent to
the MS method time (10 min). These factors make ADC analysis by direct injection using TIMS
and native top-down MS a valuable and high-throughput tool for future characterization of

antibody-based therapeutics in both pre- and post-clinical analyses.
Conclusion

In summary, we have developed a rapid and high-throughput method for the multi-attribute
analysis of native cysteine ADCs by direct injection using the timsTOF Pro. Characterization of
the ADC by TIMS, intact ADC mass analysis by MS1, intact subunit mass analysis by MS2, and

primary sequence monitoring by MS3 can achieved in less than 3 minutes using a single MS
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method and a commercially available and unmodified instrument. The analytical method described
in this study represents a significant advance in both the fields of native top-down MS and ADC
analysis and enables rapid analysis of multiple ADC critical quality attributes. Additionally, this
strategy can be leveraged for preclinical studies to enable extremely rapid screening of antibody-
based drug products using a robust and easily automated platform. We have shown that the
combination of TIMS and native top-down MS using direct injection on the timsTOF Pro allows
for high-throughput multi-attribute ADC analysis and represents a new analytical tool for the

characterization of antibody-based therapeutics in both pre- and post-clinical quality control.
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Figure 3.1. Workflow for the native direct injection of model cysteine-linked ADC. Direct
injection using the Bruker nanoElute coupled with the timsTOF Pro allows gas-phase analysis of
DAR species by TIMS followed by MS1 analysis of intact ADC, release of non-covalently bound

subunits, and primary sequence fragmentation.
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Figure 3.2. Comparison of MS1 spectra and signal to noise with TIMS off (A) and TIMS on (B-
I). The 28+ charge is indicated for all DAR species in panel A, and panels D-I. The separation the
ADC into mobility regions (B-C) using trapped ion mobility offers an additional benefit over
traditional intact MS1 characterization techniques. The average MS1 spectra with TIMS on (D)
show an increase in signal-to-noise ratio of the most abundant peak. Differences between MS1
spectra for each mobility regions 1 — 5 were shown in E-I respectively.
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Figure 3.3. Comparison of mobility heat maps for starting mAb (A) and ADC (B). TIMS analysis
of the starting mAb sample shows two distinct regions of mobility (A). The ADC shows five
regions of mobility (B). Mobility differences demonstrate changes in DAR species relative to the
starting mAb. This indicates that drug conjugation perturbs the conformational state of the mAb
moiety in the ADC.
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Figure 3.4. Multi-attribute analysis of native ADC using the Bruker timsTOF Pro. MS1 analysis
(A), dissociation of subunits (B), and fragmentation of primary sequence (C-G). Two different
fragmentation strategies were used: Isolation (C) and fragmentation with 80 eV collision energy
for individual subunits by CID (D) and bbCID (E, F). bbCID offers additional advantage of
profiling the subunits generated by MS2 across several mobility regions. The average bbCID
spectra using 80 eV (E, F) may be compared to bbCID using 80 eV for regions of low 1/Ko values
(E) and high 1/K¢ values (F).
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Figure 3.5. CID of dissociated Lc1 subunit combining three fragmentation energies, 80, 90, and
100 eV. Two fragmentation strategies were used: A) three 5-min MS3 analyses, one each of the
fragmentation energies, which yielded 17 out of 213 possible bond cleavages and B) a single MS3
experiment, scanning all three fragmentation energies for 30 seconds each, yielding 13 out of 213
possible bond cleavages. Generated fragment ions confirmed the presence of intrachain disulfide
bonds and localized drug conjugation.
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Figure 3.6. Segmentation for multi-attribute analysis in a single MS run. Direct injection total ion
chromatogram was divided into 30 second increments, labeled A-F, respectively. The segments
characterize the intact ADC by MS1 (A), intact subunits dissociated with 60 eV CID energy for
MS2 analysis (B), the CID isolation spectra for the most abundant Lc1 subunit charge state (C),
and fragmentation using CID with collision energies of 80 eV (D), 90 eV (E) and 100 eV (F) for
MS3 characterization.
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Table 3.ST1. Definition and location of applied voltages optimized and referenced in the

manuscript.

Voltage Voltage definition and location

name

isCID The in-source collision induced dissociation (isCID) voltage is applied
between exit funnel of the TIMS device and funnel 2; after TIMS
separation, but before quadrupole isolation.

A3 The A3 voltage is applied between the deflection transfer plate and
the inlet to TIMS funnel 1.

A6 The A6 voltage is applied between the exit of the accumulation region
and the entrance of the analyzer region of the TIMS device.

ccCID The collision cell collision induced dissociation (ccCID) is applied in
the collision cell. The notation “ccCID” is used here to emphasize the
location of voltage application.

Table 3.ST2. "™SCCSn» for the AbbVie starting mAb at varied TIMS RF voltages. The calculated
TIMSCCSn2 and standard deviation from triplicate injection replicates is reported for the 29+
through 24+ charge states. All mobility regions observed at a given TIMS RF voltage are reported

here.
Charge | 29+ 28+ 27+ 26+ 25+ 24+
350 vpp | 72825+3.4 |7031.3+£3.2 |6780.2+3.1 |6529.2+3.0 |6278.0+2.9 |6026.9+2.8
Reg. 1
350 vpp | 7614.6+3.7 |73520+3.5 |7089.5+3.4 |6826.9+3.3 |6564.4+3.2 |6301.8+3.0
Reg. 2
300 vpp | 7078.0 £ 10.4 | 6834.0 £ 10.1 | 6589.9+9.7 |63458+9.3 |6101.8+9.0 |5857.4 8.1
Reg. 1
300 vpp | 7195.1£14.4 | 6947.0 £ 14.0 | 6699.0 + 13.4 | 6450.8 + 12.9 | 6202.7 + 12.4 | 5954.6 + 12.0
Reg. 2
275 Vpp | 6909.7 £ 12.9 | 6671.4 £ 12.5 | 6433.2+12.0 | 6194.9+ 11.6 | 5956.7 + 11.1 | 5718.4 + 10.7
Reg. 1
250 Vpp | 6867.7+£27 |6630.9+2.6 |6394.1+25 |6157.2+2.4 |59204+2.3 |5683.6+2.3

Reg. 1
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Table 3.ST3. "™S5CCSn: for NISTmADb at varied TIMS RF voltages. The calculated "™SCCSx,
and standard deviation from triplicate injection replicates is reported for the 29+ through 24+
charge states. All mobility regions observed at a given TIMS RF voltage are reported here.

Charge | 29+ 28+ 27+ 26+ 25+ 24+

350 vpp | 7376.6+24.4 | 7122.2+23.6 | 6867.8+22.7 | 6613.5+21.8 | 6359.1+21.0 | 6104.8 + 20.2
Reg. 1

350 vpp | 7786.7 +36.1 | 7518.1 £+ 34.8 | 7249.7 +33.6 | 6981.1+32.4 | 6712.6 + 31.1 | 6444.1 +29.8
Reg. 2

300 vpp | 7219.6+86 |6970.6+83 |6721.6+8.0 |6472.7+7.7 |6223.7+7.4 |5974.8+7.1
Reg. 1

300 vpp | 7452.9+59.9 | 7196.0 + 57.8 | 6938.9+55.8 | 6682.0 + 53.7 | 6425.0 + 51.7 | 6168.0 + 49.6
Reg. 2

275 Vpp |7072.5+6.2 |6828.6+6.0 |6584.7+58 |6340.8+55 |6096.9+54 |5853.1+5.2
Reg. 1

250 Vpp |69049+3.1 |66668+30 |6428.7+3.0 |6190.6+2.8 |59525+27 |57144+26
Reg. 1

Table 3.8ST4. "™S5CCSy;, for the AbbVie ADC at varied TIMS RF voltages. The calculated
TMSCCSn, and standard deviation from triplicate injection replicates is reported for the 29+
through 24+ charge states. All mobility regions observed at a given TIMS RF voltage are reported

here.
Charge | 29+ 28+ 27+ 26+ 25+ 24+
350 Vpp | 6457.2+4.3 | 6234.5+4.1 6011.8+4.0 |5789.2+3.8 |5566.5+3.7 |5343.9+3.5
Reg. 1
350 Vpp | 6744.6£10.4 | 6512.1£10.0 | 6279.5+9.6 |6046.9+9.3 |58143+9.0 |5581.8+8.6
Reg. 2
350 Vpp | 7044.0£9.9 |6801.1+96 |6558.2+9.2 |63153+8.9 |6072.4+8.6 |5829.5+8.2
Reg. 3
300 Vpp | 6342096 |61232+9.3 |5904.6+9.0 |56859+8.7 |5467.2+83 |5238.5+105
Reg. 1
300 Vpp | 6447.3£9.8 |62259+99 |6002.6+9.1 |5780.3+8.8 |5558.0+8.5 |5335.68.1
Reg. 2
300 Vpp | 6771.8+£20.9 | 6538.3+20.2 |6304.8+19.4 | 6071.2+18.8 | 5837.7 + 18.0 | 5604.2 + 17.3
Reg. 3
275 Vpp | 6289.2+15.0 | 6072.3+14.5 | 5855.5+13.9 | 5638.6 + 13.4 | 5421.7 + 12.9 | 5204.9 + 12.4
Reg. 1
275 Vpp | 6424.3 2.1 6202.8 + 2.1 5981.2+2.0 |5759.7+1.9 |55382+1.8 |5316.6+1.8
Reg.2
250 Vpp | 6343428 |61247+27 |59059+2.6 |5687.2+24 |54685+24 |5249.7+23
Reg. 1
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Table 3.ST5. MS1 experimental and calculated masses of all DAR species determined by direct
injection MS analysis with optimized TIMS parameters.

Theoretical Experimental
Average Mass Average Mass
DAR (Da) (Da) Error (ppm)

DAR 0 147616.1 147615.0 7.5
DAR 2 150247.6 150246.9 4.7
DAR 4 152879.1 152880.5 9.2
DAR 6 155510.7 155512.6 12.2
DAR 8 158142.2 158143.9 10.7

Table 3.ST6. Regional average "™SCCSnz (A2?) of the two starting monoclonal antibody (mAb)
mobility regions with standard deviations from three replicated analyses.

Charge | Region 1 | Region 1 stdv | Region 2 |Region 2 stdv
29+ 7373.7 +14.8 7635.6 +27.4
28+ 7119.4 +14.2 7372.3 +26.5
27+ 6865.1 +13.8 7109.0 +25.5
26+ 6610.9 +13.2 6845.7 +24.6
25+ 6356.6 +12.7 6582.4 +23.6
24+ 6102.3 +12.2 6319.1 +22.7
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Table 3.ST7. Regional average "™SCCSna (A2) of the five antibody-drug conjugate (ADC)
mobility regions with standard deviations from three replicated analyses. The ™SCCSx, was
calculated using the charge states of DAR 2, the most abundant DAR species.

Region|Region|Region|Region/Region|Region|Region[Region|RegionRegion
Charge| 1 1stdv| 2 2 stdv 3 3 stdv 4 (4stdv| 5 5 stdv
29+ 6645.7| +11.7 | 7286.0| +15.9 [7331.5| 6.3 [7861.9| +26.1 |8336.3| +26.7
28+ 6416.5( £11.3 |7034.8| +15.4 | 7078.7| 6.1 |7590.8| +25.3 |8048.8| 25.8
27+ 6187.3| £+10.9 |6783.5| +14.8 [6825.9| +5.9 [7319.8| +24.4 |7761.4| +24.9
26+ 5958.2| +10.5 |6532.3| +14.3 [6573.1| +5.6 [7048.6| +23.5 |7473.9( +24.0
25+ 5729.0| £10.1 |16281.0| +13.7 |6320.3| +5.5 |6777.5| +22.6 |7186.4| +23.1
24+ 5499.9| 9.7 |6029.8| +13.2 [6067.5| +5.2 (6506.4| £+21.7 |6899.0( +22.2

Table 3.ST8. Calculated regional average drug-antibody ratio (DAR) and collisional cross section
("™SCCSn2) calculated from the 29+ charge state for each mobility region of the ADC. These
values were generated from three replicate infusions of the model cysteine ADC using optimized
TIMS parameters specified in the methods section.

Region DAR TIMSCCSn2 (A?) (29+)
Avg 3.01 + 0.01 N/A
1 2.91+0.05 6645.7 + 11.7
2 2.99 + 0.02 7286.0 + 15.6
3 3.03 + 0.03 7331.5+6.3
4 3.16 + 0.08 7861.9 + 26.1
5 3.34+ 0.05 8336.2 + 26.7
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Supplemental Figures

Funnel 1 Tunnel Funnel 2

A3 Voltage A6 and TIMS DC gradient isCID Voltage

Figure 3.S1. Voltages used to optimize TIMS separation performance. Voltages shown in the
region of the TIMS cell where each voltage is applied.
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Figure 3.S2. TIMS A3 voltage optimization. Normalized MS1 spectra of five conditions screened,

