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Abstract

Fast-online SEC desalting & separation
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Native mass spectrometry (nMS) is now widely applied to investigate non-covalently assembled
biomolecule complexes. nMS requires the use of near-neutral pH and volatile buffers to preserve the
native state of proteins. However, buffer exchange into nMS-compatible solvent is usually performed
manually, which results in a time-consuming and tedious process, thus appearing as a major drawback
for nMS analysis. Conversely, online coupling of size exclusion chromatography (SEC) to nMS affords a
fast-automated and improved desalting, but also provides an additional dimension of separation for
complex protein mixtures. We illustrate here the benefits of SEC-nMS compared to manual offline
desalting for the characterization of a wide variety of biological systems, ranging from multiprotein
assemblies, protein—ligands and protein—nucleic acid complexes, to proteins in a detergent
environment. We then highlight the potential of the coupling to further integrate ion mobility while
preserving the native conformations of proteins, allowing for rapid collision cross section
measurement and even collision-induced unfolding experiments. Finally, we show that online SEC
coupling can also serve as the basis for multidimensional non-denaturing liquid chromatography (LC)
workflows, with the SEC acting as a fast desalting device, helping to achieve first dimension LC
separation in optimal chromatographic conditions while being compatible with further nMS analysis.
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Introduction

Native MS (nMS) remained for a long time the prerogative of few academic expert laboratories. The
recent growing interest of biopharma companies for this methodology, especially for the
characterization of therapeutic proteins like monoclonal antibodies (mAbs), prompted manufacturers
to develop new instrumentations adapted to biopharma specific requirements, from sample
preparation to data acquisition and treatment.

nMS was first introduced in the early 90s by the groups of Katta&Chait and Henion for the analyses of
myoglobin® and kinase/substrate? complexes. The validity of gas phase nMS to conclude about solution
binding stoichiometries and even more for affinities was for a long time a question of heated debates:
“Do gas phase native MS spectra really reflect solution phase behavior?”; “Are gas phase data reliable
to extrapolate solution phase behavior?”. Major advanced in studying macromolecular interaction by
nMS have been performed by the groups of Carol Robinson and Albert Heck, and helped converting
early skepticism into competence and consistency of practical use of nMS. nMS provides unambiguous
determination of subunit stoichiometry, the most straightforward and important application of nMS,
on a variety of biological assemblies ranging from multiprotein, e.g. transthyretin, retinol binding?,
GroEL* or HSP° to protein-ligand and protein—nucleic acid assemblies, including RNA editing
complexes like the CRISPR-Cas systems®, RNA polymerase II7, and ribonucleoparticles®. Applications of
nMS also encompass highly complex membrane proteins such as TRP channels®, GPCR!® or ABC
transporters!!, and binding of lipids!? or other small molecules!®* to membranes for which high
resolution instrumentations is a real breakthrough. Even MegaDaltons ribosomes!4, hemocyanines®,
COP9 signalosome?®, dynactin complex!’ and virus particles with masses up to 18 MDa®® can be
measured by nMS.

From 2005, hyphenation of ion mobility (IM) spectrometry to native MS added a new dimension of
gas-phase data interpretation, affording conformational characterization along with stoichiometry
determination. Ruotolo first described a new type of instrumentation combining nMS and ion mobility
(nIM-MS) and demonstrated that the overall topology of a ring-shaped protein complex could be
retained in the gas phase. More advances strategies combining gas phase activation to nIM-MS,
termed collision-induced unfolding (CIU), allow assessing differential gas phase unfolding behavior of
proteins. Overall, nIM-MS demonstrated that most solution structures are retained into the gas
phase®® 20,

