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Abstract

Aggregation of protein-based therapeutics can occur during development, production, or
storage and can lead to loss of efficacy and potential toxicity. Native mass spectrometry of a
covalently linked pentameric monoclonal antibody complex with a mass of ~800 kDa reveals
several distinct conformations, smaller complexes, and abundant higher-order aggregates of the
pentameric species. Charge detection mass spectrometry (CDMS) reveals individual oligomers
up to the pentamer mAbD trimer (15 individual mAb molecules; ~2.4 MDa) whereas intermediate
aggregates composed of 6 — 9 mAb molecules and aggregates larger than the pentameric dimer
(1.6 MDa) were not detected/resolved by standard mass spectrometry, size exclusion
chromatography (SEC), capillary electrophoresis (CE-SDS), or by mass photometry.
Conventional QTOF MS, mass photometry, SEC, and CE-SDS did not resolve partially or more
fully unfolded conformations of each oligomer that were readily identified using CDMS by their
significantly higher extent of charging. Trends in the charge-state distributions of individual
oligomers provides detailed insight into how the structures of compact and elongated mAb
aggregates change as a function of aggregate size. These results demonstrate the advantages of
CDMS for obtaining accurate masses and information about the conformations of large antibody
aggregates despite extensive overlapping m/z values. These results open up the ability to
investigate structural changes that occur in small, soluble oligomers during the earliest stages of

aggregation for antibodies or other proteins.



Introduction

Protein aggregation is a common factor in many devastating human diseases, including
Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease among many others.!> Many
protein therapeutics are also prone to aggregation, which can degrade their efficacy and may lead
to adverse patient outcomes.>~> Understanding factors that affect protein aggregation are
important for the development, storage, and shipment of biopharmaceuticals. The effects of
thermal and freeze/thaw stress on the aggregation of biotherapeutics are routinely characterized
for FDA approval of new pharmaceuticals.® Characterization is typically done using methods
such as optical, fluorescence, or electron microscopy, size-exclusion chromatography, capillary
electrophoresis, and dynamic or multi-angle light scattering.” While these methods can often
quantify changes in the abundances of higher order, visible aggregates or protein monomers and
dimers, the resolution at intermediate aggregate sizes (>10 nm - <100 nm) may be limited so that
individual oligomeric states are not distinguished.

Native mass spectrometry (MS) is routinely used for characterizing proteins, DNA, and
the stoichiometry and structures of macromolecular complexes owing to the inherent high
sensitivity and speed of analysis. Native MS has been extensively used to characterize the
masses, stoichiometries, and stabilities of monoclonal antibody therapeutics (mAbs) and drug-

antibody complexes.®!!

However, characterizing higher order aggregates with conventional MS
instruments can be challenging because of detection and resolution limitations associated with
high m/z measurements and the heterogeneity of large molecular complexes. Heterogeneity can
be intrinsic to the sample itself, but also can be the result of adduction of non-volatile salts,

molecules, and solvent to gaseous ions that are formed directly from solution by electrospray

ionization.!>!* Adducts broaden peaks in a charge-state distribution, an effect that can ultimately



prevent individual charge states from being resolved. Under these circumstances, little
information about masses is obtained directly from a mass spectrum. The extent of heterogeneity
typically increases with analyte mass, but limitations on resolving power as a result of sample
heterogeneity are sample dependent.'* The lack of a robust method for measuring the masses and
stoichiometries of higher molecular weight analytes using conventional MS instrumentation
often precludes the characterization of the distribution of higher order oligomers for many
biomolecules of pharmaceutical interest, especially when analyte masses extend into the MDa
range.