170 V (A), 160 V (B), 150 V (C), 140 V (D), and 130 V (E). 160 V provided the highest MS signal
intensity.
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Figure 3.S3. TIMS A3 voltage optimization. Total ion mobilograms (TIMs) of five conditions
were screened, 170 V (A), 160 V (B), 150 V (C), 140 V (D), and 130 V (E). 160 V provided the
most well-defined mobility separation for both the low mobility (1.1-1.26 1/Ko) and high mobility
(1.34-1.5 1/Ko) regions
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Figure 3.S4. TIMS A3 voltage optimization. Five conditions were screened, 170 V (A), 160 V (B),
150 V (C), 140 V (D), and 130 V (E). 160 V provided the most well-defined mobility separation
for both the low mobility (1.1-1.3 1/Ko) and high mobility (1.3-1.5 1/Ko) regions.
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Figure 3.S5. TIMS A6 voltage optimization. Normalized MS1 of four conditions screened, 110 V
(A), 100 V (B), 90 V (C), and 80 V (D). 90 V provided the most intense MS1 signal, with 100 V
providing a similar, but slightly lower signal intensity.
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Figure 3.S6. TIMS A6 voltage optimization. TIMs of four conditions screened, 110 V (A), 100 V
(B), 90 V (C), and 80 V (D). 100 V provided the most intense signal from the low mobility regions
(1.1-1.3 1/Ko).
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Figure 3.S7. TIMS A6 voltage optimization. Five conditions were screened, 110 V (A), 100 V (B),
90 V (C), and 800 V (D). 100 V provided the most well-defined mobility separation in the low
mobility regions (1.1-1.3 1/Ko)
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Figure 3.S8. (A-B) Relative (A) and normalized (B) total ion mobilogram (TIMs of the native
starting AbbVie mAb (z = 29+) as a function of TIMS RF. The native starting mAb was prepared
as a 15 pM solution in 150 mM ammonium acetate and directly infused into the mass spectrometer.
TIMS duty cycle was fixed at 100%. The TIMS RF voltage was varied between 250 Vpp to 350
Vpp (used in this work). (C-D) Relative (C) and normalized (D) TIMs of the native starting
monoclonal antibody (mAb, z = 29+) as a function of TIMS duty cycle. The TIMS accumulation
time was varied between 400 ms (100%), 133 ms (33%), 50 ms (12.5%), and 10 ms (2.5%) to
achieve the various duty cycles shown. The mobility regions observed are annotated as “1” and
“2”. TIMS RF was fixed at 350 Vpp. The TIMS device was recalibrated following each change in
TIMS RF voltage.
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Figure 3.S9. (A-B) Relative (A) and normalized (B) TIMs of the native starting mAb (z = 29+) as
a function of TIMS duty cycle with TIMS RF fixed at 300 Vpp. The native starting mAb was
prepared as a 15 uM solution in 150 mM ammonium acetate and directly infused into the mass
spectrometer. The TIMS accumulation time was varied between 400 ms (100%), 133 ms (33%)),
50 ms (12.5%), and 10 ms (2.5%) to achieve the various duty cycles shown. The mobility regions
observed is annotated as “1” and “2”. (C-D) Relative (C) and normalized (D) TIMs of the native
starting mAb (z = 29+) as a function of TIMS duty cycle with TIMS RF fixed at 275 Vpp. The
TIMS accumulation time was varied between 400 ms (100%), 133 ms (33%), 50 ms (12.5%), and
10 ms (2.5%) to achieve the various duty cycles shown. The mobility region observed is annotated
as “1”. (E-F) Relative (E) and normalized (F) EIMs of the native starting mAb (z = 29+) as a
function of TIMS duty cycle TIMS RF fixed at 250 Vpp. The TIMS accumulation time was varied
between 400 ms (100%), 133 ms (33%), 50 ms (12.5%), and 10 ms (2.5%) to achieve the various
duty cycles shown. The mobility region observed is annotated as “1”. The TIMS device was
recalibrated following each change in TIMS duty cycle.
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Figure 3.S10. (A-B) Relative (A) and normalized (B) TIMs of the NISTmAb (z = 29+) as a
function of TIMS RF. The native NISTmADb standard was prepared as a 15 pM solution in 150
mM ammonium acetate and directly infused into the mass spectrometer. TIMS duty cycle was
fixed at 100%. The mobility regions observed are annotated as “1”” and “2”. The TIMS RF voltage
was varied between 250 Vpp to 350 Vpp (used in this work). The TIMS device was recalibrated
following each change in TIMS RF voltage.
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Figure 3.S11. (A-F) Plots detailing the "™S5CCSx; values of the NISTmAb and AbbVie starting
mADb at various charge states (z = 24+ to 29+) across the various TIMS RF voltages. The native
NISTmADb standard and AbbVie starting mAb were prepared as a 15 uM solution in 150 mM
ammonium acetate and directly infused into the mass spectrometer. TIMS duty cycle was fixed at
100%. The mobility regions observed are annotated as “1” and “2”. The TIMS RF voltage was
varied between 250 Vpp to 350 Vpp (used in this work). All ™SCCSn, values shown are
representative of n = 3 independent samples with errors calculated as the standard deviation. The
TIMS device was recalibrated following each change in TIMS RF voltage.
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Figure 3.S12. (A-B) Relative (A) and normalized (B) TIMs of the ADC (z = 29+) as a function of
TIMS RF. The native ADC was prepared as a 15 uM solution in 150 mM ammonium acetate and
directly infused into the mass spectrometer. TIMS duty cycle was fixed at 100%. The mobility
regions observed are annotated as “1” to “5”. The TIMS RF voltage was varied between 250 Vpp
to 350 Vpp (used in this work). The TIMS device was recalibrated following each change in TIMS
RF voltage. (C-D) Relative (C) and normalized (D) TIMs of the ADC (z = 29+) as a function of
TIMS duty cycle. The TIMS accumulation time was varied between 400 ms (100%), 133 ms
(33%), 50 ms (12.5%), and 10 ms (2.5%) to achieve the various duty cycles shown. The mobility
regions observed are annotated as “1” to “5”. TIMS RF was fixed at 350 Vpp. The TIMS device
was recalibrated following each change in TIMS duty cycle.
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Figure 3.S13. Optimization of isCID. Seven isCID energies were screened and represented by
mobility heat maps: 180, 160, 140, 120, 100, 80, and 60 eV; shown in A — G respectively.
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Figure 3.S14. Optimization of isCID. Seven isCID energies were screened and represented by
MSI1 spectra: 180, 160, 140, 120, 100, 80, and 60 eV; shown in A — G respectively.
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Figure 3.S15. Optimization of isCID. Normalized MS1 spectra of dissociated Lc1%* subunit at
varying isCID energies. Seven isCID energies were screened and represented by MS1 spectra: 180,
160, 140, 120, 100, 80, and 60 eV; shown in A — G respectively.
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Figure 3.S17. TIMS DC gradient voltage optimization. Four conditions were screened, 300 V (A),
250V (B), 200 V (C), and 150 V (D). Signals normalized to 150 V MSI1 spectra, which provided
the most intense MS1 response.
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Figure 3.S18. TIMS DC gradient voltage optimization. TIMs of four conditions were screened,
300 V (A), 250 V (B), 200 V (C), and 150 V (D). 200 V provided the most well-defined mobility
separation.
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250 V (B), 200 V (C), and 150 V (D). 200 V provided the most well-defined mobility separation.
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Figure 3.S21. Conjugation products of cysteine conjugation for an IgG 1 type antibody. Columns
show DAR states, rows show drug conjugation positional isomers.
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Figure 3.S22. Total ion mobilograms (TIMs) of the AbbVie starting mAb and ADC (z =29+) as a
function of TIMS RF. The native starting mAb and native ADC were prepared as a 15 uM solution
in 150 mM ammonium acetate and directly infused into the mass spectrometer. TIMS duty cycle
was fixed at 100%. The mobility regions observed for the mAb are annotated as black “1”” and “2”,
and the mobility regions for the ADC are annotated as red “1” to “5”. The ADC shows more
compact mobility regions (1-3) compared to the starting mAb (1-2). The TIMS RF voltage was
varied between 250 Vpp to 350 Vpp (used in this work). The TIMS device was recalibrated
following each change in TIMS RF voltage.
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Figure 3.S23. Deconvoluted MS1 spectra for model ADC after TIMS analysis. The average MS1
spectra for all mobility regions (A) is listed along with the mobility region-specific deconvoluted
MST1 for regions 1 — 5 (B-F respectively).
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Figure 3.524. Plot of "™SCCSx» of the most abundant regional charge state and average DAR for
each of the five mobility regions defined after timsTOF Pro analysis of the model ADC using
optimal TIMS parameters. Standard deviations of DAR and ™SCCSx; are plotted as error bars.
Points were fitted to a linear model, yielding a trendline described by the equation y = 3702.2x —
3932.8. The R? value was determined to be 0.95.
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Figure 3.S25. Extracted ion mobility spectra (EIMs) of the various DAR values for the model
cysteine-linked ADC. EIM distributions for mAb (A), DAR 0 (B), DAR 2 (C), DAR 4 (D), DAR
6 (E), and DAR 8 (F) were generated using charge states z = 29+ to 24+ with a 0.1 m/z window.
Potential conformers of individual DAR states noted by a red star.
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Figure 3.S26. Deconvoluted MS1 spectra for observed dissociated subunits, showing the
monoisotopic mass for panel A-C and the average mass for panel D. Three Lc species were
observed: LcO (A), Lcl with the drug dissociated from the linker and a carboxyl group lost from
the linker (B), and Lcl (C). The Le-He2 subunit, Lc bound to He with two drugs attached by an
interchain disulfide bond, also detected with the observed average mass matching the calculated
average mass (D).



1D

laMmTaslPssvsAsSVGDRV T

21l ACRASQDISDRLAWYQQKP7s

41G
61R
81E
101G
1218
141P
161E
181L
201 L

KVPKVLIYGASSLQSGVPSis55
FSGSGSGTDFTLTINSLQP135
DFATYYCQQANSFEPLTEFGGs
TkvEMKRTVAAPSV|E[i]F]p|p s
DEQIL'KSGTASVVELLNNFY7s
REAKVQWKVDNALQSGNSAQs5
SVTEQDSKDSTYSLSSTLT35
SKADYEKHKVYACEVTHQG 15

SSPVTKSFNRGE(C 1

bi1s(0)

C: 12610.25
E: 12610.24
1.1 ppm

2524.2 2526.2
m/z
0% Y81
C: 11882.86
E: 11882.85
1.1 ppm
o

29733 ., 2975.3

aiteadall e

117

b1 (0)

C: 803.34
E: 803.34
2.5 ppm

804.8 p,/, 806.8

m/z 1989.0

b$1,(0)

C: 11919.88
E: 11919.86
1.9 ppm

1990.0

Figure 3.S27. Targeted CID of dissociated Lc1 subunit combining three fragmentation energies,
80, 90, and 100 eV with representative ions. Intrachain disulfide bonds are represented with brown
dashed lines, drug conjugation site is shown as a blue circle. A total of 17 out of 213 possible bond
cleavages were observed, resulting in 8.0 % total residue cleavage.
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Figure 3.S28. Fragmentation of Lc species by bbCID using three CID energies: 80, 90, 100 eV.
Intrachain disulfide bonds are represented with brown dashed lines, drug conjugation site is shown
as a blue circle. 3 pf213 possible bond cleavages, or 1.5% of total cleavages. y*® and y* confirmed
drug conjugation and location.
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Figure 3.S29. Targeted CID from a segmented 90 second fragment of dissociated Lcl subunit
combining three fragmentation energies, 80, 90, and 100 eV with diagnostic ions. Intrachain
disulfide bonds are represented with brown dashed lines, drug conjugation site is shown as a blue
circle. A total of 13 out of 213 possible bond cleavages were observed, resulting in 6% total residue
cleavage. This is comparable to the performance seen in Figure 6, validating the use of
segmentation for MS1 and MS2 analyses in a single run.
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Chapter 4

MASH Native: A Unified Solution for Native Top-Down Proteomics Data Processing
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Abstract
Motivation: Native top-down proteomics (nTDP) integrates native mass spectrometry (nMS) with
top-down proteomics (TDP) to provide comprehensive analysis of protein complexes together with
proteoform identification and characterization. Despite significant advances in nMS and TDP
software developments, a unified and user-friendly software package for analysis of nTDP data
remains lacking.
Results: We have developed MASH Native to provide a unified solution for nTDP to process
complex datasets with database searching capabilities in a user-friendly interface. MASH Native
supports various data formats and incorporates multiple options for deconvolution, database
searching, and spectral summing to provide a “one-stop shop” for characterizing both native
protein complexes and proteoforms.
Availability and implementation: The MASH Native app, video tutorials, written tutorials and
additional documentation are freely available for download at
https://labs.wisc.edu/gelab/MASH Explorer/MASHSoftware.php. All data files shown in user
tutorials are included with the MASH Native software in the download .zip file.
Introduction

Native mass spectrometry (nMS) analyzes intact proteins and protein complexes under
non-denaturing conditions to preserve their tertiary structure and non-covalent interactions in the
gas phase, which has emerged as a powerful structural biology tool to define protein structure-
function relationships 2%¢-2°°. Native top-down proteomics (nTDP) integrates nMS with top-down
proteomics (TDP) 2%23032291 " which enables structural characterization of protein complexes
together with proteoform sequencing to locate non-covalent ligand binding sites, posttranslational

35,90,290,292

modifications (PTMs), and mutations . nTDP first measures intact proteins and protein
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complexes under non-denaturing conditions (MS1) then directly fragments proteins and protein
complexes in the gas phase (MS2) to obtain primary sequence information from a single

dissociation event ¥

. Alternatively, nTDP may be implemented in the “complex-down” mode
using two separate dissociation events: 1) dissociation of intact protein complexes (MS1) into
protein subunits (MS2’) by low-energy collision-induced dissociation (CID) or surface induced
dissociation (SID), and 2) fragmentation of subunits (MS3) by tandem mass spectrometry
techniques such as high-energy CID, electron capture dissociation (ECD), electron transfer
dissociation (ETD) or ultraviolet photodissociation (UVPD) to provide primary sequence coverage

and localize modifications 3*%92%3

Currently one of the major challenges in nTDP is the analysis of complex nTDP datasets
which include both isotopically resolved and isotopically unresolved MS1 and MS2’ spectra as
well as the complicated MS2 and MS3 data, and difficulties in database searching. Although
multiple software packages have been developed for nMS of known proteins and complexes
171,173,294.295 the lack of any MS2/MS3 fragmentation assignment and database searching prevent
the identification of unknown proteins. Meanwhile, significant efforts have been allocated towards
the development of software packages for denatured TDP with capability in analyzing complicated
MS2/MS3 datasets with database search algorithms to identify unknown proteins !63-177:179:240.296
but these denatured TDP software packages lack the capability to analyze the isotopically
unresolved MS1/MS2’ that are characteristic of nMS data. Hence, there is a critical need for a

universal software package to address this major challenge in nTDP that can process MS1, MS2,

MS2’ and MS3 datasets with database search capabilities.

Herein, we introduce MASH Native

(https://labs.wisc.edu/gelab/MASH_Explorer/MASHNativeSoftware.php), a unified solution for
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nTDP which can process isotopically unresolved MS1 and MS2’ data together with isotopically
resolved MS1, MS2, and MS3 deconvolution and database searching (Figure 4.1). MASH Native
supports various nTDP applications in both targeted mode to characterize known proteins and
discovery mode to identify unknown native proteins. It supports various MS file types with
different vendor formats and integrates multiple deconvolution/search algorithms into one
package. We detail the functions and features of MASH Native and provide examples of processing
nTDP data to showcase its capabilities as a “one-stop shop” for nTDP.
Results

The MASH Native user interface is a multithreaded Windows desktop application written
under a NET framework environment in Visual Studio using the C# programming language '®.
MASH Native provides universal MS file support through ProteoWizard’s file conversion engine,
MSConvert ?°7, and directly imports both vendor-specific MS file types (Thermo *.RAW, Bruker
*.d/*.baf/*.ascii) and general file formats (*.mgf, *. mzML, *. mzXML). It is recommended that
users perform MASH Native data processing on a computer with at least 4 GB of memory ensure
optimal function of all included algorithms and workflows, however, some deconvolution
algorithms may require additional memory for multi-scan, isotopically resolved deconvolution
events. The latest version of MASH Native is freely-available for download on the MASH website

(https://labs.wisc.edu/gelab/MASH _Explorer/MASHNativeSoftware.php) along with licensing

information, and written and video user tutorials (also included in the “Supporting Documents for
Users” section of the Supplementary Information). All data files used to generate these tutorials
are freely available for download on MassIVE as a complete submission (MSV000091693,

doi:10.25345/CSNP1WVON).
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MASH Native software can deconvolute both isotopically resolved and isotopically
unresolved data at the MS1, MS2, and MS3 level and enables database searching of nTDP results
(Figure 4.1, Table 4.S1). It can process nTDP, nMS, and complex-down proteomics data using
multiple deconvolution and database search algorithms with flexible data output options (Figure
4.S1). It also maintains the functions and capabilities previously developed for denaturing TDP so
users can process both nTDP and TDP in the same software. To address challenges with low signal-
to-noise (S/N) ratios of intact and fragment mass spectra, MASH Native includes a variety of
spectral summing algorithms that may be applied prior to data processing workflows (Figure 4.S2
and 4.S3). To deconvolute isotopically unresolved MS1 spectra, MASH Native includes UniDec
71" a powerful deconvolution algorithm, to characterize both isotopically unresolved and
isotopically resolved nMS data (Figure 4.S4). Isotopically resolved spectral deconvolution can
also be performed in MASH Native (Figure 4.S5), including TopFD '7°, MsDeconv 2%, eTHRASH
211" and pParseTD 2%°. Users may also import previously deconvoluted results from external
deconvolution algorithms, such as FLASHDeconv '7# ProMEX !’ or Maximum Entropy '®°.
Deconvolution results of separate deconvolution workflows can be combined into a single output
table, allowing users to view MS1, MS2, and MS3 results simultaneously and combine multiple
deconvolution types to improve protein sequence coverage !’°. Results of deconvolution may be
searched against a user-selected * FASTA file or user-defined protein sequence with TopPIC '7°,
MS-Align+ 78 or pTop '”7 to identify proteoforms in a complex mixture. Search results are
reported as both gene-level and proteoform-level identifications. Identified proteoforms are scored

and ranked, with scoring techniques varying for each algorithm '77-17%3%__ Search results generated

through MASH Native or from additional search tools such as MSPathFinderT '7°, may then be
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imported in MASH Native to view identifications, generate fragment ion maps, view fragment

ions, and validate for all identified proteins and proteoforms.