However, despite all those technological breakthroughs, nMS was still poorly implemented in
industrial environments in 2015, mostly due to its lack of automation. Indeed, prior to nMS, sample
preparation consisting of buffer exchange has to be performed manually, hampering throughput
necessary in companies. nMS analyses have to be performed in a volatile buffer, compatible with
electrospray ionization and able to preserve weak noncovalent complex assemblies in solution?,
Ammonium buffers are thus classically used for nMS analyses. Sample preparation usually consists of
manual buffer exchange, or desalting, into ammonium acetate using a variety of devices such as gel
filtration devices, microconcentrators or dialysis units, a step which is quite time-consuming, labor
intensive and in some cases delicate. It can also lead to alteration of the sample, including aggregation,
precipitation, or chemical modifications. Hence, this manual buffer exchange process appears as a
major drawback for nMS analysis automation and throughput increase. The size exclusion
chromatography (SEC), for which separation is based on the differences in hydrodynamic volumes, is
achieved through a column packed with particles having precise pore sizes, which makes SEC
interesting for fast buffer exchange, that is, separation of small nonvolatile salt molecules from protein
species, and/or separation of high versus low mass proteins contained in a mixture.



Even if already suggested in early 2003 by Cavanagh et al. using self-packed gel filtration cartridges?
and few years later by Waitt et al. in 2008 with commercial SEC columns?, the online coupling of SEC
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to nMS only became reality five years later for reference proteins , soluble protein/protein

2732 gnalysis. Several reasons may account for the delay between first

complexes?® and biotherapeutics
experiments and its effective wider application, among which: (i) the fact that older generation of MS
instruments were not sufficiently tolerant to high salt contents necessary for nMS analysis, even
volatile salts such as ammonium acetate, (ii) the lack of chemical inertness of SEC columns leading to
poor peak shapes with volatile salts, and (iii) the amount of starting biomaterial. SEC afforded first a
way to automate nMS experiments providing rapid assessment of proteins and complexes integrity of
large numbers of samples, using small sample quantities (between 2 and 5 pg).

The benefit of SEC-nMS has been broadly documented by our group?” % 3% and others?*3? for
therapeutic proteins characterization, more particularly for mAb-based product analysis. In the
present work, we aim at widening the scope of SEC-nMS use for different systems of interest we had
in the lab. After first presenting the SEC-nMS technical parameters to be optimized for each system,
several examples will serve to discuss benefits but also limitations of online SEC-nMS. We then show
the efficiency of the coupling to further integrate ion mobility for fast collision cross section
measurement and collision-induced unfolding experiments. Lastly, we demonstrate how online SEC
coupling can also be used as the basis to develop multidimensional non-denaturing liquid
chromatography (LC) setups, with the SEC column acting as a fast desalting device, helping to achieve
first dimension LC separation in optimal chromatographic conditions while being compatible with nMS
analysis.

1. Practical aspects and advantages of online SEC-nMS

Columns — Several types of SEC columns are currently available on the market from different
manufacturers for the analysis of proteins and macromolecular complexes. They offer a wide variety
in terms of column dimensions, stationary phase chemistry, particle sizes and porosities. More
particularly, the development of sub-3 um (from 1.7 to 2.7 um) particle size SEC columns, also
considered as the new generation SEC columns, allowed to improve separation and column efficiency
while significantly reducing the analysis time between three- and five-fold with runs performed in
dozens of minutes®* (Figure S1). As expected, the highest resolution is achieved with the lowest SEC
particle size (< 2 um). SEC columns are also available with different lengths, from 30 to 300 mm, that
will affect the separation of the different protein populations and their nMS signal.

Mobile phase — Among the different parameters that have to be optimized to perform online SEC-
nMS, the ionic strength and the pH of the mobile phase are critical to maintain the native conformation
of the proteins. Those parameters mainly depend on the nature of the analyte and are the same as for
offline nMS. SEC-nMS experiments can be performed with ammonium acetate, bicarbonate or formate
mobile phases. Ventouri et al. conducted in-depth investigation on the ability of SEC-nMS to preserve
the native fold of reference proteins depending on the nature, pH and ionic strength of the solvent®.
Ammonium acetate was more effective to retain the native protein conformation under near-
physiological pH conditions, although adsorption and peak tailing could be observed especially at lower
ionic strength, which was also reported for mAb analysis*®. Ammonium bicarbonate and formate may
lead to higher fractions of denatured populations®> 37; however, the presence and level of denatured
species depend on the analyte, and need to be evaluated for other types of proteins.