Charge detection mass spectrometry (CDMS), in which the m/z and charge of individual
ions are measured independently, overcomes the high mass limitations of conventional M'S

instruments. CDMS has been used to measure the masses of a diverse array of analytes,
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including intact viruses, virus-like particles,!!-?*2! large protein complexes,?>?* cellular
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replication and folding machinery,>*? synthetic polymers,?!-?*26-2% large salt clusters,* aqueous

3132 and synthetic nanoparticles with masses extending into the high MDa and even

nanodroplets,
GDa range.**-*° The advantage of individual ion measurements is that chemical noise is
eliminated — the mass of each ion is measured independently of other ions. This makes it
possible to obtain accurate masses for even highly heterogeneous analytes.!*!® More recently,
Orbitrap instruments have been used to make individual ion measurements as well.3**! Mass
measurements of individual large biomolecules can also be made with mass photometry, which

4244 and

relies upon the scattering of incident light as biomolecules interact with a glass surface,
nanoelectromechanical sensor mass spectrometry, which measures the change in the resonant

frequency of a nanofabricated sensor upon landing of a particle.*#*” CDMS has been compared

to mass photometry and size exclusion chromatography for the characterization of small, heavily



glycosylated antibody therapeutics*® and recent differential ion mobility separations show this
method can provide information about mAb oligomers as large as ~1.2 MDa.*® CDMS has
advantages for investigating antibody aggregation and aggregation-induced conformational
changes, including the ability to measure molecular complexes with masses well into the 100’s
of MDa range. Here, we compare conventional native MS, mass photometry, size exclusion
chromatography, capillary electrophoresis, and CDMS for characterizing the oligomeric

distribution of a covalently bound complex consisting of five identical mAb molecules.*

Experimental

A representative humanized IgG1 antibody heavy chain (HC) was designed with an
appended, slightly modified human cartilage oligomeric matrix protein (COMP) motif (Uniprot:
P49747, pos29-73, DLAPQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMECDACG)
following a (G3S)4 flexible linker at its C-terminus to promote pentameric assembly through
disulfide and coiled-coil formation. This engineered HC and the corresponding kappa light chain
(LC) were cloned separately for co-transfection into in-house mammalian expression vectors
with signal peptides to promote secretion of the recombinant pentameric antibody. Plasmids for
HC and LC were transiently transfected at 1:1 DNA ratio into a 293 cell expression system in
suspension using serum-free defined media (Invitrogen Corporation, Carlsbad, CA). Cell culture
supernatants were harvested after 4-days. High-throughput Protein-A based MabSelect affinity
chromatography using miniature columns (Repligen/Cytiva, Waltham, MA) enabled 1-step
purification of recombinant antibodies from the harvested clarified cell culture fluid (CCCF) to

generate purified material.



Size exclusion chromatography (SEC) was performed using a Waters Acquity BEH450
column (2.5 pm, 4.6 x 150 mm, Milford, MA) using an isocratic flow of 100 mM sodium
phosphate, 200 mM sodium chloride, and 0.02% sodium azide (pH 7). Chromatograms were
acquired using both 214 and 280 nm wavelengths, and integration of the absorption at 280 nm
was performed using EMPOWER 3 (Waters Corporation). The molecular weights of unknowns
were calculated based on the retention time of standards with known molecular weights between
112 Da and ~1.3 MDa analyzed using the same SEC conditions.

Capillary electrophoresis sodium dodecyl sulfate (CE-SDS) was done using a
MauriceFlex instrument and CE-SDS PLUS cartridge (Bio-Techne, Minneapolis, MN) under
non-reducing conditions. The CE-SDS PLUS molecular weight (MW) marker was supplemented
with thyroglobulin to extend the range to 660 kDa. The sample was diluted in CE-SDS PLUS 1X
sample buffer to make a 50 pL solution of 0.5 mg/mL protein. lodoacetamide (IAA) was used as
the alkylation reagent. 2 pL of CE-SDS PLUS 25X Internal Standard and 2.5 pL of 250 mM IAA
were added to the sample and the sample was heated for 10 min at 70 °C. The MW marker and
sample were run with injection at 4600 V over 20 s and separation at 5750 V for 90 min.
Analysis of the acquired data was performed using the Compass for iCE software (Bio-Techne).