To facilitate high-throughput data analysis, user-defined MASH Native processing
workflows can be designed, saved, and queued to allow batch processing of data files using two
different approaches: Discovery and Targeted Mode. Discovery Mode facilitates identification of
unknown proteins though database searching, a critical processing feature absent from current
nMS or native top-down software tools. This mode combines MS1 processing with isotopically
resolved MS2 or MS3 deconvolution and database searching in a single workflow for nTDP
datasets (Figure 4.S6). To demonstrate MASH Native Discovery Mode for data processing, we
accessed and reanalyzed data files from a previously published nTDP dataset of endogenous
protein complex previously published by Kelleher and co-workers (MassIVE dataset #
MSV000080328) 3°!. The workflow to identify and characterize subunits of this complex is shown
in figure 4.S6A. Deconvolution of both the MS1 and MS2’ spectra by UniDec finds the intact
complex mass and released subunit masses. Subsequent isotopically resolved MS3 deconvolution
by eTHRASH and database searching with TopPIC identified the two subunits and localized
modifications sites on each subunit. This underlines that MASH Native is capable of analyzing
complex nTDP data in the Discovery Mode. To identify novel complexes using a complex-down
approach, users must begin at the MS3 level by database searching. Next, identified subunits are
matched to associated MS2’ spectra with intact subunit masses to protein complex interactors.
Finally, users must match the detected MS1 mass by testing different stoichiometries of each
detected subunit to determine complex stoichiometry and composition. Automation of this process

will eliminate the need for manual testing of novel complexes in future MASH Native releases.
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Targeted Mode allows users to comprehensively analyze native top-down or complex-
down data for a known protein/protein complex, confirm results generated in Discovery Mode, or
potentially find new possible complex associations with database searching. At the MS1 and MS2’
level, MASH Native enables isotopically unresolved and isotopically resolved native
deconvolution through UniDec '”!. Deconvolution and searching of MS2 or MS3 data in Targeted
Mode may be performed using all high-resolution deconvolution algorithms and database search
options (vide supra). We have used MASH Native to process a native top-down MS dataset of the
bovine glutamate dehydrogenase (GDH) hexamer previously published by Loo and co-workers 3°
to demonstrated the utility of this targeted workflow (Figure 4.S7). MASH Native allowed
isotopically unresolved MS1 deconvolution and isotopically resolved MS2 deconvolution along
with sequence mapping and data visualization in a single software package (Figure 4.S7).
Recently, our group has demonstrated the utility of MASH for targeted analysis in a complex-
down workflow for a native cysteine-linked antibody-drug conjugate (ADC) (Figure 2.S8) 43. The
presence of intrachain disulfide bonds limits the fragmentation efficiency of the ADC and reduces
sequence coverage by terminal fragment assignment. MASH Native incorporates searching and
assignment of internal fragment ions, increasing sequence coverage and revealing sequence
coverage of regions bounded by disulfide bonds (Figure 4.S9) to provide additional higher-order

structural information for proteins and complexes %303,

Conclusion

MASH Native provides a unified software solution for the analysis of a variety of complex
nTDP data for the first time. As a freely available and universal processing tool, MASH Native is
a “one-stop shop” for nTDP data processing that can handle a variety of complex nTDP datasets

including isotopically unresolved and isotopically MS1, MS2’, MS2, and MS3 in both Discovery
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and Targeted Modes with database search algorithms as well as data visualization and validation
in a user-friendly interface. It can process raw data from various vendor formats and integrates
multiple deconvolution/search algorithms into one package. MASH Native has been well-
recognized since its release on April 7, 2022 3¢, and downloaded more than 1,400 times by users
all around the world (66 % from North America, 22 % from Europe, 7 % from Asia, 4% from
Oceania, 0.6% from South America, and 0.4% from Africa) (Figure 4.S10). As the nTDP
community gains momentum to grow rapidly, MASH Native will play an increasingly important
role to streamline nTDP data processing and accelerate the use of nTDP in structural biology and

biomedical applications.
Acknowledgements

This work was supported by the NIH RO1 GM125085. We also thank all the MASH users
worldwide for their excellent feedback, which has greatly helped the development of the software.
UniDec development and integration was supported by the National Science Foundation (CHE-
1845230 to M.T.M.). J.A.M. acknowledges support from the Training Program in Translational
Cardiovascular Science, T32 HL007936-20 and T32 HLO007936-21, for funding during the
duration of this project. D.S.R. acknowledges the support from the American Heart Association
Predoctoral Fellowship Grant No. 832615/David S. Roberts/2021. K.A.B. acknowledges the
Vascular Surgery Research Training Program Grant T32 HL110853. K.J.R acknowledges the
National Science Foundation Graduate Research Fellowship Program under Grant No. DGE-
1747503 and the Graduate School and the Office of the Vice Chancellor for Research and Graduate
Education at the University of Wisconsin-Madison, funded by Wisconsin Alumni Research
Foundation. B.K. was supported by the European Union grant 101068151, Top-AMPK,

HORIZON-MSCA-2021-PF-01. I.M.O. acknowledges the Clinical and Translational Science



128

Award (CTSA) program (ncats.nih.gov/ctsa), through the National Institutes of Health National
Center for Advancing Translational Sciences (NCATS), grants ULI1TR002373 and

KL2TR002374.



Native Top-Down Proteomics

N

Mass (Da)

et o
;S HHwlely|elklz
o HING| PTETH W]Hlzu
o K[DIF Pt AN]G 2| I,
A(ERE[S PIVoyt = |l
GDTKAVY .. 2 “m/z

Intensity

Unresolved or MS2 or MS3
Isotopically Resolved Sequence Mapping
MS1 Deconvolution PTM Localization

P m— -

Unresolved or Isotopically
Resolved MS2’ for Complex-

Universal Data Input
and File Processing

e = e = e = e m . == == d

129

Discovery
Mode

fm

Targeted
Mode

©

Data

Visualization

Protein Search IDs
Q6DT37| Serineftheo...

PO7737| Profilin 1
P12942| Collagen al...
P51816| AF4/FMR2..
Q9I1U81| Interferon r...
Q5VV6T| Peroxisom...

Database Searching
Down nTDP 1 and Proteoform ID’s

Figure 4.1. MASH Native provides a universal and comprehensive data processing software for a
variety of nTDP analyses. MASH Native is capable of deconvoluting unresolved protein/protein
complex (MS1) and released protein subunits (MS2’) spectra, deconvoluting isotopically resolved
MS1, MS2’, MS2, and MS3 spectra, and performing database searches to identify unknown
proteins. MASH Native can process nTDP data in both Discovery Mode and Targeted Mode
approaches. It supports various MS file types and integrates multiple deconvolution/search
algorithms into one package. MASH Native is a user-friendly software package capable of

providing a “one-stop shop” for nTDP data processing.
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Table 4.ST1. Included deconvolution algorithm compatibility with isotopically unresolved and
isotopically resolved data handling for MSn data and database searching in MASH Native.

MS1 MS2’ MS2 MS3 Database
Data Data Data Data Search
Compatible
Isotopically UniDec UniDec Not Not Not
Unresolved Supported Supported Supported
Isotopically TopFD, TopFD, TopFD, TopFD, TopFD,
Resolved MsDeconv, | MsDeconv, | MsDeconv, | MsDeconv, | MsDeconv,
¢TRHASH, | eTRHASH, |e¢TRHASH, |e¢TRHASH, | e¢TRHASH,
pParseTD, pParseTD, pParseTD, pParseTD, pParseTD,
UniDec UniDec UniDec UniDec UniDec
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Figure 4.S1. The main interface of MASH Native includes seven main panels. 1) The
Workflow and Parameters panel handle all the core data processing. Here, users can find the
Discovery Mode, Targeted Mode, and Data Reporting Nodes. 2) The Results View panel provides
visualization of MS, MS/MS, LC-MS, and LC-MS/MS data. Users can also review spectral
deconvolution results, access the Quick Deconvolution feature, and manually adjust the theoretical
ion distribution to the actual experimental spectra. 3) The Mass List panel allows users to select
deconvoluted fragment ions for manual processing. 4) The Logbook and Status panels provide
updates on the progress of data processing. 5) The Experiment List panel allows users to load
multiple experiments into MASH Native and easily navigate between them, allowing for efficient
processing. 6) The Sequence Table visualizes the fragment ions that match the identified
proteoform sequence. 7) The Main Toolbar is where you can exit or minimize the MASH Native
window. All these features are discussed in further detail in the MASH Native Supporting
Documents, which are automatically downloaded with the software and are also found in the

supporting documents linked below (Supporting Documents 4.1—4.6). Video tutorials for new
users to MASH Native are linked in the supporting documents (Supporting Documents 4.7—
4.11).
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Figure 4.S2. Spectral summing workflow in MASH Native. Users can choose to sum all MS2/
MS3 scans, specific scan regions, or use ProteoWizard’s precursor detection algorithms to sum all
MS2/MS3 scans for a given precursor ion mass. Once selected, scans can be summed for both
MS1 and MS2 using UniDec summing (Integrate or Interpolate), vendor-specific summing for
Thermo data, or ProteoWizard summing to improve signal-to-noise (S/N) (Supporting Document

4.5).
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Figure 4.S3. Spectral Summing Tool in MASH Native. The spectral summing algorithm allows
users to sum scans within their original experiment file. The summing process generates a mzML
file which can then be processed by MASH Native, including deconvolution and searching. The
summing tool is designed to be flexible by giving users control over the scan selection, the
summing algorithm to use, and how to handle MS1 scans in the dataset (A). ProteoWizard selection
parameters and scan range selection details can be edited in the “Parameters” tab (B). See the “Best
Practices for Spectral Summing” for suggested parameters when performing spectral summing
(Supporting Document 4.5).
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Figure 4.S4. UniDec deconvolution support in MASH Native. UniDec deconvolution is a
powerful tool to perform charge state deconvolution on both native and denatured protein mass
spectra. Correct selection of parameters is critical. The Marty lab has provided a number of
different pre-set deconvolution conditions through UniDec which offer parameter suggestions for
UniDec for general applications (default), low resolution native MS, high resolution native MS,
and isotopically resolved MS (Supporting Document 4.6). Additionally, the Marty lab has
recently published an excellent book chapter tutorial to guide user selection of UniDec parameters
304 MASH Native also supports “UniDec Interactive” deconvolution, which allows users to load
any MASH-compatible data file in the UniDec GUI, perform all processing through the UniDec
GUI, then import deconvolution results back into MASH Native for any additional processing.
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MASH Mative - Configuration X

File Paths  Modffications Privacy

Included software

Protec\wizard Directory |C:\ngram Files"\ProteoWizard \ProtecWizard 3.0.22068.1920b762 | Find Browse... Download...
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Figure 4.S5. Configuration of additional deconvolution and search algorithms in MASH
Native. In the MASH Native application, the Configuration tool provides users with an intuitive
directory for installation of all associated deconvolution and database search algorithms. In this
interface, users can use either the “Find” feature to look for the default directory locations where
the software was installed or use “Browse” feature to manually locate the correct directory through
a file browser dialog. Clicking the “Download” feature will direct users to the website where the
software can be downloaded. Directories found by MASH Native will be displayed in green, while
the unidentified directories will be displayed in pink. Software in the “Included software” section
is automatically downloaded upon MASH Native installation. “Additional software” is not
automatically downloaded but may be installed if users desire (Supporting Document 4.3—4.4).
Additionally, a link for the MASH Native Installation Manual can also be found at the bottom of
the Configuration tool.
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Figure 4.56. MASH Native’s Discovery Mode workflow. Workflow for the analysis of complex-
down mass spectrometry data (A). The Discovery Mode in MASH Native was used to process
complex-down MS analysis of enolase complex from mus musculus (MassIVE dataset #
MSV000080328)*%. The Discovery Mode workflow allowed detection of the unresolved intact
enolase complex (B), the released a-enolase subunit (C), and -enolase subunit (D) through low-
resolution UniDec deconvolution. High-resolution MS3 processing provided primary sequence
coverage for both a-enolase (E) and B-enolase (not shown) and enabled detection and localization
of N-terminal acetylation on both subunits. Data can be deconvoluted at the MS1/MS2’ level with
either low or high-resolution followed by high-resolution MS2/MS3 fragment spectra
deconvolution using a suite of algorithms, including MS-Deconv, pParseTD, eTHRASH, and
TopFD. Database search by MS-Align+, pTop, and TopPIC provide the first combination of low-
resolution native deconvolution and database search in a single software package.
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Figure 4.S7. MASH Native’s Targeted Mode workflow. Native top-down MS analysis of the
hexamer of Bovine glutamate dehydrogenase (GDH) *. Analysis of the unresolved MS1 spectra
of the GDH hexamer was performed using UniDec (A). Representative fragment ions found using
eTHRASH deconvolution of MS2 data (B) and sequence coverage map (C). These results confirm
the results reported in Li et al. and highlight MASH Native’s user-friendly and intuitive interface.
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Figure 4.S8. Analysis of a native cysteine-linked antibody-drug conjugate. Data processing of
an antibody-drug conjugate (ADC) '**. UniDec processes isotopically unresolved MS1 which
provides charge state matching to find individual charge states for specific drug-to antibody ratio
(DAR) species and enables viewing of the charge deconvoluted spectra (A). Quantitative output
of UniDec even allows calculation of the average DAR value, a critical metric for ADC quality
control. High-resolution MS2 deconvolution of collisionally dissociated non-covalently bound
species enables high-accuracy subunit mass detection (B). Fragmentation of released subunits,
specifically the light chain with one bound drug (Lcl), provides MS3 characterization of the
primary sequence through assignment of both terminal and internal fragment ions to confirm the
location of intrachain disulfide bonds and the drug binding site (C). Uniquely, internal fragment
matches provide sequence coverage in disulfide bound regions, which are not typically accessible
to fragmentation by terminal fragment ions.
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Figure 4.S9. Internal fragment matching in MASH Native. In MASH Native’s main interface,
users can select “Internal Fragments” under the fragment type and then push the “Show
Assignments” function under the sequence table window.
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Figure 4.S10. Global MASH download by geographic region. MASH Native has been used by
many labs globally and is primed to become an integral tool for further developments in native
top-down proteomics.
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Supporting Documents for Users

The following MASH Native user documents and video tutorials are provided:

Supporting document 4.1 MASH Native License Agreement

Supporting document 4.2 MASH Native user manual

Supporting document 4.3 MASH Native installation guide

Supporting document 4.4 MASH Native getting started guide

Supporting document 4.5 Best practices for spectral summing

Supporting document 4.6 Best practices for UniDec deconvolution in MASH

Native

Supporting document 4.7 Video Tutorial Part 1: Introduction to MASH Native

Supporting document 4.8 Video Tutorial Part 2: MASH Native configuration

Supporting document 4.9Video Tutorial Part 3: Using the Discovery Mode

workflow for identification of an unknown protein

Supporting document 4.10 Video Tutorial Part 4: Using the Targeted Mode

workflow for characterization of a known protein

Supporting document 4.11 Video Tutorial Part 5: Post-translational modification

analysis using UniDec in MASH Native



https://labs.wisc.edu/gelab/MASH_Explorer/doc/Software%20License%20Agreement%20MASH%20Native.pdf
https://labs.wisc.edu/gelab/MASH_Explorer/doc/Native_UserManual1pt11.pdf
https://labs.wisc.edu/gelab/MASH_Explorer/doc/Native_User%20Installation%20Guide1pt1.pdf
https://labs.wisc.edu/gelab/MASH_Explorer/doc/Native_GettingStarted1pt1.pdf
https://labs.wisc.edu/gelab/MASH_Explorer/doc/Best%20Practices%20for%20Spectral%20Summing%20in%20MASH%20Native1pt1.pdf
https://labs.wisc.edu/gelab/MASH_Explorer/doc/Best%20Practices%20for%20UniDec%20Deconvolution%20in%20MASH1pt1.pdf
https://labs.wisc.edu/gelab/MASH_Explorer/doc/Best%20Practices%20for%20UniDec%20Deconvolution%20in%20MASH1pt1.pdf
https://youtu.be/4HmmOjrN9_g
https://youtu.be/NtT9q0LDFTM
https://youtu.be/hpWGM89fZrw
https://youtu.be/hpWGM89fZrw
https://youtu.be/Qi7TAhLrh4s
https://youtu.be/Qi7TAhLrh4s
https://youtu.be/hjHsrZS2_cI
https://youtu.be/hjHsrZS2_cI
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Chapter 5

Expanding Global Top-Down Proteomics Coverage by Sequential Protein Extraction and
Online Two-Dimensional Liquid Chromatography

This chapter is adapted from a manuscript in preparation:

Larson, E. J.; Fischer, M.; Melby, J. A.; Rogers, H. T.; Reasoner, E. A.; Knight, B. A.; Aballo, T.
J.; Pergande, M. R.; Krichel, B.; Zhu, Y.; Ge, Y. “Expanding Global Top-Down Proteomics
Coverage by Sequential Protein Extraction and Online Two-Dimensional Liquid Chromatography.
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Abstract

Understanding the expression of proteins in the body is critical to determining their activity. The
protein products of a single gene including splicing variants, mutants, and post-translationally
modifications, called proteoforms, alter cellular function and can mark the progression or onset of
disease. Top-down proteomics has become an indispensable tool to study proteoforms and
provides a clear view of the “landscape” of proteoform expression. Despite these benefits, the
implementation of top-down proteomics for global discovery workflows is historically difficult
due to the range of size, expression, and physicochemical properties present in the intact proteome.
These challenges are conventionally addressed using front-end separations in the form of liquid
chromatography-mass spectrometry (LC-MS) workflows. While new MS instruments and
methods designed to address the needs of top-down workflows have developed rapidly over the
past decade, development of front-end LC separations for top-down has lagged behind that of MS.
To improve global proteome coverage by top-down proteomics, we have developed an online two-
dimensional (2D) LC method coupling serial size exclusion (SSEC) and reversed phase LC
(RPLC). Combining size-based fractionation via sSEC and the high chromatographic resolving
power of RPLC in this 2DLC approach yields a method with four-fold greater peak capacity than
traditional one-dimensional RPLC-MS. Here,the developed online 2D sSEC-RPLC-MS method is
applied to a three-step sequential extraction, which samples the cytosolic, sarcomeric, and
membrane subproteomes of human heart tissue. This approach offers an easy to use, automated
approach to expand global proteome coverage by top-down proteomics that is compatible with

future disease and large-scale studies by top-down proteomics.
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Introduction

Proteins drive cellular function, with altered expression and activities leading to
dysfunction and disease onset. A robust understanding of protein expression is critical to
determining how protein-level changes affect biological function. Currently, bottom-up
proteomics, which relies on enzymatic digestion of protein sample followed by mass spectrometry
(MS) and tandem MS (MS2) analysis, is the most developed technique to study protein-level
expression changes.?’® However, bottom-up proteomics faces several critical challenges
including possible alterations to post-translational modifications (PTMs),? detection bias between
modified and unmodified peptides,?’ and peptide to protein inference problems.?® These challenges
hinder analysis of proteoforms, or all protein products of a single gene including splice variants
and modified forms,® which are known to alter protein function and change during disease onset
and progression. Alternatively to bottom-up proteomics, top-down proteomics can provide a
“bird’s eye view” of proteoform-level changes.?’>° Top-down proteomics forgoes enzymatic
digestion and ionizes intact proteins, identifying and characterizing sequence variants by gas phase
dissociation. This approach reduces sample preparation time, preserves endogenous PTMs, and
enables easy relative quantitation of proteoform expression changes.’**3% These benefits have
uniquely positioned top-down proteomics as an excellent tool to study proteoform-level changes.*
However, implementation of global top-down proteomics is challenged by several factors,
including the decrease in MS signal-to-noise ratio as protein molecular weight increases,’’ the
wide range of protein expression levels in the proteome,!! and the greater chemical diversity of
intact proteins compared to peptides.!* These challenges may be addressed through use of front-

end separations.