Online SEC-nMS for high throughput online buffer exchange — For online desalting purposes, the focus
will be on using short SEC columns (30 — 50 mm), as increased runtimes will be obtained with longer
columns®. A compromise between short time of analysis, keeping efficient separation of low
molecular weight non-volatile salts and proteins, limited protein adsorption on the stationary phase
and acceptable MS intensities has to be found. Several short new-generation SEC columns between 30
and 50 mm are currently available from different manufacturers (ThermoFisher, Waters, Agilent,
Phenomeneyx, etc.). Online SEC-nMS analysis of therapeutic mAbs could be successfully achieved with
any of those columns, but in our hands, Waters BEH200 30 mm and Agilent AdvanceBio SEC 50 mm
afford the best compromise for therapeutic protein analysis and are used at first line. However, protein
adsorption could be different for other types of proteins. The flowrate also plays a critical role on SEC-
nMS data: even if flowrates ranging between 100 and 250 pL/min can be used, lower elution flowrates
(100 pL/min) usually provide increased nMS signal-to-noise ratio (Figure S2) and are thus better
suited?. To conclude, for high throughput purposes resulting in <5 min runs, the shortest columns (30
— 50 mm) with smallest particle size (< 3 um) should be preferentially selected (Figure S1).

SEC is particularly well-adapted to perform online buffer exchange for proteins for which manual
desalting may induce the precipitation of the sample or does not completely remove the non-volatile
salts of the original buffer. The benefits of online SEC-nMS is clearly exemplified with a mAb-RNA
conjugate (Figure 1A). After 6 cycles of Vivaspin, only minor noisy MS signal that could correspond to
the mAb-RNA conjugate is observed in the m/z range 6000 — 7500 (Figure 1 A1), avoiding any mass
calculation and determination of RNA distribution and binding stoichiometry. Conversely, SEC-nMS
analysis affords efficient sample desalting and detection of several species with accurate mass
measurements (Figure 1 A2).
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Figure 1. SEC-nMS for efficient desalting and improved protein separation. Native mass spectrum of mAb-RNA
conjugate obtained with (A1) manual desalting and (A2) online SEC-nMS. (B1) Chromatographic separation and
(B2) corresponding native mass spectra of a mixture of four reference proteins (PK, ADH, ConA, and
deglycosylated NISTmAb) obtained with a 300 mm SEC column (Waters BEH125). (C1) Chromatogram of
nonstressed (black line) and thermal-stressed (red line) bevacizumab. (C2) Native mass spectra corresponding to
the high molecular weight species (HMWS) and low molecular weight species (LMWS) of bevacizumab after
thermal stress.

Online SEC-nMS for improved protein separation — One of the main issues in analyzing complex
protein mixtures is the difference in ionization efficiencies of the constituents that might lead to an
overwhelming MS signal of the protein with the highest ionization efficiency, and very minor signals
detected in the noise of the native mass spectrum. In such cases where several species may hamper
the detection of each other, SEC-nMS might be an interesting alternative to simultaneously afford
sample desalting and separation of proteins based on their hydrodynamic volume, leading to an easier
and straightforward native mass spectra interpretation. For separation purposes, longer columns (150
or 300 mm) with enhanced chromatographic separation capabilities but also longer run times will be
preferred®. A mixture composed of four reference proteins, ConA, ADH, NISTmAb and PK, was
analyzed with an Acquity BEH200 (4.6 x 30 mm, 1.7 um) column (Figure 1B). Reference proteins were
efficiently separated in the chromatographic dimension as depicted in figure 1 B1. Only NISTmAb and
ADH show two overlapping peaks since they exhibit very similar hydrodynamic volumes. In this case,
the mass spectra associated with both peaks allowed the identification of both proteins (Figure 1 B2).



Thereby proteins with different sizes can be separated with long SEC columns (300 mm) avoiding
ionization competitions between the analytes, which enables a more reliable identification and
guantification of different populations.