Mass photometry (MP) was performed using a Refeyn TwoMP instrument (Refeyn Ltd.,
Oxford, UK). Thyroglobulin and phosphate-buffered saline were used as a calibrant and as a
blank, respectively. The sample was diluted in phosphate buffered saline (PBS) to a final
concentration within an ideal working range of 10-50 nM. For data acquisition, 18 pL of buffer
was added to a well, followed by the addition of 2 pL of the diluted sample. The well contents
were mixed thoroughly, and measurements were started within a duration of 60 s. Analysis of the

acquired data was performed using the DiscoverMP software (Refeyn Ltd.).



For mass spectrometry measurements, covalently linked pentameric mAb complexes
were buffer exchanged into aqueous 163 mM ammonium acetate (pH 6.8) using a Micro Bio-
Spin 6 column (Bio-Rad Laboratories, Hercules, CA). Ions were formed by electrospray (ESI)
from borosilicate emitters that are pulled to a 1.1 £ 0.1 um tip diameter. Emitters were fabricated
in-house from borosilicate capillaries (1.0 mm outer diameter, 0.78 mm inner diameter, Sutter
Instrument, Novato, CA, Part No. BF100-78-10) using a P-87 Flaming/Brown micropipette
puller (Sutter Instrument).*® Tip diameters were measured using a Hitachi TM-1000 scanning
electron microscope (Tokyo, Japan) at the Electron Microscopy Laboratory at the University of
California, Berkeley.

Data were acquired using a quadrupole time-of-flight (QTOF) Premier mass spectrometer
(Waters Corporation, Milford, MA). The source temperature was 80 °C, and the extraction cone,
sampling cone, and ion guide voltages were 3 V, 100 V, and 2 V, respectively. The backing
pressure in the source was 5-10 mbar to assist desolvating larger ions. The collision gas flow rate
was 0.75 mL min’!, resulting in a final argon gas pressure of ~0.002 mbar in the collision cell.
Ions were formed by applying a voltage of ~0.7 — 1.3 kV to a 0.127 mm platinum wire inserted
into the back of nESI emitters and in contact with the solution.

Charge detection mass spectrometry experiments were performed using an instrument
and data analysis methods that are described in detail elsewhere.!®-33-° The instrument consists of
a heated ion transfer tube maintained at 140 °C, three RF-only quadrupole ion guides, and an
electrostatic cone trap.3® To enable transmission over a wide range of m/z values (m/z = ~2,000 —
20,000), data were acquired by sweeping across five different tuning conditions by varying the
voltages and frequencies of the RF-only quadrupoles and ion funnel. Reported relative

abundances are based on the peak height (in counts) of each species. These data were analyzed



with a 10 ms short time Fourier transform window length. All mass spectrometry experiments
were performed at the University of California, Berkeley. All other experiments were performed

at Merck & Co., Inc., San Francisco, CA, USA.

Results and Discussion
QTOF MS and CDMS Characterization of the Pentamer mAb Sample

A covalent pentameric IgG1 complex (valency = 10) was produced through disulfide
bond linkage and non-covalent interactions through a coiled-coil motif at the C-terminus of the
heavy chain (HC) of a conventional mAb. This pentamer form could induce clustering of
specific membrane receptors favoring functional downstream cell signaling pathways. An
electrospray mass spectrum of the pentamer mAb complex acquired with a QTOF mass
spectrometer shows a variety of highly charged species, including two elongated forms of the
pentamer mAb with measured masses of 800.3 + 0.2 kDa (m/z values between 4,000 and 5,500;
charge states +140 — +185) and 800.7 £ 0.4 kDa (m/z values between 6,500 and 7,500; charge
states +104 - +124), as well as a 400.1 £ 0.1 kDa ion (m/z values between 4,000 and 5,000;
charge states +69 - +102) that does not correspond to a complex with an integer number of mAb
molecules (Figure 1a). The extent of protein charging from electrospray ionization is related to
the conformation or shape of proteins in solution.’! Higher charge ions are produced from
proteins with more elongated conformations, indicating that the predominant species in the
sample are elongated pentamer mAbs.