146

To broaden the scope of global top-down proteomic studies, sample complexity must be
reduced prior to MS detection. This is most often achieved using a one-dimensional (1D) liquid
chromatography (LC) approach, typically by reversed phase LC (RPLC).?-** While 1D RPLC-MS
can provide high chromatographic resolution by hydrophobicity>?” it fails to address the full range
of protein sizes and physiochemical properties. This results in smaller or higher abundance proteins
dominating MS spectra and challenging detection of large or low abundance proteins.’®®® The
introduction of serial size exclusion chromatography (sSEC) in 2017 sought to address this
challenge, and provided a more effective approach to bin proteins by molecular weight than
conventional one-column SEC.** However, 1D sSEC alone does not address the range of
physiochemical properties present in the proteome, and a two-dimensional liquid chromatography
(2DLC) approach is needed to recognize the full benefit of this technique for global top-down
proteomics.?*!% Offline 2DLC coupling sSEC and RPLC,*!%6 and high pH RPLC with low pH
RPLC!* have shown improved proteome coverage relative to 1D RPLC-MS top-down, but often
requires replicate injection pooling, buffer exchange, and significant hands-on time. Recently, new
online 2DLC approaches for intact protein separation have automated dimensional coupling

153,156

through valve interfaces to facilitate by targeted subproteome sampling and whole proteome

sampling'>*15,

Here, for the first time, we report online top-down 2DLC-MS coupling microscale serial
size exclusion (sSEC) coupled to RPLC-MS to expand global coverage of the human heart
proteome by top-down proteomics. Online 2DLC-MS analysis improves separation power of the
method by four-fold relative to conventional 1D RPLC and enables easy automation to eliminate
hands-on time required in offline 2D workflows. The developed method was applied to a three-

step sequential extraction of human heart tissue that enriched cytosolic proteins, sarcomeric
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proteins, and membrane-associated proteins. This enabled more effective whole-proteome
sampling and provided deeper proteome coverage by further fractionating the proteome prior to
MS analysis. Our developed approach provides a firm foundation for future disease studies and

large-scale top-down analyses.
Methods
Reagents and Consumables

The reagents used were purchased from Thermo Fischer Scientific (Waltham, MA, USA).
unless otherwise specified. LCMS grade formic acid, hexafluoroisopropanol (HFIP) were
purchased from Millipore Sigma (Burlington, MA, USA). Azo surfactant was synthesized in-house
following the established protocol.>'® SEC columns were provided by PolyLC Inc. (Columbia,
MD, USA) and RPLC materials were purchased from Advanced Material Technologies

(Wilmington, DE, USA).
Protein Standards for 2DLC Method Development

A mixture of eight standard proteins was used for chromatographic method development,
chosen to span a range of hydrophobicities (GRAVY = 0 to -0.54 by sequence-based calculation)?!!
and molecular weights (10.9 kDa to 606 kDa). An equal mass/unit volume mixture was made in
RPLC mobile phase A using aprotinin (Apr) from bovine lung (P00974), lysozyme (Lyo) from
chicken egg white (P00698), myoglobin (Myo) from equine heart (P68072), carbonic anhydrase
(CA) from bovine erythrocytes (P00921), ovalbumin (Ova) from chicken egg white (P01012),
alcohol dehydrogenase (ADH) from brewer’s yeast (P00330), serum albumin (BSA) from bovine

serum (P02769), and Thyroglobulin (Thy) from bovine thyroid (P01267).

Protein Extraction
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A three-step sequential extraction procedure was used to extract proteins from 50 mg of
human heart tissue. Prior to extraction, the tissue was vortexed in 1 mL of 1x diphosphate buffered
saline to deplete serum albumin. For the first extraction step, cytosolic proteins were extracted
using HEPES buffer (25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 50
mM sodium fluoride, 0.25 mM sodium orthovanadate, 0.25 mM phenylmethylsulfonyl fluoride,
2.5 mM ethylenediaminetetraacetic acid, 1x HALT Protease and Phosphatase inhibitor at pH 7.4).
Second, sarcomeric proteins were extracted using TFA buffer (0.1 % trifluoroacetic acid (TFA)
and 1 mM tris(2-carboxyethyl)phosphine at pH 2.2). Finally, membrane and other low solubility
proteins were extracted using Azo buffer (0.5 % 4-hexylphenylazosulfonate (Azo), 25 mM
ammonium bicarbonate, 1 mM dithiothreitol, 1x HALT protease and phosphatase inhibitor at pH
8.0). For each extraction step, tissue was homogenized in 500 puL of buffer solution using a Pro
200 electronic homogenizer from Pro Scientific. After each extraction, homogenate was
centrifuged at 21.1 xg, supernatant was collected, and the tissue pellet was snap frozen in liquid

nitrogen to prevent protein degradation or alteration before subsequent extractions.
LC-MS Conditions

LC-MS analyses were performed using a Waters M-Class nano2DLC system and a Bruker
Maxis II quadrupole time-of-flight mass spectrometer. Separation was performed using an online
2D sSEC-RPLC approach with coupling by single heart-cutting using a 6-port 2-position valve.
The first dimension (‘D) sSEC separation was performed using two 2.1 x 200 mm
PolyHYDROXYETHYL A columns connected in series with 2 um particles and pore sizes of 1000
A and 300 A, respectively. The 'D was performed under isocratic conditions with a mobile phase
composition of 1% formic acid and 2 % HFIP in water at 29 pL/min flow rate. Interdimensional

transfer was performed by single heart-cutting stationary phase-assisted modulation (SPAM)'! at
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ambient temperature using a homepacked 0.5 x 30 mm HALO C4 trap column with 2.7 pm
particles and an effective pore size of 1000 A. Eluent from the 'D was loaded on to the trap column
for one minute for each single heart-cutting 2DLC analysis. To sample the full !D elution window,
multiple 2DLC runs were performed for a single sample with each analysis sampling a different
one-minute section of the 'D elution window to enable all time points in the 'D to be analyzed in
the second dimension (*D). The %D separation was performed at 70 °C using a home packed 0.25
x 100 mm HALO C4 with 3.4 um particles and an effective pore size of 400 A. The D separation
was performed by gradient elution with 0.1 % formic acid in water as mobile phase A and 0.1 %
formic acid in acetonitrile as mobile phase B. Gradient conditions used were: 10-10-16-65-100-
100-10-10 % B over 0-3-3.1-28-28.1-31-31.1-34 min. The developed sSEC and RPLC conditions
were the same for all 1D and 2D analyses. For MS1 analysis, a scan rate of 2 Hz was used with a
mass range from 200-3500 m/z, quadrupole low mass cutoff set at 500 m/z, and quadrupole energy
of 4 eV used. The ion transfer optics were optimized at a funnel 1 RF of 400 Vpp, Multipole RF
of 800 Vpp, and isCID energy of 40 eV. Collision cell energy of 4 eV was selected, with a collision
cell RF of 2500 Vpp, a transfer time of 150 us, and a pre pulse storage time of 25 us. For MS2
analysis, autoMS/MS was enabled, selecting the four most abundant precursors for fragmentation,

with active exclusion of precursors after 4 scans and an exclusion time of 2 minutes selected.
Data Analysis

To analyze MS1 spectra, Bruker Compass v4.3 was used, performing charge deconvolution
by MaxEnt. For proteoforms below 50 kDa, MaxEnt resolving power was set to 80,000, and peak
picking was performed by the sophisticated numerical approximation of peaks (SNAP) algorithm
to determine the monoisotopic mass and average mass. Proteoforms above 50 kDa used MaxEnt

deconvolution with a resolving power of 10,000 followed by peak picking using the SumPeak
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algorithm to determine average mass. For MS2 analysis, data files were converted from Bruker
* baf files to *.mzML files use ProteoWizard’s*'? v3.0.22068 MSConvert GUI with vendor-
specific peak picking selected. The converted files were deconvoluted using default parameters in
FLASHDeconv!™ from OpenMS v3.0.0, generating TopFD deconvolution outputs. Deconvoluted
results were searched using TopPIC v1.6.2'7° with an E-value cutoff of 0.01, a 15 ppm error
tolerance, = 500 Da unexpected single mass shift, and five variable modifications: oxidation,
methylation, dimethylation, acetylation, and phosphorylation. TopPIC search outputs were
manually validated, and results were visualized using MASH Native v1.1%. Network analysis and
gene ontology (GO) analysis were performed using STING v11.5*!* and Cytoscape v3.9.0.3!
Identified proteins were clustered in STRING by unsupervised hierarchical clustering using the

Markov clustering algorithm with an inflation parameter of 1.1 for stringent cluster identification.
Assessing Chromatographic Performance

The theoretical peak capacity (nc) for RPLC was determined by averaging the calculated
nc for each protein in the 8-protein standard mixture, first calculating the number of theoretical

plates (N)*!°:
) £\ 2
Equation 1: N = 16 (a)

Equation 2: RPLC n. = 1 + (NTZ) *In (t—)

ta
Where t; is the retention time and tq is the dwell time of the separation. The theoretical peak

capacity for sSSEC was calculated using the following equation®'¢:

Vp, L
Ve h*dp

Equation 3: sSSECn, =1+ 7
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Where V,, is the volume of the pores, Vi is volume of a totally permeating peak, L is the column
length, h is the experimentally determined plate height, d; is the diameter of column particles, and
Rs is resolution of adjacent peaks. The 2D nc is reported as both the ideal 2D nc, the product of
sSEC ncand RPLC n, and the Davis n,>!” which is corrected to address under sampling of the 'D

by the 2D separation:

. . Optimal 2D n
Equation 4: Davies 2D n, = pimarsi e

1+3.35(Mf7‘ir)2

Where wys 1s the baseline peak width.
Results and Discussion

Sequential Protein Extraction and Online 2D sSEC-RPLC-MS to Expand Top-Down Proteomics

Global Proteome Coverage

Here, global top-down proteome coverage is expanded using two combined strategies to
reduce sample complexity entering the MS: a three-step sequential extraction and online 2D sSEC-
RPLC-MS (Figure 5.1). First, sequential extraction reduces sample complexity by splitting the
global proteome into three subproteomes which are enriched in the three different extracts (Figure
5.1A). HEPES extracts primarily cytosolic proteins, TFA extracts sarcomeric proteins and other
acid-soluble proteins, and the Azo extracts membrane proteins along with other difficult to
solubilize proteins. Second, extracts are analyzed individually using online 2D sSEC-RPLC-MS,
which separates proteins by both size and hydrophobicity prior to MS analysis (Figure 5.1B). The
valve-actuated online coupling approach enables a facile, automated combination of two
dimensions of separation to improve chromatographic resolution of intact proteins relative to

traditional 1D RPLC analyses. These two combined strategies to reduce sample complexity



152

facilitated top-down MS analysis of proteins to expand the scope of proteoform families observed

(Figure 5.1C).
Development of Online sSEC-RPLC-MS For Top-Down Proteomics

Development of the online sSSEC-RPLC-MS method for intact protein separation was first
performed using an eight-protein standard mixture, specified in the methods section. First, 1D
sSEC-MS conditions were optimized and replicate injections were performed to ensure separation
reproducibility (Figure 5.S1). Next, a 1D RPLC-MS method was developed and applied to the
standard protein mixture (Figure 5.S2). Coelution of standards occurs in both 1D sSEC and 1D
RPLC, with varying degrees of severity. The developed separation techniques were then combined
as an online single heart-cutting SSEC-RPLC-MS approach, enabling chromatographic resolution
of all protein standards (Figure 5.S3). By sequentially heart-cutting 1-minute windows of 'D eluent
(Figure 5.3A), proteins separated by sSEC were analyzed by RPLC in 2D. Total ion
chromatograms (TICs) of 2D RPLC separations show clear differences in chromatographic profiles
that reflect changes in the composition of proteins entering °D after 'D separation (Figure 5.3B-
G). This is also highlighted when comparing MS1 spectra from a traditional 1D RPLC approach
to those generated by 2D sSEC-RPLC (Figure 5.S4). Notably, the coelution of BSA and Myo,
ADH and Ova, and Ova and Thy present in traditional 1D RPLC are resolved when using a 2D
sSEC-RPLC approach. Improvements in chromatographic performance in the 2D mode can be
quantified by the theoretical peak capacity (n.), a measure of the total number of analytes which
may be theoretically baseline resolved by the selected separation conditions.?!> While the chosen
1D RPLC method yields nc = 33, the 2D sSEC-RPLC approach increases nc to 133 (Figure 5.S5).
This represents a four-fold improvement in chromatographic performance by online 2D sSEC-

RPLC over traditional 1D RPLC approaches for front-end separations in top-down proteomics.
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Online 2D sSEC-RPLC-MS For Human Heart Extract Analysis

The developed 2DLC method was used to analyze each extract from serial extraction
separately to improve global top-down proteome coverage for human heart tissue sequential
extraction. Once again, 1D RPLC-MS analysis of the TFA extract was compared with the online
the 2D sSEC-RPLC method to assess the utility of 2D sSEC-RPLC for complex samples (Figure
2). As anticipated, 1D sSEC fails to chromatographically resolve any proteins (Figure S6) and 1D
RPLC-MS also reveals co-elution of proteins (Figure 5.2A). The MS1 spectra averaged from 18
to 19 minutes in 1D RPLC shows co-elution of cardiac a Actin (ACTCI, 41.8 kDa) and cardiac
troponin C (TNNCI, 18.4 kDa). Application of 2D sSEC-RPLC chromatographically resolved
cardiac a Actin and cardiac troponin C, as well as revealing cardiac B Myosin heavy chain (MYH?7,
223.1 kDa) which is not observed in 1D RPLC alone (Figure 5.2B). In addition to benefits at the
MSI1 level, the online 2D approach also improves the quality of MS2 spectra due to the increased
chromatographic resolution of this approach (Figure 5.S7). The use of the 2D approach increases
the percent residue cleavage of trimethylated ventricular isoform of cardiac myosin light chain
(MLC-V2) by 32 % relative to a 1D RPLC approach by autoMSMS (Figure 5.S7A, C) and boost
the percent residue cleavage of the trimethylated and phosphorylated proteoform of MLC-V2 by
28 % (Figure 5.S7B, D). Increased sequence coverage also results in a lower random P-value for
each sequence, increasing confidence of identifications made for global discovery top-down

workflows.

Complimentary Proteome Sampling of Sequential Extraction

Compilation of all sequential extracts revealed 116 proteins identified by MS2 analysis
with a total of 160 proteoforms detected by top-down proteomic analysis (Figure 3). Generating

histograms of identified proteins (Figure 5.3A) and proteoforms (Figure 5.3B) binned by
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molecular weight in 10 kDa bins shows the size distribution of identified features. The average
molecular weight of MS2 identified proteins was 27.4 kDa, while the average proteoform mass
was slightly lower at 24.4 kDa. This is likely caused by the detection of a large number of histone
proteoforms with masses between 11 and 15 kDa. It is important to note the disparity between
proteoforms detected at the MS2 level and the number of MS1 features observed by MSI
deconvolution and peak picking (Figure 5.S8), particularly for larger proteoforms. While the

172 it is clear that the

results of Figure S8 are likely influenced by MS1 deconvolution artifacts
MS?2 identified proteins and proteoforms do not reflect the full range of sizes present in the
sequential extracts. This challenge has been faced by the field top-down down proteomics
unilaterally, with recent longitudinal studies reporting average MS2 identified proteoform masses

of 6.2 kDa’'® and 8.1 kDa®!"’, despite both studies employing offline size-based fractionation

techniques.

Genes encoding MS2 identified proteins were mapped in STRING to visualize interactions
among identified proteins (Figure 5.3C). Unsupervised clustering performed under stringent
conditions revealed that three distinct clusters were observed, roughly divided by portions of the
subproteome that were sampled in each extract: cytosolic/mitochondrial matrix proteins (HEPES),
sarcomeric proteins (TFA), and membrane/low-solubility proteins (Azo). Node color coding
shows the complimentary nature of the three extracts. Specifically, subunits of the cytochrome ¢
oxidase (COX) protein complex are largely extracted in the Azo extract because many subunits
are membrane imbedded.*?* However, peripheral COX subunits COX5B and COX6A2 are only
observed in the TFA extract, underscoring the benefit of complimentary extractions method to
broaden global proteome analysis. Overall, minimal protein overlap was observed between the

HEPES, TFA, and Azo extracts and only 14 % of identified proteins detected in multiple extracts
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(Figure 5.3D). It is important to note that Azo alone has been shown to effectively solubilize the
whole proteome in a single-step extraction previously.’?!*?> However, by reducing sample
complexity prior to 2DLC-MS analysis and enriching three distinct subproteomes, higher relative
loading masses of each extracted proteoform are achieved, leading to greater potential for detection

of a given proteoform than what is possible by a one-step extraction.

Subcellular gene ontology analysis was performed on proteins identified in each extract
separately to assess the contribution of each extract to proteome sampling (Figure 5.4). For GO
terms which appeared in multiple extracts, the terms with the ten highest -logio FDR values were
plotted (Figure 5.4A). While several GO subcellular localizations terms including “sarcomere”,
“cytosol”, and “cytochrome complex’ appear to be best accessed through one of the three extracts,
other terms initially appear to be caused by overlap of protein identifications between extracts and
display similar -logio FDR values. Despite these shared GO terms, the majority of protein IDs for
a given GO term are unique to a single extract (Figure 5.S9), and comparison of protein encoding
genes identified in one extract for a given GO term most often compliment genes in other extracts
of the same term (Table 5.S1). Examining subcellular GO terms that are unique to a single extract
further supports the complimentary nature of this method (Figure 5.4B), showing that each extract

provides a unique view of the proteome for global top-down analysis.
Accessing Subproteome Sections by Global Top-Down Proteomics

Integration of data from all extracts can provide a more holistic view of the proteome by
assessing the subproteomes of specific organelle within the broader context of the global proteome.
The mitochondrial subproteome is of considerable interest due to its role in cellular metabolism?%3
and the interplay between the mitochondria and other subproteomes such as the actin

cytoskeleton*?* and nucleosome®?>-26, Compiling the results of a three-step extraction analyzed by
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online top-down 2D sSEC-RPLC-MS revealed 37 unique proteins detected from mitochondria
(Figure 5.5). Cellular component GO analysis showed effective sampling of mitochondrial
envelope proteins (Figure 5.5A), mitochondrial matrix proteins (Figure 5.5B), and mitochondrial
membrane proteins (Figure 5.5C). The power of top-down proteomics allows detection of multiple
proteoforms based on MS1 mass shift (Figure 5.5A-C), confirming results and localizing
modifications at the MS2 level (Figure 5.5D-F). This enabled detection and localization of
mitochondrial cytochrome ¢ oxidase subunit 8A (COX8A) methylation for the first time, and site-
specific localization to C47 (or C22 after mitochondrial transit peptide removal), part of the
membrane embedded region of COX8A.?** For mitochondrial matrix proteins 2,4-dienoyl-CoA
reductase (DECR1) and malate dehydrogenase (MDH2), possible succinylation is observed at the
MSI1 level (Figure 5.5B), but cannot be confirmed by MS2 analysis (Figure 5.5E, 5.S10). Top-
down analysis of the mitochondrial membrane proteins cytochrome c oxidase subunit 6A2
(COX6A2) revealed two possible oxidation events (Figure 5.5C) and localized oxidation between
L53 and N87 (Figure 5.5F), a part of the mitochondrial intermembrane region (H50 to P97). This

327,328

subunit has been shown to be a critical regulator of oxidative stress and deficiency can even

lead to cardiac remodeling.’?

Shifting the focus to another critical subproteome, the nucleosome, began to reveal the
complex combinatorial modifications of histones (Figure 5.6). The nucleosome is extracted only
in the Azo extract, but the is well represented in this dataset (Figure 5.6A). Example top-down
analyses of three histones proteoform families demonstrate the challenges associated with these
proteins in a non-targeted top-down proteomics analysis (Figure 5.6B-D). The protein distribution
of H2BI1C overlaps with H2BIN in the mass spectral domain, and multiple possible sites for

modifications in close proximity hinder site-specific localization (Figure 5.6B). Despite these
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challenges, a previously unreported methylation in the N-terminal region was detected and
localized to the region between K5 and K20. While H2AC2 appeared to show a lower number of
potential proteoforms, combinatorial modifications and limited fragmentation still challenged
localization of a detected phosphorylation even beyond two previously reported sites (Figure
5.6C). Similar to the other two examples, histone H4 MS1 spectra revealed a number of
unidentified peaks (Figure 5.6D). While some putative identifications of complex histone
proteoforms are possible in this discovery-based approach, using a discovery approach to identify
possible targets for further top-down analysis can provide the greatest potential to localize and

further characterize these modifications.

Conclusions

Here, we have broadened global coverage of the proteome by top-down proteomics through
a combined three-step extraction and online top-down 2D sSEC-RPLC-MS. The developed
approach enables future top-down proteomics disease studies, and the automated online 2D
approach is compatible with large-scale analyses. When combined with online 2D sSEC-RPLC-
MS, the three-step sequential extraction enabled sampling of multiple subproteomes, offering great
potential to assess the interplay in proteoform changes between various cellular components.
While global top-down is still challenged by the detection and fragmentation of large proteoforms,
this approach provides a firm foundation for improved front-end separations as MS capabilities

continue to increase.
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Figure 5.1. Expansion of global top-down proteomics coverage through a combined sequential
extraction approach and online 2D sSEC-RPLC-MS. A three-step sequential extraction allowed
cytosolic, sarcomeric, and membrane proteins to be enriched in three separate sample fractions to
reduce sample complexity (A). Online 2D sSEC-RPLC-MS separated proteins by size then
hydrophobicity to further reduce sample complexity and facilitate detection of low-abundance
proteins and large proteins by improved chromatographic performance relative to 1DLC (B).
Online top-down analysis enabled detection of proteins and proteoforms and provided a “bird’s-
eye-view” of the proteoform landscape (C).



159

A 1D RPLC
S - -
A
5 10 15 20 Time[min] 800 1000 1200 m/z
B 2DLC 2D RPLC TNNC1
& A 18.4 kDa
@ Minutes
E T
: E
. L @ Cut22-23
: £ Minutes ACTCT
' = 41.8 kDa
] 26
Qu 24
% e
o Cut 20-21 MYH7
- l L 22 Minutes 223 1 kDa
L 20

i

5 10 15 Time [min] 800 1000 1200 m/z

Figure 5.2. Benefits of an online 2DLC approach coupling sSEC and RPLC. For a traditional 1D
RPLC-MS analysis of the TFA extract, only the small, abundance MLC-V2 is observed at a
retention time of 18 to 19 minutes (A). The use of online 2D sSEC-RPLC reveals that within the
18 to 19 minute RPLC retention window two larger proteins also coelute, but are separable in the
sSEC dimension of separation (B).



160

A45. C

35 1

254

15 1

Number of MS2 Protein IDs

VL ol
20 40 60 80 100 220 M
Molecular Weight (kDa)

5 804 []

E 4

(=}

5 601

L

S "

o

o 40-

[%)]

= i

s 201 | L

O | 47% of Unique

£ b Protein IDs

= 23% of Unique

= T T T ===/ == Protein IDs
20 40 60 80 100 220
Molecular Weight (kDa)

Figure 5.3. Detected proteins across all portions of the three-step sequential extraction. (A) when
compared to the number of MS2 IDs binned by molecular weight (B). A string network of genes
encoding the MS2 identified proteins shows the complimentary nature of sequential extraction (C).
Each extract represents a unique portion of the proteome with minimal overlap of IDs (D).
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Figure 5.4. Comparison of subcellular localization GO terms observed in each extract. For GO
terms observed in multiple extract fractions, the ten terms with the highest -Logio FDR values
(when averaged for all extracts in which the term was detected) are reported (A). These results
show that while specific subcellular localizations can be sampled by multiple extracts, specific
extracts sample distinct subcellular regions more effectively than others. Analysis of subcellular
localization GO terms observed in only one extract further underscores the complementary nature
of each extract to access unique portions of the proteome (B).
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Figure 5.5. Mitochondrial protein IDs mapped by cellular component GO analysis. Detection of
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membrane proteins (C) are enabled by the sequential extraction, which solubilizes proteins with a
broader range of physiological properties than traditional single extraction approaches. Online
2DLC also facilitates detection of low abundance modifications and novel modifications (D-F)

when combined with top-down proteomics.



163

® @ e ARSAPAPKKGSKKAVTK o
21 86
AQKKDGKKRKRSRKESYSVY

6 s VYKVILIKQVHPDTIG S 8 K AMG s

P eir] @ ¢ 1jMNS|FVND I FERI AGEASRL 46
(-16 Da \ + _ 51 AHYNKRSTITSREIQTAVRL 2
1 101 LLPGELAKHAVSEGTKAVTK s

=Possible Methyl L

{_1=Possible Acetyl ! )=Possible Ox

121 Y TSSK
13760 13780 13800 Mass [Da] "

b b“8+ y569+
Met+Act 24
11.5 ° ppm

o ppm

be®* 617

1.0 o Met

ppmﬂllo I I|| ] 1.0
ppm o

7430 7440 7446 7456 6224 6234 6866  687.6
m/z m/z m/z m/z

C H2ac [Nucleosome|  [) @562 @
H4

13900 13920 13940  Mass [Da] 11300 11350 11400 Mass [Da]
1=:$I'GRGKQGGKARAKAKSRLSSR 109 1 9GRGRIEGKGEGL GKGGAKRHRK 3
2AGLQIFIPVGRVHRLLRKGNYA s 2NMLERDNIQGITKPAITRRLARR -
# ERWV G AIGIAIPIVIYIMIATAVIL ETY L T Alee 41 GIGWVIKIRINSIGILIINYIEE TR G V L KIV 4

EILELAGNAARDNKKDRI IP4# 6 FLENVIRDAVTYTEHAKRKT2
s"tRHLQLAIRNDEELNKLLGKYV 2 81VLTALM1D1V1V1YALKRQGRTLYG1F3
10 @1 AQGGVLPNIQAVLLPKKT s 101GG =Possible Methyl
121 ESHKAKSK =Possible Methyl () =Possible Dimethyl _i=Possible Acetyl
1=Possible Acetyl () =Possible Phosphorylation - bas* yis?t
Yas®* Yo't o[|° Dimethyl 2.4 ppm
Phospho 0.5 ppm , 2.6 ppm

5.3 ppm

b bVl

Y y 7 ; ) 8442 846.2
9952 . 9962 5550 . 586.0 6737 6742 miz
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Figure 5.S1. 1D sSEC-MS analysis of eight protein standard mixture with equal mass loading of
Apr, Lys, Myo, CA, Ova, ADH, BSA, and Thy. Overlay of three total ion chromatograms (TICs)
of injection replicates shows excellent reproducibility.
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Figure 5.52.1D RPLC-MS analysis of eight protein standard mixture with equal mass loading of
Apr, Lys, Myo, CA, Ova, ADH, BSA, and Thy. Overlay of three TICs of injection replicates shows
excellent reproducibility.
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Figure 5.S3. Online 2D sSEC-RPLC-MS analysis of eight protein standard mixture with equal
mass loading of Apr, Lys, Myo, CA, Ova, ADH, BSA, and Thy. The first dimension (D) sSEC
elution window, shown by the TIC (A) is sampled in one-minute windows for second dimension
(*’D) RPLC analysis. TICs of 2D RPLC analysis show changes in the chromatographic profile
moving from early cuts to later cuts. Cuts from 21-22 minutes (B), 22-23 minutes (C), 23-24
minutes (D), 24-25 minutes (E), 25-26 minutes (F), and 26-27 minutes (G) of sSEC elution time
are shown.
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Figure 5.5S4. MS1 spectra of the eight protein standard mixture generated by 1D RPLC-MS (A)
and 2D sSEC-RPLC-MS (B). The 2D method eliminates coelution of standards, facilitating better
MSI1 detection.
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Figure 5.S5. Comparison of theoretical peak capacity (nc) observed for 1D and 2DLC methods,
with both the suboptimal (Davies) and optimal 2D n. reported. Even under suboptimal conditions,
the n. for 2DLC increases relative to 1IDLC by ~300%. Optimal 2DLC conditions represent a four-
fold increase in separation performance over a traditional 1D RPLC approach.
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Figure 5.S6. 1D sSEC-MS analysis of TFA extract from human heart tissue. SSEC can separate
proteins by size, but no proteins are chromatographically resolved by sSEC alone.
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Figure 5.S7. Fragmentation of myosin light chain ventricular isoform 2 (MLC-V2) by autoMSMS
with online 1D RPLC-MS2 separation (A, B) and online 2D sSEC-RPLC-MS2 (C, D). The most
abundant proteoform (N-terminal methionine excision followed by alanine acetylation) (A, C)
shows greater sequence coverage than the phosphorylated proteoform (B, D). The 2D approach
removes co-eluting features, increasing sequence coverage by 32% relative to 1D sequence
coverage for the unphosphorylated proteoform and 28% relative to the phosphorylated proteoform.
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Figure 5.S8. Histogram of all MS1 features from 2,000 to 300,000 kDa detected by MaxEnt
deconvolution. Peaks below 50 kDa were deconvoluted at 80,000 resolving power and peak picked
by SNAP. Peaks above 50 kDa were deconvoluted at 10,000 resolving power and peak picked by
SumPeak. The number of observed MS1 features shows the large number of features that are not
selected for MS2 analysis or are not adequately fragmented. Additionally, these results underscore
the challenges associated with deconvolution artifacts that are present in MS1 level features as size
increases.
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Figure 5.S9. Overlap of proteins identified for select subcellular localization gene ontology (GO)
terms between extracts. Despite similar -logio FDR values generated in by GO analysis of
individual extracts, each extract offers orthogonal sampling of the proteome.
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Figure 5.S10. Fragmentation coverage for mitochondrial malate dehydrogenase (MDH?2).
Identification of N-terminal methionine excision and acetylation was possible, and succinylation
was not detected at two known sites near the N and C termini, indicating that possible succinylation
events could occur in the core of the protein.
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Table 5.ST1. Subcellular gene ontology terms observed in each extract, with gene counts, -logio
FDR and gene names specified.