There are also many compact species observed in the QTOF mass spectrum, including a
compact monomeric form of the pentamer mAb complex with a measured mass of 799.6 £+ 0.8

kDa) (m/z values between 12,000 and 14,000; charge states between +57 and +67) (Figure 1a).



There is also signal for the mAb heavy chain (m/z = 3100 — 3600, 47.1 £ 0.1 kDa) and the mAb
monomer (m/z = 5900 — 6500, 160.1 + 0.1 kDa). Charge-state distributions between m/z 8,000 —
11,000 correspond to ions with masses of 320.7 + 0.1 kDa, 488.1 £ 0.6 kDa, and 384.2 £ (.2
kDa. The first two correspond to a dimer and trimer mAb complex, respectively, whereas the
third may correspond to an aggregate or ion consisting of a mAb dimer and a heavy chain. The
broad peaks and elevated baseline between m/z 3,000 and 11,000 clearly indicate the presence of
other species that are unresolved. Although masses can be obtained for the dimer and trimer in
this region, other components contributing to the signal underneath these distributions cannot be
obtained directly.

There is a broad, unresolved peak at m/z = 16,000 — 19,000 (Figure 1a). Because charge-
state resolution was not achieved, a mass was not obtained, but it almost certainly corresponds in
part to a dimer of the pentamer complex (~1.6 MDa) based on the m/z range. The pentamer
appears to be relatively homogenous based on the resolved charge-state distributions, but salt or
solvent adduction as well as binding of smaller species to high mass ions can lead to broad,
overlapping peaks in a m/z spectrum that are not resolved, making it more difficult to
characterize MDa-sized complexes. There is no identifiable signal for oligomers larger than the
dimer of the pentamer complex.

The same pentamer sample was analyzed using CDMS and these data are shown in the
form of a mass histogram (Figure 1b) and a two-dimensional representation of the same mass
and charge data (Figure 1¢). The mass histogram (Figure 1b) is analogous to a deconvolved mass
spectrum obtained with conventional mass spectrometers. The two-dimensional plot (Figure 1c)
provides information about the extent of charging or shape of the complexes.'® Both highly

elongated and compact species are observed. The different structures can be distinguished based



on the differing number of charges even for ions that have the exact same mass. Highly
elongated forms of the monomer (161.1 £ 0.5 kDa), dimer (324.1 + 0.9 kDa), trimer (478.8 £ 1.2
kDa), tetramer (647.1 + 2.0 kDa), and pentamer mAbs (799.2 + 0.9 kDa) are abundant. There is
also an ion at 402.8 + 2.6 kDa that does not correspond to an integer number of mAbs that was
also observed in the QTOF data. The masses determined from the highly charged forms of these
species are in good agreement with the masses obtained from the QTOF mass spectra. There are
also a number of highly charged oligomers consisting of the pentamer mAb and and smaller
mAb oligomers. The largest oligomer is a highly charged form of the pentamer mAb trimer (15
mAbs, 2.40 + 0.01 MDa). Each of the high charge forms of these aggregates span a similar m/z
range (~4,000 — 6,000) and are likely present in the QTOF mass spectrum but are not resolved
underneath the distribution for the abundant, elongated form of the pentamer. These data
demonstrate that CDMS can quantify low abundance species when there are many ions of similar
and overlapping m/z, making it possible to identify the composition of biotherapeutic samples
that contain multiple species.