Subcellular
GO Term

Extract

Observed
Gene
Count

Background
Gene Count

-logio
FDR

Genes

Cellular
anatomical
entity

HEPES

27

13853

2.1

MIF,DECR1,CKM,
MYL2,GAPDH,TPII,
TNNCI1,HSPE1,HBA2,
PEBP1,ATPSB,
C120rf10,RPS27A,
UBB,HBB,ADIREF,
TNNC2,FABP3,SCN2A,
TMSB4X,SPAG1,MB,
UBAS52,ATP5J,PARKY,
MDH1,UBC

TFA

48

13853

53

ATP5D,LGALS1,ACO2,
CKM,MYL2,TNNCI1,
TNNT2,ATPSE,COX6B]1,
HSPB1,HBA2,COXS5B,
ACATI1,C120rf10,NDUFS6,
ATP50,ACTC1,UQCRFSI,
MYOZ2MYLI,CYCS,
MDH2NDUFV2,C6orf58,
AMERI,HBB,TNNI3,
MYH7,ATP5C1,ACTAL,
FABP3,DES,SCN2A,
SUCLG1,FZR1,MYL3,
MB,POMC,ACTG2,
LDB3,ACTA2,COX7B,
UQCRB,CRYAB,ACTN2,
SOD2,HADH,DYNLL2

Creatine kinase
complex

HEPES

2.1

CKM,MB

TFA

o

2.1

CKM,MB

Cytochrome
complex

TFA

4.0

COX6B1,UQCRFSI,
COX7B,UQCRB

Azo

31

7.6

COX6B1,COX6A2,UQCRH,
COX8A,COX7B,UQCRB

Cytoplasm

HEPES

26

7871

6.0

MIF,DECR1,CKM,
MYL2,GAPDH,TPII,
TNNCI1,HSPE1,HBA2,
PEBP1,ATP5B,C120rf10,
RPS27A,UBB,HBB,
ADIRF,TNNC2,FABP3,
TMSB4X,SPAG1,MB,
UBAS52,ATPS5J,PARKY,
MDH1,UBC

TFA

46

7871

12.8

ATP5D,LGALS1,ACO2,
CKM,MYL2,TNNCI1,
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TNNT2,ATP5E,COX6BI,
HSPB1,HBA2,COX5B,
ACATI1,C120rf10,NDUFS6,
ATP50,ACTC1,UQCRFS],
MYOZ2,MYL1,CYCS,
MDH2,NDUFV2,AMERI,
HBB,TNNI3,MYH7,
ATP5C1,ACTA1,FABP3,
DES,SUCLGI1,FZRI,
MYL3,MB,POMC,
ACTG2,LDB3,ACTA2,
COX7B,UQCRB,CRYAB,
ACTN2,SOD2,HADH,
DYNLL?2

Cytosol

HEPES

22

2919

10.2

MIF,CKM,MYL2,
GAPDH,TPII,
TNNCI1,HSPE1,HBA2,
PEBP1,RPS27A,UBB,
HBB,ADIRF,TNNC2,
FABP3,TMSB4X,SPAGI,
MB,UBA52,PARK7,
MDH1,UBC

TFA

18

2919

23

CKM,MYL2,TNNCI1,
TNNT2,HSPB1,HBA2,
ACTCIMYLI,CYCS,
HBB,ACTA1,FABP3,
MYL3,MB,ACTG2,
ACTA2,ACTN2,DYNLL2

Extracellular
space

TFA

11

985

3.0

HSPB1,HBA2,ACTC1,
C6orf58,HBB,ACTAI,
MB,POMC,ACTG2,
ACTA2,S0D2

Hemoglobin
complex

HEPES

22

2.6

HBA2,HBB,MB

TFA

22

2.9

HBA2,HBB,MB

Intracellular
organelle

HEPES

9242

2.1

MIF,DECR1,CKM,
MYL2,GAPDH,TPII,
TNNCI1,HSPE1,HBA2,
ATP5B,C120rf10,
RPS27A,UBB,HBB,
ADIRF,TNNC2,TMSB4X,
MB,UBAS52,ATP5J,PARKY7,
MDH1,UBC

TFA

45

9242

8.8

ATP5D,LGALS1,ACO2,
CKM,MYL2,TNNCI1,
TNNT2,ATPSE,COX6BI1,
HSPB1,HBA2,COXS5B,
ACATI1,C120rf10,
NDUFS6,ATP50,ACTCl,
UQCRFSI,MYOZ2MYLI,
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CYCS,MDH2,NDUFV2,
AMER1,HBB,TNNI3,
MYH7,ATP5C1,ACTAL,
DES,SUCLG1,FZR1,MYL3,
MB,POMC,ACTG2,LDB3,
ACTA2,COX7B,UQCRB,
CRYAB,ACTN2,S0OD2,
HADH,DYNLL2

Azo 37 9242 8.1 MYL2,TNNC1,ATPSE,
HIST1H4F,COX6BI1,
H3F3B,C120rf10,COX6A2,
HIST1H2BD,ATP5H,
HISTIH2AE,ATPSI,
UQCRH,COXSA,
HIST1H2BC,RPLP2,
HIST2H2AC,HIST2H3D,
TNNI3,HIST1H2AI,
HIST1H3J,HIST2H2BE,
HIST2H2AA,USMGS,
COX7A2,HIST1H2AC,
MYL3,MB,ATP5J,
COX7B,COX6C,UQCRB,
CRYAB,HIST2H2BF,
HIST1H2BO,HIST1H2BH,
HIST1H2BN

Membrane TFA 12 1321 2.5 ATP5D,ATP5E,COX6B1,
protein complex NDUFS6,ATP50,UQCRFSI,
CYCS,NDUFV2,ATP5C1,
SCN2A,COX7B,UQCRB

Azo 11 1321 2.7 ATP5E,COX6B1,COX6A2,
ATP5H,ATP5LUQCRH,
COX8A,USMGS,ATP5],
COX7B,UQCRB

Mitochondrial TFA 12 314 8.5 ATP5D,ATP5E,COX6BI1,
inner membrane COX5B,NDUFS6,ATP50,
UQCRFS1,CYCS,NDUFV2,
ATP5C1,COX7B,UQCRB

Azo 11 314 8.1 ATP5E,COX6B1,ATP5H,
ATPSI,UQCRH,COX8A,
USMGS5,ATP5J,COX7B,
COX6C,UQCRB
Mitochondrial | TFA 4 20 4.7 ATP5D,ATPSE,ATP50,
proton- ATP5C1
transporting
ATP synthase
complex
Azo 5 20 6.7 ATP5SE,ATP5H,ATPSI,
USMGS,ATPSJ
Mitochondrion | HEPES | 10 1149 3.0 DECRI1,HSPE1,ATP5B,

C120rf10,RPS27A,UBB,
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UBAS2,ATPS5J,PARK7,UBC

TFA 19 1149 8.6 ATP5D,ACO2,ATPSE,
COX6B1,COX5B,ACATI,
C120rf10,NDUFS6,ATP50,
UQCRFS1,CYCS,MDH2,
NDUFV2,ATP5C1,SUCLGI,
COX7B,UQCRB,S0OD2,
HADH

Azo 14 1149 5.8 ATPSE,COX6B1,C120rf10,
COX6A2,ATPSH,ATPSI,
UQCRH,COX8A,USMGS,
COX7A2,ATPS5J,COXT7B,
COX6C,UQCRB

Organelle HEPES | 24 9848 2.2 MIF,DECR1,CKM,
MYL2,GAPDH,TPII,
TNNCI1,HSPE1,HBA2,
ATP5B,C120rf10,RPS27A,
UBB,HBB,ADIREF,
TNNC2,FABP3,TMSB4X,
MB,UBAS52,ATPS],
PARK7,MDHI1,UBC

TFA 46 9848 8.8 ATP5D,LGALS1,ACO2,
CKM,MYL2,TNNC]I,
TNNT2,ATP5E,COX6BI,
HSPB1,HBA2,COXS5B,
ACAT1,C120rf10,NDUFS6,
ATP50,ACTC1,UQCRFSI,
MYOZ2,MYL1,CYCS,
MDH2,NDUFV2,AMERI,
HBB,TNNI3,MYH7,
ATP5C1,ACTA1,FABP3,
DES,SUCLGI1,FZRI,
MYL3,MB,POMC,
ACTG2,LDB3,ACTA2,
COX7B,UQCRB,CRYAB,
ACTN2,SOD2,HADH,

DYNLL2
Organelle HEPES | 7 788 2.1 GAPDH,ATP5B,RPS27A,
envelope UBB,UBA52,ATP5J,UBC
TFA 13 788 54 ATP5D,ATP5SE,COX6BI,
COX5B,NDUFS6,ATP50,

UQCRFS1,CYCS,NDUFV2,
ATP5CI1,FZR1,COX7B,

UQCRB
Protein- HEPES | 17 5142 2.1 DECRI1,CKM,MYL2,
containing GAPDH,TPI1,TNNCI1,
complex HSPE1,HBA2,ATP5B,
RPS27A,HBB,TNNC2,
SCN2A MB,UBAS52,

ATPS5J,UBC
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TFA 35 5142 8.4 ATP5D,LGALS1,CKM,
MYL2,TNNC1,TNNT2,
ATP5E,COX6B1,HSPBI,
HBA2,NDUFS6,ATP50,
ACTC1,UQCRFSI,MYLI,
CYCS,NDUFV2,HBB,
TNNI3,MYH7,ATP5C],
ACTAI1,DES,SCN2A,
SUCLG1,MYL3,MB,
ACTG2,LDB3,ACTA2,
COX7B,UQCRB,CRYAB,
SOD2,DYNLL2

Az0 29 5142 73 MYL2,TNNC1,ATPSE,
HIST1H4F,COX6B1,H3F3B,
COX6A2,ATPSH,ATPSI,
UQCRH,COX8A,HIST1H2B,
RPLP2,HIST2H2AC,
HIST2H3D,TNNI3,
HIST1H3J,HIST2H2BE,
HIST2H2AA,USMGS,
MYL3,MB,ATP5J,
COX7B,UQCRB,CRYAB,

HIST1H2BO,HIST1H2BH,
HISTIH2BN
Respirasome TFA 7 88 6.4 COX6B1,NDUFS6,
UQCRFSI1,CYCS,NDUFV2,
COX7B,UQCRB
Azo 6.9 COX6B1,COX6A2,UQCRH,
COX8A,COX7A2,COXTB,
7 88 UQCRB
Respiratory TFA 6 78 54 COX6B1,NDUFS6,UQCRES,
chain complex NDUFV2,COX7B,UQCRB
Azo 6 78 5.8
Respiratory TFA 3 18 3.0 COX6B1,UQCRFS1,COX7B
chain complex
v
Azo 4 18 5.1 COX6B1,COX6A2,COXS8A,
COX7B
Sarcomere HEPES | 4 120 2.2 MYL2,TNNC1,TNNC2,MB
TFA 14 120 16.0 MYL2,TNNC1,TNNT2,
ACTCI,MYOZ2,MYL1,
TNNI3,MYH7,ACTAIl,
DES,MYL3,MB,LDB3,
ACTN2
Azo 5 120 3.5 MYL2,TNNC1,TNNI3,
MYL3,MB
Troponin HEPES |3 13 3.0 TNNC1,TNNC2,MB
complex
TFA 4 13 5.3 TNNCI1,TNNT2,TNNI3,MB

Azo 3 13 3.6 TNNCI1,TNNI3,MB
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Actin TFA 15 355 MYL2,TNNC1,TNNT2,

cytoskeleton ACTCI,MYLI1,TNNI3,
MYH7,ACTAI,MYL3,
MB,ACTG2,LDB3,
ACTA2, ACTN2,DYNLL?2

Actin filament | TFA 4 63 1.2 ACTC1,ACTA1,LDB3,
ACTN2

Blood TFA 5 116 1.4 HBA2,ACTCI1,HBB,

microparticle ACTA1,ACTG2

Cardiac TFA 4 5 1.2 MYL2,TNNT2,TNNI3,DES

myofibril

Cardiac TFA 3 7 2.5 TNNCI1,TNNT2,TNNI3

Troponin

complex

Contractile TFA 15 145 2.2 MYL2,TNNC1,TNNT2,

fiber ACTCI,MYOZ2MYLI1,
TNNI3,MYH7,ACTA1,
DES,.MYL3,MB,LDB3,
ACTA2,ACTN2

Cytoskeleton TFA 17 1526 1.6 MYL2,TNNCI1,TNNT2,
HSPB1,ACTC1,MYLI,
TNNI3,MYH7,ACTAl,
DES,MYL3,MB,
ACTG2,LDB3,ACTA2,
ACTN2,DYNLL2

Dynactin TFA 4 12 0.7 ACTC1,ACTAL,

complex ACTG2,ACTA2

I band TFA 6 68 2.1 ACTCI1,MYOZ2,DES,
MYL3,LDB3,ACTN2

Inner TFA 8 143 1.6 ATP5D,ATP5SE,NDUFSS6,

mitochondrial ATP50,UQCRFS1,NDUFV2,

membrane ATP5C1,UQCRB

protein complex

Intracellular TFA 19 3196 1.4 MYL2,TNNC1,TNNT2,

non-membrane- HSPB1,HBA2,ACTCI1,

bounded MYOZ2 MYL1,TNNI3,

organelle MYH7,ACTA1,DESMYL3,
MB,ACTG2,LDB3,
ACTA2,ACTN2,DYNLL2

Microtubule TFA 5 142 0.4 ACTC1,ACTA1,ACTG2,

associated ACTA2,DYNLL2

complex

Mitochondrial TFA 9 369 1 ATP5D,ACO2,ATPS5E,

matrix ACATI1,MDH2,ATP5CI,
SUCLG1,SOD2,HADH

Mitochondrial TFA 9 291 1.1 ATP5D,ATP5SE,NDUFSS6,

protein complex ATP50,UQCRFS1,CYCS,
NDUFV2,ATP5C1,UQCRB

Mitochondrial TFA 3 4 2.5 ATP5D,ATP5SE,ATP5Cl1

proton-
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transporting

ATP synthase

complex,

catalytic sector

F(1)

Mitochondrial | TFA 4 71 1.4 NDUFS6,UQCRFSI,

respirasome NDUFV2,UQCRB

Muscle myosin | TFA 3 15 1.9 MYL1I,MYH7MYL3

complex

Myosin TFA 5 65 1.5 MYL2MYL1,MYH7,

complex MYL3,DYNLL2

Oxidoreductase | TFA 5 182 1.1 NDUFS6,UQCRFSI,

complex NDUFV2,UQCRB,SOD2

Proton- TFA 4 6 2.4 ATP5D,ATPSE,ATP50,

transporting ATP5Cl1

ATP synthase

complex,

catalytic core

F(1)

Striated muscle | TFA 5 24 1.9 TNNCI1,TNNT2,TNNI3,

thin filament ACTA1,MB

Supramolecular | TFA 16 490 1.1 MYL2,TNNC1,TNNT2,

fiber ACTCI,MYOZ2,MYLI,
TNNI3,MYH7,ACTAI,
DES,MYL3,MB,
ACTG2,LDB3,ACTA2,
ACTN2

Z disc TFA 4 60 1.4 MYOZ2,DES,LDB3,ACTN2

Extracellular HEPES | 6 444 2.2 MIF,GAPDH,HSPEI,

vesicle HBA2,HBB,MB,PARK?7

Mitochondrial HEPES | 4 145 2.1 RPS27A,UBB,

outer membrane UBA52,UBC

Mitochondrial | HEPES | 6 461 2.2 ATP5B,RPS27A,

membrane UBB,UBA52,
ATP5J,UBC

Chromosome Azo 16 894 8.7 HIST1H4F,H3F3B,
HIST1H2BD,HIST1H2AE,
HIST1H2BC,HIST2H2AC,
HIST2H3D,HIST1H2AI,
HIST1H3J,HIST2H2BE,
HIST2H2AA,HIST1H2AC,
HIST2H2BF,HIST1H2BO,
HIST1H2BH, HISTIH2BN

Cardiac Azo 2 7 2.1 TNNCI1,TNNI3

Troponin

complex

Cardiac Azo 2 5 2.3 MYL2,TNNI3

myofibril
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Membrane-
bounded
organelle

Azo

33

8685

52

ATPSE,HIST1H4F,
COX6B1,H3F3B,C120rf10,
COX6A2,HIST1H2BD,
ATPSH,HIST1H2AE,
ATPSLUQCRH,COX8A,
HIST1H2BC,RPLP2,
HIST2H2AC,HIST2H3D,
HISTIH2ALHIST1H3J,
HIST2H2BE,HIST2H2AA,
USMGS5,COX7A2,
HIST1H2AC,MB,ATP5J,
COX7B,COX6C,UQCRB,
CRYAB,HIST2H2BF,
HIST1H2BO,HIST1H2BH,
HIST1H2BN

Intracellular
non-membrane-
bounded
organelle

Azo

22

3196

6.0

MYL2,TNNCI1,HIST1H4F,
H3F3B,HISTIH2BD,
HISTIH2AE,HIST1H2BC,
RPLP2,HIST2H2AC,
HIST2H3D,TNNI3,
HISTIH2ALHIST1H3J,
HIST2H2BE,HIST2H2AA,
HIST1H2AC,MYL3,MB,
HIST2H2BF,HIST1H2BO,
HIST1H2BH,HIST1H2BN

Nucleosome

Azo

11

70

14.1

HIST1HA4F,H3F3B,
HIST1H2BC,HIST2H2AC,
HIST2H3D,HIST1H3J,
HIST2H2BE,HIST2H2AA,
HIST1H2BO,HIST1H2BH,
HIST1H2BN
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Chapter 6

Conclusions and Future Perspectives
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Top-down proteomics is a rapidly growing area of MS-based proteomics, but the full
potential of the field has not yet been realized and we must work to match the capabilities of front-
end separation and data processing solutions with the performance of new MS instruments. In this
dissertation, I have developed new targeted separations for top-down proteomic analysis of mAbs
and ADCs, provided a new online 2D sSEC-RPLC-MS method for global top-down proteomics,

and reported a new software solution for native top-down proteomics data processing.

In chapters 2 and 3, I detailed the use of top-down proteomics to study mAbs and ADCs, a
rapidly growing class of biotherapeutics which require a more global view of quality attributes
than peptide mapping assays can provide. In chapter 2, I detailed the coupling of RPLC online
with FTICR-MS/MS2 to provide high resolution accurate mass information on the LC timescale.
This approach was used to characterize a partially and fully reduced cysteine-linked antibody drug
conjugate. The partial reduction approach enabled accurate calculation of average DAR and
isotopically resolved all Lc¢ (~25 kDa) and Hc (~50 kDa) subunits on the LC timescale, even
baseline resolving the low abundance, 54.5 kDa Hc3 subunit in just four MS scans. The full
reduction approach enabled sequence analysis by LC-MS2, verifying the site of drug binding on
the Lcl subunits, the site of glycan binding on the Hc subunit, and localizing Hc drug binding
between C204 and C233. This approach enabled greater sequence coverage than previous enzyme-
based middle-down workflows?*” and maintained the global detail which is lost in peptide mapping
assays.??® In chapter 3, the same ADC and its parent mAb were analyzed under native conditions
by TIMS-MS. The use of TIMS in place of a liquid phase separation not only increases the speed
and throughput of analysis but improves signal to noise by 60 % relative to direct infusion alone
and allows changes in CCS of the mAb and ADC to be monitored. Combining the TIMS with a

segmented MS approach allows collection of TIMS, MS1, MS2’, and MS3 data in only 3 minutes
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of instrument acquisition time. The MS1 information allowed determination of the intact mass for
all DAR species, and calculation of average DAR. The MS2’ revealed the release of several non-
covalently associated subunits, including Lcl, Lc-He2, and LcO which is a product of odd-
numbered drug loading. The MS3 analysis confirmed the location of intrachain disulfide bonds
and drug binding on the Lc1 subunit. The two methods reported in chapters 2 and 3 are very useful
for mAb and ADC characterization, however, further hybrid separation approaches to characterize
these complex molecules will be needed as our understanding of their molecular function and
inherent complexity changes over time. I have developed one such workflow coupling native
microchip CE separation for mAb and ADC charge variant analysis online with TIMS-MS. These
unpublished results enable detection of modification-induced changes in gas phase conformation
330,331

of the mAb and ADC, offering new insight into the formation of mAb and ADC aggregates

as well as identifying possible sources of instability.

In chapter 4, I reported the development of a new software designed to address the
challenges associated with native top-down proteomics, MASH Native. MASH Native is designed
as a universal software, supporting flexible data analysis and reporting workflows. Critically,
MASH can deconvolute non-isotopically resolved data, a common feature of native MS spectra.
Complex-down workflows are supported in MASH, with MS1, MS2, and MS3 data processing in
a single software window. Uniquely, MASH is currently the only top-down software capable of
deconvoluting non-isotopically resolved MS1 spectra and performing database searches,
positioning MASH Native as a foundational tool for discovery mode native top-down
proteomics.>® Additional characterization options such as internal fragment assignment, and

multiple spectral summing, deconvolution, and database searching algorithms have enabled far
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greater flexibility than previous versions of MASH, while maintaining the architecture to allow

denatured top-down proteomics data processing and providing excellent data visualization tools.

In chapter 5, I detailed the development of online top-down sSEC-RPLC-MS and its
application to a three-step sequential extract of human heart tissue. The developed 2DLC approach
provides a method of separation which is far better suited to the complexity of the intact proteome
than the traditionally used 1D RPLC-MS approach, with a four-fold increase in theoretical peak
capacity possible using the developed 2D approach. The approach also benefits from ease of use
enabled by automation. While previous offline 2DLC approaches require sample pooling, and/or
sample pre-treatment prior to LC-MS injection, the online 2D method eliminates the need for both
steps and significantly reduces human labor time.!* Application of this method to a three-step
cytosolic, sarcomeric, and membrane protein extraction found complimentary sampling of the
proteome to enable a more complete picture of the proteome than would be achieved by a single
extraction step alone. This approach was performed in discovery mode, allowing the identification,
and site-specific localization of novel modifications and proteoforms. The developed online 2D
method has great potential to improve the depth of proteome coverage achieved by global top-
down proteomics and is highly compatible with both disease studies and large-scale top-down

proteomics studies.

In Appendix I, I have reported the bottom-up proteomic analysis of control and Rbm20 KO
rat heart tissue. This study is the first global proteomic analysis of Rbm20 KO, a mutation known
to lead to the onset of dilated cardiomyopathy. By sacrificing rats at three weeks of age,
confounding effects from Rbm20-regulated titin isoform switching were avoided, allowing the
detection of altered expression for a number of mitochondrial metabolic enzymes. Intriguingly,

alterations to Msrb2, a known actor in mitophagy, indicates clearance of dysfunctional
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mitochondria from the cell. While this approach was unable to monitor proteoform expression
changes, it did allow identification of protein targets for follow-up analysis by top-down

proteomics.

In summary, as the use and acceptance of top-down proteomics continues to expand, new
tools for separation will be critical to achieve the full potential of the field. I anticipate that over
the next five years, demand for new native top-down proteomic solutions will rapidly grow.
Techniques such as hybrid LC-IMS-MS, native 2DLC-MS, or possibly 3DLC-MS will become
critical tools to better explore the vast landscape of the native top-down proteome. Similarly, new
automated data processing and data acquisition algorithms could lower the barrier of entry to the
field of top-down proteomics, broadening acceptance from the wider scientific community.
Finally, hybrid MS instrumentation with new IMS cell designs and configurations,'*” expanded
fragmentation abilities,**? and even multiple mass analyzers>** are poised to push the field to new

realms discovery in years to come.
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Appendix I

Rbm20 ablation is associated with changes in the expression of titin-interacting and

metabolic proteins

WP WT Protein X

—A- STRING

Rbm20 +
' KO Term 11 GO
7 Term 2
Term 3
Label free

quantitative proteomics

This chapter has been published and is adapted from:

Larson, E. J.; Gregorich, Z. R.; Zhang, Y..; Li, B. H.; Aballo, T. J.; Melby, J. A.; Ge, Y.; Guo, W.
Rbm?20 ablation is associated with changes in the expression of titin-interacting and metabolic

proteins. Molecular Omics. 2022.
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Abstract

Dilated cardiomyopathy (DCM) is a major risk factor for developing heart failure and is
often associated with an increased risk for life-threatening arrhythmia. Although numerous causal
genes for DCM have been identified, RNA binding motif protein 20 (Rbm20) remains one of the
few splicing factors that, when mutated or genetically ablated, leads to the development of DCM.
In this study we sought to identify changes in the cardiac proteome in Rbm20 knockout (KO) rat
hearts using global quantitative proteomics to gain insight into the molecular mechanisms
precipitating the development of DCM in these rats. Our analysis identified changes in titin-
interacting proteins involved in mechanical stretch-based signaling, as well as mitochondrial
enzymes, which suggests that activation of pathological hypertrophy and altered mitochondrial
metabolism and/or dysfunction, among other changes, contribute to the development of DCM in
Rbm20 KO rats. Collectively, our findings provide the first report on changes in the cardiac

proteome associated with genetic ablation of Rbm20.
Introduction

Dilated cardiomyopathy (DCM) is a non-ischemic heart muscle disease characterized by
left or biventricular dilation and impaired systolic function in the absence of abnormal loading
conditions or coronary artery disease.’** DCM is estimated to affect approximately 1 in 250
individuals in the general population and remains a significant cause of worldwide morbidity and
mortality despite advances in the management of heart failure in patients with DCM.*> While
mutations in the TTN gene, which encodes the giant sarcomeric protein titin, are the most common
cause of DCM, and account for approximately 20-25% of cases,**® the genetics of DCM are
complex with mutations in over 60 genes having been linked to this disease.**” Among the myriad

DCM-linked genes that have been identified, RNA binding motif protein 20 (Rbm20) is unique as
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it is one of only a handful of splicing factors that, when mutated or genetically ablated in humans
and animal models, leads to the development of DCM.*#3%0 Mutations in RBM20 are estimated

to account for ~3% of familial cases of DCM.341-342

Rbm20 is a trans-acting splicing factor that is highly expressed in skeletal and cardiac
muscle.** To date, Rbm20 has been shown to regulate the alternative splicing of more than 30
genes, the most well-studied of which is TTN.?>* Loss-of-function studies in Rbm20 knockout
(KO) rats and mice demonstrated that Rbm20 not only modulates myocardial stiffness by
regulating titin isoform expression, but also affects cardiomyocyte contractility via the splicing
regulation of genes involved in Ca2+-handling, such as Ryr2 and Camk2d.>**** Indeed, the DCM-
like phenotype that develops in Rbm20 KO rats and mice is thought to result primarily from (1)
reduced diastolic stiffness due to the expression of more compliant titin isoforms and (2) impaired
contractility secondary to alternative splicing of Ca2+-handling genes.**7% Yet, the possibility
that additional factors contribute to the development of DCM in Rbm20 KO animals cannot be

ruled out.

In an effort to identify additional networks of dysregulated genes in Rbm20 KO rats that
could contribute to the development of DCM, we previously employed global transcriptome
profiling.*** This approach enabled the identification of changes in the expression of
approximately 400 genes, including titin-interacting and Ca2+-handling genes, in the KO rat
ventricular myocardium throughout post-natal development;*** however, given the notoriously

347-3%9 examination of gene expression at the

poor correlation between transcript and protein levels,
protein level to identify genes with altered expression in Rbm20 KO animals is warranted. Thus,

in this study, we employed global quantitative mass spectrometry (MS)-based proteomics to profile
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changes in the cardiac proteome in Rbm20 KO rats and gain insight into alterations precipitating

Rbm20 deficiency-associated DCM at the protein level.
Materials and methods
Chemicals and reagents

All reagents were purchased from Millipore Sigma unless otherwise noted. HPLC grade
water, formic acid, and acetonitrile were purchased from Fisher Scientific (Fair Lawn, NJ, USA).

4-Hexylphenylazosulfonate (Azo) was synthesized in-house as previously described.?!%*>

Animals and tissue collection

Male and female wild type (WT) and Rbm20 homozygous knockout (KO) rats (Rattus
norvegics) were used in this study. Rbm20 KO rats have been described previously.***%! All rats
were crosses of Sprague-Dawley (SD) Brown Norway (BN) (all strains were originally obtained
from Harlan Sprague Dawley, Indianapolis, IN, USA). Rats with mixed genetic background were
backcrossed three generations with pure SD strain resulting in rats that have a genetic background
that is approximately 96% SD and 4% BN. Animals were maintained on a standard rat chow diet.
All procedures involving animals were carried out following the recommendations in the Guide
for the Care and Use of Laboratory Animals published by the National Institutes of Health and
were approved by the Institutional Animal Care and Use Committee of the University of
Wisconsin—Madison. WT and KO rats (n = 8 each) were sacrificed at three weeks-of-age, hearts

were excised, snap frozen in liquid nitrogen, and stored at -80 °C for later use.

Protein extraction
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Proteins were extracted from approximately 120 mg of ventricular tissue using the
procedure developed by Aballo et al.*?? to fit the scale used by Jin et al.3® Briefly, tissue was washed
twice in 2 mL of Mg2+/Ca2+-free DPBS containing 1 HALT protease and phosphatase inhibitor
cocktail (Thermo Fisher Scientific, Waltham, MA, USA). After washing, tissues were
homogenized in 1.5 mL of lysis buffer (25 mM ammonium bicarbonate, 10 mM L-methionine, 1
mM dithiothreitol (DTT), and 1 HALT protease and phosphatase inhibitor cocktail) using a Pro
200 electronic homogenizer from Pro Scientific Inc. (Oxford, CT, USA). After initial
homogenization, 1.5 mL of Azol9 extraction buffer (0.2% (w/v) Azo, 25 mM ammonium
bicarbonate, 10 mM L-methionine, 1 mM DTT, and 1 HALT protease inhibitor cocktail) was added
and samples were homogenized a second time. Homogenates were centrifuged at 21 100 g for 30
min (4 °C) and the supernatants were recovered. The recovered protein extracts were analyzed by
SDS-PAGE to assess the reproducibility of protein extraction, digested for liquid chromatography

(LC)-tandem MS (MS/MS), and used for Western blot analysis.
Protein digestion and LC- MS/MS analysis

The concentration of protein extracts was determined using the Bradford protein assay and
100 mg of total protein from each sample was digested using the 1-hour digestion procedure
employed by Aballo et al.>?? Resulting peptides were desalted using Pierce C18 Tips from Thermo
Fisher (Waltham, MA, USA) following the manufacturer’s instructions. Samples were evaporated
to dryness under vacuum then reconstituted in mobile phase A (0.2% formic acid in water). The
concentration of samples was determined using a NanoDrop Onec Microvolume UV-Vis
Spectrophotometer from Thermo Fisher Scientific and all samples were adjusted to a final volume
of 0.2 mg mL1 with mobile phase A. Peptides were separated by reverse phase LC (RPLC) using

a Bruker nanoElute with an IonOpticks Aurora CSI C18 column, injecting 1 mL and using a 90
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minute stepped gradient of 5-5-65-95-100-5-5% mobile phase B (0.2% formic acid in
acetonitrile) over 0—5-65-95-105—-106—120 minutes at 55 °C. Detection of separated peptides was
performed though online coupling with a Bruker timsTOF Pro using datadependent analysis to

select the top-10 precursor intensities and fragment by parallel accumulation serial fragmentation

(PASEF)."”
Western Blot

Azo-containing protein extracts were mixed with 4 Laemmli buffer, boiled at 98 °C for 3
min, and resolved by SDS-PAGE on homemade 10% polyacrylamide gels. Proteins were
transferred to Immun-Blot PVDF Membranes for Protein Blotting (0.2 mm pore size, Bio-Rad,
cat# 1620177) at 300 mA for 90 min in a cold room (4 °C). To block, membranes were incubated
in TBST with 5% (w/v) nonfat dry milk for 1 h at room temperature, followed by incubation in
primary antibody solution containing 5% (w/v) nonfat dry milk and diluted Msrb2 (1:500,
Proteintech, cat# 17629-1-AP) or Gapdh (1:1000, Cell Signaling Technology, cat# 2118) primary
antibodies in TBST overnight at 4 °C. The membranes were removed from primary antibody
solution and washed 5x 5 min with TBST followed by incubation in TBST with 3% (w/v) nonfat
dry milk and diluted HRP-conjugated secondary antibody (1:3000, Promega, cat# W4018) for 1 h
at room temperature. Subsequently, membranes were washed 5x 5 min with TBST, overlayed with
SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific, cat# 34577),
and imaged using a ChemiDoc Imaging System (Bio-Rad). Band densities were quantified using
ImagelJ.3>? Msrb2 band densities were first normalized to Gapdh and then to a replicate WT sample
loaded on each gel yielding relative Msrb2 intensities normalized to Gapdh. The significance of

the difference between group means was determined using a two-tailed Student’s t-test.