In addition to the high charge state forms of the complexes, lower charge distributions are
also observed for each oligomer in the CDMS data, consistent with more compact
conformations. The most abundant low charge species is the pentamer mAb (825.0 £ 2.6 kDa)
with an average charge of +64, similar to that in the QTOF data (+62). In the QTOF data, the
higher charged forms of this complex are the most abundant form of the pentamer mAb whereas
the more compact form is more abundant in the CDMS data. This difference in abundance may
be due to lower ion transmission and/or lower detection efficiency of high m/z ions in the QTOF
instrument. The compact dimer of the pentamer complex (1.61 + 0.01 MDa) consisting of a total

of 10 mAb molecules is ~16% abundance relative to the compact monomer. Other low charge,
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lower mass species are also observed, including the mAb monomer (173.1 + 5.2 kDa, at low
abundance), dimer (344.4 £+ 5.1 kDa), trimer (492.7 £ 5.1 kDa), and tetramer (657.1 £ 4.3 kDa),
as well as a 420.8 £ 12.1 kDa complex corresponding to a non-integer number of mAbs (Figure
Ic). The CDMS masses for these compact species are ~2-8% higher than the masses obtained
from the QTOF data and from the higher charge forms of these oligomers in the CDMS data.

5234 indicating

Higher protein charge states retain fewer adducts compared to lower charge states,
that the overweight masses obtained for the compact forms of these oligomers is likely caused by
adduction of small molecules, including water, as a result of the gentle conditions of the CDMS
instrument. Additional activation of the ions prior to CDMS detection should reduce this mass
discrepancy as is often done with conventional MS instruments. The mAb tetramer was not
observed in the QTOF MS data, but the low abundance of this ion in CDMS data indicates that it
may contribute to the heterogeneity between m/z = 10,000 — 11,000 in the QTOF mass spectrum.
The abundance of the pentameric dimer is significantly higher in the CDMS data than in the
QTOF data. CDMS indicates that the higher charged forms of the pentameric dimer are ~5.9
times greater in abundance than that of the lower, more compact form. These ions appear in a
similar range of m/z as the elongated pentamer. These are not resolved in the QTOF data but
would contribute to signal intensity attributed to the pentamer in this region. This same
phenomenon of overlapping m/z distributions is true for other more extended forms of the large
oligomers. Another contributing factor to differences in signal abundances between the QTOF
and CDMS data at high mass is that there is not a detection mass bias in CDMS once the number
of charges on an ion exceeds the detection limit,** but sensitivity decreases at high m/z in QTOF

instruments. We conclude that the abundance of pentameric dimer measured in CDMS is more

reflective of the solution composition.
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Some aggregation can occur as a result of analyte concentration during electrospray
droplet evaporation.!*>>* To determine if that is possible here, the average number of molecules
per droplet was estimated from the droplet size formed from an emitter with a tip diameter of 1.1
um and ~1 uM analyte concentration.!*->>->7 Under these conditions, there is on average one
analyte molecule per twelve droplets, indicating that significant aggregation in the electrospray
process is unlikely and that the oligomers must originate from solution. Because the m/z and z
are determined independently with CDMS, it is possible to resolve a broad variety of species that
have overlapping m/z values, but different extents of charging. As a result, CDMS shows
significant promise as a technique for measuring the relative abundances of compact and
elongated species with sufficient resolution to identify and characterize different forms of

individual antibody oligomers.

Comparing MS-Based Characterization with Conventional Techniques

Aggregation in biopharmaceutical products is typically characterized using methods such
as size exclusion chromatography (SEC), capillary electrophoresis sodium dodecyl sulfate (CE-
SDS), and more recently, mass photometry. A mass photometry histogram was acquired on the
same pentamer mAb sample (Figure 2a). There are peaks at 819 + 32 kDa and 1.64 £ 0.06 MDa
that correspond to the pentameric mAb complex and its dimer. The few counts between 2.3 MDa
and 2.7 MDa may indicate the presence of a pentamer mAb trimer, but the mass spread in these
data indicate that the signal is due to background noise or conformational heterogeneity of the
higher order aggregates (Figure 2a). Mass photometry also indicates the presence of several
lower mass species (80 + 23 kDa, 326 + 24 kDa and 485 + 25 kDa) which may correspond to a

mADb heavy chain, as well as two and three mAb complexes (Figure 2a). There is also a broad
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peak centered at 1.29 £+ 0.10 MDa that may correspond to aggregates of the pentamer mAb and
other smaller mAb species (Figure 2a). The mass photometry data do not provide any indication
of the different forms of the pentameric complex that are clearly distinguished in the mass
spectrometry datasets.

The same pentamer mAb sample was analyzed using a standard SEC workflow for
antibody analysis. The SEC data for the pentamer mAb sample has three predominant peaks at
3.00 min (621 kDa), 2.63 min (1.28 MDa), and 2.42 min (1.80 MDa) (Figure 2b). These masses
do not correspond to any of the species observed by QTOF MS, CDMS, or by mass photometry.
SEC separates analytes based on hydrodynamic radius, but samples containing multiple
oligomers that each have conformational heterogeneity can result in ambiguous assignments of
masses and identities to peaks in the SEC trace. Column interactions may also play a role in the
ambiguous assignment of peak identities. Fractions were collected for each these three peaks and
characterized using QTOF MS and CDMS. Both QTOF and CDMS mass spectra of the main
peak fraction (2.63 min) show approximately equal abundances of the compact and elongated
form of the pentamer mAb monomer as well as the smaller mAb dimer, trimer and a ~400 kDa
species that does not correspond to an integer number of mAb monomers (Figure Sla,b). A low
abundance of compact pentamer mAb dimer was also detected. No protein signal was resolved in
fractions collected from other peaks in the SEC trace. These data indicate that standard SEC
workflows for mAb characterization do not sufficiently separate the individual oligomeric forms
of the pentamer mAb. While additional fraction collections with MS analysis and optimization of
the SEC separations would likely lead to improved separation and information, a standard
workflow for mAb characterization was chosen as being most representative of the information

that is obtained from a standard analysis as was done for the other methods.
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This sample was also characterized using nonreducing CE-SDS separations, which
resulted in 8 peaks. The most abundant peak at 3.28 min likely corresponds to the pentamer
mAb. The molecular weight determined by CE-SDS for the pentamer is 674 kDa, which is
15.8% lower than the mass determined by mass spectrometry. There are several sources of error
in determining the molecular weight of proteins using CE-SDS, making identification of the
other peaks ambiguous.’® The presence of species both larger and smaller than the pentamer
mADb is consistent with the data obtained by mass spectrometry and mass photometry. In contrast
to these conventional methods, CDMS provides information about the mass and conformation of
individual antibody oligomers from a single measurement, and these data make it possible to

unambiguously identify species based on their mass and charge.

Characterizing the Conformational Heterogeneity of mAb Oligomers with CDMS

The ability to clearly resolve different conformations from the charge-state distribution of
each oligomeric state of the mAb monomer can provide insight into how the structure of
successive oligomers evolves with their increasing size. There are both compact and more
elongated forms of all of the oligomers observed in the CDMS data. The charge-state distribution
of the compact and elongated species for each oligomer are shown as a function of the number of
mAb molecules in the oligomer in Figure 3. The abundances of both forms are normalized
separately so that they can be more clearly seen on the combined plot. The average charge of the
most compact structures (charged near the Rayleigh limit) gradually increases from ~32 e to ~95
e as the oligomer size increases from the n =1 to n = 9, where n refers to the number of mAb
molecules in the oligomer (Figure 3, compact conformations shown in red). The n = 9 oligomer

clearly has two conformations at lower (~85 e) and higher (~95 e) charge. This trend in charging
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with increasing size (shown by a gray arrow) indicates that at n = 10, only the lower charge
conformer exists (shifted to slightly higher charge (~97 e) owing to the higher mass). These data
indicate that a more compact conformational state is strongly favored for the n = 10 species. It is
more difficult to distinguish individual peaks corresponding to different conformations in the
charge plots for higher order oligomers due to the heterogeneity inherent to MDa-sized
complexes and their lower overall abundance, but there is a clear overall shift of the elongated
species towards forming more compact structures at larger sizes.