Data analysis
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Data analysis was performed using MaxQuant (v1.6.5.0) to search all reviewed canonical
and isoform data for Rattus norvegicus in Uniprot (downloaded January 12, 2021) and quantify
protein expression by label-free quantitation (LFQ). MaxQuant results were processed using both
LFQ analyst®> and Perseus (v1.6.14.0).%** To allow for statistical analysis of the data, data
imputation was carried out in Perseus (for Perseus-type imputation, missing values are replaced
by random numbers drawn from a normal distribution with a width of 0.3 and down shift of 1.8).3%
Significance testing in Perseus was performed using a two-tailed Student’s t-test with P-value
truncation and threshold P-value of 0.05. Protein network analysis of differentially expressed
proteins was performed using STRING 11.0°% and Cytoscape 3.8.2.>!* Gene ontology (GO)

analysis was performed in STRING, using the 22,763 distinct protein encoding genes in the Rattus

norvegicus database as the enrichment background.
Results and discussion
Rbm20 KO rats

To identify changes in the rat cardiac proteome associated with Rbm20 KO, we carried out
proteomic analysis of hearts from 3 week-old Rbm20 KO rats. The Rbm20 KO rat strain contains
a spontaneous deletion of ~95 kb on the long arm of chromosome 1 that removes all exons
following exon 1 of the Rbm20 gene.** Consequently, these rats do not express Rbm20 at either
the transcript or protein levels.** Our previous analysis of cardiac function in these rats revealed
that they develop DCM with chamber dilation and cardiac dysfunction by 6 months-of-age.>
However, rats up to 3 months-of-age lack any apparent phenotype with cardiac structure and
function being similar to that in age-matched WT rats despite decreased myocardial stiffness
resulting from titin isoform switching.>>® To identify changes in the cardiac proteome associated

with Rbm20 ablation, we chose to study rats at 3 weeks-of-age (21 days) as interrogation of the
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cardiac proteome at this timepoint would be expected to provide insights into proteome changes

associated with Rbm20 loss while avoiding confounding changes associated with DCM itself.
Reproducibility of protein extraction and LC-MS/MS analysis

To assess changes in the cardiac proteome associated with Rbm20 deficiency, proteins were
extracted from the myocardium of 3 week-old WT and KO rats (n = 8 each) using a one-step
protein extraction procedure with the photocleavable MS-compatible surfactant Azo (Fig.
AL1A).*>* Analysis of protein extracts by SDS-PAGE with Coomassie blue staining confirmed
highly reproducible protein extraction from both WT and KO rat myocardium across biological

replicates (Fig. AI.1B).

Consistent with the reproducibility of protein extraction, LCMS analysis of protein extracts yielded
total ion chromatograms that were consistent across WT and KO biological replicates (Fig. AL.S1).
Moreover, logs transformed peptide intensities were in accordance across biological replicates as
indicated by average Pearson correlation coefficients of 0.98 and 0.97 for all WT and KO
biological replicates, respectively (Fig. AI.1C). To determine whether the protein intensity profiles
were similar across WT and KO biological replicates, individual log2 transformed peptide LFQ
intensities were binned and plotted in histograms. As shown in Fig. S2 and S3, protein intensity
profiles were in good agreement across WT and KO biological replicates, respectively.
Collectively, these results demonstrate the high reproducibility of protein extraction and LC-MS

analysis.
Identification of proteins in myocardial extracts prepared from WT and KO rats

A total of 2425 and 2379 proteins were identified by LC-MS/MS in all WT and KO

biological replicates, respectively (Tables AL.S1 and AIL.S2). It should be noted that these numbers
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are lower than the number of identifications previously obtained from human myocardial protein
extracts (approximately 4000 protein identifications) using the same method.*?? This difference
can be explained by the fact that the rat database lacks the completeness of the human database,
with only one fifth the number of human entries. Comparison of the protein identifications between
WT and KO rat samples yielded a list of 2287 proteins that could be reproducibly quantified across
all 16 samples, with an additional 138 and 91 unique proteins that could only be quantified in WT
and KO ventricular myocardium, respectively (Fig. AI.2A). To assess patterns among WT and KO
biological replicates principal component analysis (PCA) was performed. As expected, PCA
showed that biological replicates were generally clustered into two groups, one containing the
biological replicates from WT and the other KO biological replicates (Fig. AI.2B)—a result that

highlights the difference between the WT and KO cardiac proteomes.

Differentially expressed proteins (DEPs) in RBM20 KO rat myocardium contribute to pathological

cardiac remodeling

Quantitative global proteomic analysis enabled the identification of 103 proteins that are
differentially expressed in KO versus WT rat myocardium (Fig. AL.3). Of the 103 DEPs, 48 and
55 were up- and down-regulated, respectively, in KO relative to WT. Differences in the expression
levels of the nine proteins with the highest logio P-values are shown in boxplots to visualize the
spread in protein LFQ values for individual biological replicates (Fig. AI.S4). Not surprisingly,
one of the proteins with the greatest change in expression was Rbm20 (Fig. AL.3 and Fig. A1.S4),
which was not detected in any of the KO rat samples consistent with the complete loss of Rbm20
transcript and protein expression in this rat model.>** Note that the values for Rbm20 shown in
Fig. AL.S4 for the KO rat samples are the result of data imputation to replace the missing values

and allow for statistical analysis in the Perseus software platform (see Methods). As expected,
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comparison of the list of DEPs to previously identified differentially expressed genes revealed
several discrepancies between the proteomics and transcriptomics data at 20 days post-birth,
although several changes were consistent, such as upregulation of proenkephalin-A (Penk) (Table
AILS3). Additionally, to identify common processes and functions, as well as interactions, among
the DEPs, the gene ontology (GO) and STRING databases were searched using the list of DEPs

(Fig. AL4, AL5 and Fig. ALS5).

Notably, quantitative proteomics analysis identified changes in the expression of several
titin-interacting proteins in KO rat myocardium. We have previously shown that four and a half
LIM domains 1 (Fhll) and ankyrin repeat domain 1 (Ankrd1, also known as cardiac ankyrin repeat
protein or Carp) are upregulated at the transcript level in KO rat myocardium.*** Upregulated
expression of Fhll in the Rbm20 KO rat ventricle has also been confirmed at the protein level
previously using Western blot. *** Herein, quantitative proteomic analysis allowed us to confirm
the upregulation of Ankrd1 at the protein level at 21 days after birth even though protein transcript
expression was not changed until 49 days post-birth for Ankrd1 (Table AI.S3),** and also identify
a decrease in the expression of four and a half LIM domains 2 (Fhl2) (Fig. AL.3). Ankrdl has been
shown to bind to the N2A region of titin,**’ and is a functionally pleiotropic protein that plays roles
in transcriptional regulation, sarcomere assembly, and mechano-transduction in the heart.’*
Importantly, Ankrdl is upregulated in response to hypertrophic stimuli and in human heart
failure;**>*%° and plays a direct role in hypertrophic gene expression via modulation of Erk/Gata4
phosphorylation.*®! Fhll has previously been shown to exist as part of a biomechanical stretch
sensor complex that is localized to the titin N2B spring element and, similar to Ankrd1, has been
362

shown to be important for the development of stress-induced pathological cardiac hypertrophy.

STRING network analysis showed an interaction between Ankrd1 and Fhi2 (Fig. AL.5), and indeed
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there is evidence in the literature supporting a direct interaction between Ankrd1l and Fhl2.3%
However, in contrast to Ankrd1, previous studies have demonstrated that Fhl2 negatively regulates
cardiac hypertrophy.>** Specifically, prior studies have shown that Fhl2 prevents activation of the
hypertrophic transcription factor NFAT through interactions with activated calcineurin—the
phosphatase responsible for dephosphorylating and, thus, activating NFAT.>%* Collectively, these
changes suggest that alterations in the expression of titin-interacting proteins involved in
mechanical stretch-based signaling and hypertrophic gene program induction in Rbm20 KO rats

may contribute to the development of pathological cardiac remodeling in KO animals.

Pathological phenotype in RBM20 KO rats is associated with altered mitochondrial metabolism

and/or dysfunction

GO analysis revealed that many of the DEPs are involved in metabolism, including organic
substance metabolism, cellular metabolism, and metabolic processes (Fig. Al.4). In agreement
with this, the most highly downregulated protein in the KO rat myocardium was 3-hydroxy-3-
methylglutaryl-CoA synthase 2 (Hmgcs2), a key mitochondrial enzyme that catalyzes the rate-
limiting step in ketogenesis.*®> Notably, we previously found that Hmgcs?2 is downregulated at the
transcript level for at least 20 days following birth in Rbm20 KO rat myocardium, although
expression was not significantly different between WT and KO at 49 days post-birth (Table
ALS4)3* In addition, the expression of several other proteins with the GO designation
“mitochondrion” (GO: 0005739), including enoyl-CoA hydratase 1 (Echl), pyruvate
dehydrogenase kinase 4 (Pdk4), and aldehyde dehydrogenase 1 family member B1 (Aldhlbl), was
downregulated in KO rat myocardium (Fig. AL.3). Our previous analysis uncovered several other
differentially expressed genes at the transcript level, including Cenbl, Dguok, and Trubl, all of

which were upregulated 20 days after birth (Table AL.S4).3*
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In addition to these changes, the mitochondrial chaperone TNF receptor associated protein
1 (Trapl), a member of the HSP90 protein family, was also significantly upregulated in KO versus
WT rat myocardium (Fig. AlL.3). A prior study has shown that Trapl expression protects against
myocardial ischemia/reperfusion injury by limiting mitochondrial dysfunction.*®® Moreover, the
protein with the greatest increase in expression in the KO rat myocardium was mitochondrial
methionine-R-sulfoxide reductase B2 (Msrb2) (Fig. AI.3A), which has previously been implicated
in mitophagy,*®’ a cellular process that removes damaged or unneeded mitochondria.*®® Increased
expression of Msrb2 in the Rbm20 KO rat myocardium was confirmed by Western blot (Fig. A1.3B
and C). Our group and others have previously shown that the intracellular Ca2+ concentration is
increased during diastole in cardiomyocytes from Rbm20 KO rats and mice relative to that in cells
from WT rats and mice.***** Given the exquisite sensitivity of mitochondria to intracellular Ca2+

concentrations,>®

it is tempting to speculate that increased Msrb2 may reflect an upregulation of
mitophagy to remove damaged/dysfunctional mitochondria and limit cardiomyocyte cell death
resulting from mitochondrial Ca2+ overload in Rbm20 KO rats. Nevertheless, it is worth noting
that not all identified mitochondrial proteins were downregulated in the hearts of Rbm20 KO rats.
Thus, whether the observed changes are reflective of mitochondrial removal or broad rewiring of
mitochondrial metabolism will require further investigation. Nevertheless, taken together these

findings implicate altered cellular metabolism in the development of DCM secondary to Rbm20

loss.
Conclusion

In summary, herein we employed global quantitative MS-based proteomics to identify
changes in the cardiac proteome in Rbm20 KO rats and gain insight into alterations potentially

involved in the development of DCM resulting from Rbm20 ablation. Our proteomics analysis
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uncovered changes in the expression of several known titin-interacting proteins congruent with the
induction of pathological cardiac hypertrophy. In addition, we found that the expression of a
number of metabolic enzymes localizing to the mitochondria was decreased concomitant with the
upregulation of the mitochondrial chaperone Trap1 in Rbm20 KO rat myocardium. These changes
are consistent with the idea that Rbm20 ablation is associated with altered mitochondrial
metabolism and dysfunction, which may contribute to the development of DCM. Moreover, the
upregulation of Msrb2—a protein previously implicated in mitophagy—in the myocardium of
Rbm20 KO rats is consistent with this notion and may be an adaptive change to clear dysfunctional
mitochondria from cardiomyocytes. It should be noted that, although studying changes in the
cardiac proteome of Rbm20 KO rats at 3 weeks-of-age avoids confounding changes associated
with DCM, myocardial stiffness is altered in these mice due to titin isoform switching and could
contribute to the detected changes in protein expression. Moreover, as Rbm20 is a splicing factor,
changes in the splicing of Rbm20 target transcripts likely play an important role in DCM
development in Rbm20 KO rats, however, changes in splice isoform expression are difficult to
quantify using peptide-based proteomics approaches such as that employed in this study as peptide
recovery is limited and recovered peptides often map to multiple protein isoforms (the so called
“protein inference problem”2®). Nevertheless, these findings provide the first report on changes in
the cardiac proteome associated with loss of Rbm20 and highlight several changes in the cardiac
proteome of Rbm20 KO rats that may contribute to the development of DCM independent of

alterations in splicing.
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Figure AL.1. Schematic of protein extraction workflow and LC-MS/MS analysis (A). Using a one-

step Azo-enabled extraction, ventricular tissue from WT and RBM20 KO rats (n = 8 each) was

analyzed. SDS-PAGE confirmed reproducibility of extraction performance (B, WT biological

replicates shown). Pearson correlation analysis was performed among biological replicates,

showing an average r value of 0.98 for the WT samples (C).
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Figure AL.3. Volcano plot showing the 103 proteins that are differentially expressed in Rbm20 KO
versus WT rat myocardium (A). Western blot analysis of Msrb2 expression in Rbm20 WT (n = 7)
and KO (n = 8) rat myocardium. B. Representative Western blot showing Msrb2 expression in
Rbm20 WT and KO rat ventricular myocardium. Gapdh served as a loading control. C.
Quantification of Msrb2 expression. Bar graphs indicate mean * SD. The significance of the

difference between group means was determined using a two-tailed Student’s t-test.



204

Biological Process Cellular Components  Molecular Function
. Organic Cyclic
Organic Subtance
Metabolism RELALLYA Organelle &) kP Cmg?nodlmg 73/5205
Cellular Membrane- L
Metabolism 55/3855 &;I%L;?‘gﬁg 73/5957 lon Binding 46/2668
Developmental Protein
pislond 42/2616 Cytoplasm JGIHE Binding| 48/3021
Metabolic Catalytic
Sateld 48/3472 Intracellular [GRILGEE) ‘Activity| 38/2662
Cellular I
Ahvsvell 49/3627 (o] | 64/5141 Binding | 32/2244
0 10 20 0 5 1015 20 25 0 5 1015 20 25
-Logw FDR -Logw FDR -Logi FDR

Figure AlL.4. GO analysis using String for the top-5 terms is plotted against of the —Logio FDR,

with the number of genes identified/number of background genes overlaid on bar chart bars.
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Figure ALS. String also enabled the generated of an interaction map for known proteins, with
nodes colored by Log2 fold change in expression. A total of 62 proteins had known interactors

within the 99 differentially expressed proteins, while 37 had no known interactors.
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Rbm20 ablation is associated with changes in the expression of titin-interacting and

metabolic proteins
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Table AL.ST1. Number of protein groups identified across eight biological replicates of WT rat
hearts. A total of 2425 protein group identifications were shared across all eight biological
replicates.

Replicate Protein Groups
WT 1 2644
WT 2 2654
WT 3 2672
WT 4 2645
WT 5 2685
WT 6 2627
WT7 2670
WT 8 2635
Total Shared 2425

Table AL.ST2. Number of protein groups identified across eight biological replicates of RBM20
KO rat hearts. A total of 2379 protein group identifications were shared across all eight biological
replicates.

Replicate Protein Groups
KO 1 2583
KO 2 2647
KO3 2588
KO 4 2633
KO 5 2655
KO 6 2656
KO 7 2657
KO 8 2619
Total Shared 2379
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Figure AIL.S1. Overlay of total ion chromatograms from eight WT (A) and eight RBM20 KO (B)
biological replicates. Excellent reproducibility between biological replicates was observed.
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Figure AL.S2. Histograms showing protein intensity and counts of identified proteins binned by
intensity range for the eight WT rat heart biological replicates.
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Figure AL.S3 Histograms showing protein intensity and counts of identified proteins binned by
intensity range for the eight RBM20 KO rat heart biological replicates.
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Figure AL.S4. Boxplots of the WT and KO expression levels, shown as LFQ intensities, of
differentially expressed proteins with the nine highest —logio P values. Expression of proteins not
detected in a given sample group, such as RBM20 which was not detected in any KO samples,
were generated by imputation using Perseus.
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