The same analysis was performed for the highly charged ions above the Rayleigh line
(Figure 1c and Figure 3 black data). The broader range of charging shows that the higher charged
species have more conformational heterogeneity than the compact forms, and that this
heterogeneity increases with increasing oligomer size. There is a difference of ~+50 e between
the most elongated conformation of each oligomer between n = 1 and n = 5. This approximately
linear increase in charge indicates that these species are highly elongated. However, beginning at
n =3, the abundance of lower charge (~71 e and ~107 e) peaks are indicative of the formation of
more compact, partially elongated structures. These peaks may arise from the aggregation of
both elongated and compact conformers or from the structural rearrangement of larger elongated
species into more compact structures. Three distinct peaks are also observed for the n =4
oligomer (~75 e, ~142 e, and ~189 ¢), which are mostly consolidated into two peaks at
intermediate charges of ~122 e and ~180 e for the n = 5 predominant pentameric species (Figure
3), consistent with the two less compact structures observed in the QTOF data (Figure 1a). The
fully elongated species of the pentamer mAb (~240 e) appears to be heavily disfavored compared

to the two more compact, but still elongated, species. These data demonstrate that small
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oligomers can have considerable conformational heterogeneity and that the structures and
conformational ensemble of each successive oligomer can change significantly.

For aggregates larger than the pentamer mAb, the extent of charging for the elongated
forms decreases suddenly. The charge-state distribution for the » = 6 oligomer has two peaks for
elongated conformations that are both ~30 e lower charge than the two peaks for elongated
species of the n = 5 oligomer. Larger aggregates show a gradual increase in the extent of
charging until the n = 10 oligomer. The peaks at ~184 e and ~203 e for the » = 10 oligomer are
significantly lower in abundance for the n = 11 oligomer whereas the lower charge ~157 e peak
remains abundant, indicative of a preference for a more compact structure despite the increase in
mass and oligomeric state. Resolution of distinct peaks in the charge-state distribution is lost
with increasing oligomer size due to the increasing inherent heterogeneity of these larger
complexes. However, the overall distribution of charge states for the less compact oligomers
between n = 11 and n = 15 increases at a rate similar to that of the compact forms. This suggests
that the elongated forms of successively larger mAb oligomers progressively tend toward more
globular structures. These data clearly show that the pentamer mAb (n = 5) and pentamer mAb
dimer (n = 10) have distinct conformations that are important in the aggregation process. The
oligomeric states subsequent to these key species yield ions with lower charge, suggesting more
compact structures are formed via structural rearrangement. These data demonstrate that CDMS
can clearly track conformational changes associated with the oligomerization processes of large
proteins and also indicate that mAb oligomers possess unique conformations that are not merely
amorphous aggregates of monomer subunits.

CDMS appears to be uniquely suited for characterizing the aggregation process of species

with masses extending into the MDa range due to the ability to readily resolve individual
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oligomers both by mass and by conformation. The ability to readily resolve many different
conformers of the same mass ion based on resolved charge-state distributions irrespective of
overlapping m/z values with other ions is analogous to the ability of ion mobility combined with
mass spectrometry to resolve different conformers based on differences in collisional cross
sections.* These features of CDMS show significant promise as a characterization technique to
investigate antibody aggregation during the development, storage, and shipment of
pharmaceuticals, as well as early stage, transient protein oligomers implicated in

neurodegenerative diseases.

Conclusions

Information about the masses and conformations of large macromolecular complexes can
be readily obtained using CDMS even for highly heterogeneous mixtures, making it a promising
technique for studying monoclonal antibody aggregation and degradation products. Protein
charge-state distributions generated from ESI reflect solution-phase conformations. The presence
of multiple resolved charge-state distributions for the same size oligomer indicates that these
different structures exist in solution and are preserved through the ionization process under the
soft mass spectrometry interface conditions that were used.’!:*° Many aggregates of a mAb and
pentamer mAb complex that are detected and resolved by CDMS are not detected by other
methods often used to measure the extent of aggregation. The pentamer mAb and dimers are
observed with mass photometry, conventional native MS, and SEC, as are species corresponding
to the mAb heavy chain, and dimer and trimer mAb complexes. In addition to these species, the
CDMS data clearly shows the presence of oligomers with up to 15 mAb molecules and masses

up to ~2.4 MDa. CDMS measurements enable the analysis of the charge-state distribution for
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each oligomer, providing insights into the conformational heterogeneity of the
oligomerization/aggregation process. In this respect, the CDMS data provide both mass and
shape information comparable to that obtained by ion mobility spectrometry, but at a much larger
molecular size. This type of information should prove useful for characterizing aggregation-
prone proteins associated with neurodegenerative disease and for the design of drugs or buffer
additives that inhibit protein aggregation because specific forms of the aggregates can be targeted
and readily analyzed. Aggregates of mAb therapeutics can be formed during development,
purification, formulation, and storage and may have unwanted side-effects in patients. CDMS
appears to be well-suited for characterizing protein conformations and aggregation products at
the level of individual oligomers that could prove beneficial at different stages of drug

development, for quality control, and for optimizing formulations for biopharmaceutical stability.

Supporting Information
QTOF MS mass spectrum and CDMS 2D mass-charge histogram of a fraction collected from the

predominant peak in the SEC trace.
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Figure 1. Mass spectral data from a pentameric mAb sample acquired using (a) native mass
spectrometry with a QTOF mass spectrometer and (b,c) charge detection mass spectrometry
using a custom built instrument. The inset in (a) is an expansion of the region from m/z 5,500 —
12,000 and shows the overlapping charge-state distributions in this region that indicate the
presence of unresolved species. The CDMS 1D mass histogram in (b) is analogous to a
deconvolved mass spectrum obtained by conventional native MS, whereas the CDMS 2D

histogram in (c) disperses ion signal based on mass (x-axis) and charge (y-axis) with abundance
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indicated by the color code to the right of the plot. The blue dashed line in (c) corresponds to the
Rayleigh limit for an aqueous droplet as a function of mass. Distributions above the Rayleigh
line in (c) correspond to ions with an elongated conformation, whereas ions below this line have

more compact structures that are more spherical.
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Figure 2. (a) Mass photometry histogram, (b) a SEC trace, and (c) a CE-SDS trace of the same
pentameric mAb sample. Mass photometry signal for the pentamer mAb monomer and dimer is
observed along with smaller species corresponding to a mAb heavy chain, as well as a mAb
dimer and trimer. The molecular weights assigned to peaks in the SEC and CE-SDS traces in (b)
and (c) were calculated based on the retention time or migration time of molecular weight
standards with masses between 112 Da and 1.3 MDa. These masses and abundances do not

directly correspond to species observed in the QTOF, CDMS, or mass photometry data, making

assignments of these peaks ambiguous.
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Figure 3. CDMS data shown in Figure 1c¢ is replotted as a function of charge (x-axis) vs. the
normalized abundances of each observed oligomeric species (y-axis) and shows the evolution of
the structures of compact forms of the oligomers (charged near or below the Rayleigh limit; data
in red) and the more elongated forms of the oligomers (charges above the Rayleigh limit; data in
black). The numbers progressing down the y-axis correspond to the increasing number of mAb

molecules in each oligomer. Data to the left and right of the blue dashed line are normalized
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separately so that the compact and elongated conformers can more clearly be compared on the

same figure. Arrows show trends in conformational heterogeneity as a function of oligomer size.
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