Another application of SEC-based protein separation is the separation and quantification of LMWS and
HMWS® in forced degraded studies. When using nMS as a standalone technique, the relative
guantification of protein size variants can be misleading due to the modification of the intensity of the
different oligomers that may arise at the interface of the mass spectrometer as a consequence of the
ionization process (disruption of noncovalent bonds, formation of nonspecific interactions, ionization
competition between HMWS and LMWS). Upon thermal stress, the intensity of HMWS and LMWS
increases compared to the non-stressed mAb sample (Figure 1 C1), and the relative quantitation of
each population can be assessed based on the areas of chromatographic peaks. However, the relative
guantification of HMWS and LMWS significantly varies when using nMS as standalone technique
(Figure S3). In this case, the relative intensity of the dimer is estimated to 21.5 % (Figure S3A) compared
to 14.5 % (Figure S3B) with online SEC-nMS data, which corresponds to a variation of 50 %. These
differences stem on the formation of nonspecific HMWS in the interface of the mass spectrometer
during the ionization process compared to nanoESI-nMS. For this reason, online SEC-nMS is particularly
well-suited to assess protein stability through force degraded studies by comparing the relative
intensity of the size variant populations. Online SEC-nMS enables an efficient separation, a more
reliable quantification and a simultaneous identification of high- and low-molecular species to afford
a precise characterization of protein degradation.

Sensitivity of SEC-nMS — Overall, SEC-nMS coupling often requires larger amount of sample compared
to nanoESI-nMS. Even though the sensitivity of the technique depends on several factors such as the
ionization efficiency of the analyte or the type of mass spectrometer used, injected material can vary
from 2 to 5 pg. However, mass spectra with a suitable S/N ratio can be obtained with less material.
The limit of detection of our online SEC coupled to a Synapt-G2 HDMS mass spectrometer with
glycosylated pertuzumab was established to 1 pg (Figure S4), where the S/N ratio (80) and the
resolution of the MS peaks (Rs @m/z 5290 = 587) allow an accurate mass measurement and
assignment of all mAb populations. Lower amounts could be injected in other SEC-nMS setups?,
nevertheless 1 pg of loaded mAb offers an adequate trade-off between the amount of sample and
mass spectrum quality.

Main SEC-nMS drawbacks — The use of volatile salts in the mobile phase of SEC-nMS systems may
induce further interactions with the stationary phase of the column, leading to the coelution of
different protein populations®® or providing some discrepancies between the elution volumes and the
hydrodynamic volume of the oligomers?*. Since SEC separation is based on the hydrodynamic volume,
only proteins with different sizes will be efficiently separated, otherwise, only coeluting or partially
resolved chromatographic peaks will be obtained with this kind of chromatography. In addition to
possible interactions with the stationary phase, sample dilution in the mobile phase will occur due to
diffusion in the column, which may also dissociate unstable and/or low affinity complexes.

Normally, nMS is performed in the nanoESI regime to reduce the amount of injected sample.
Conversely, SEC-nMS experiments are performed in ESI ionization mode and thus require higher
amounts of starting material. Upon addition of SEC dimension, the flowrate is increased significantly
(between 100 and 300 pL/min) implying the use of higher desolvation gas and source temperatures to
improve solvent evaporation and hence, enhance nMS data. The latter parameter has been recently



reported in the literature to have an impact on mAb gas-phase energetics by increasing the internal
energy of the ions®®. These results suggest that source temperatures, and desolvation gas
temperatures, need to be carefully adjusted to avoid further source activation and/or fragmentation.
In spite of these potential drawbacks, this review illustrates numerous examples where SEC in
combination with nMS has been used to provide further insights into the characterization of
therapeutic proteins and macromolecular complexes, and hence, showing the suitability of this
coupling for structural biology.

2. SEC-nMS is suitable for a variety of noncovalent complexes analyses

Protein/ligand and protein/metal interactions — SEC-nMS can help to probe noncovalent interactions
between proteins and small molecules. nMS has been reported for high-throughput screening of
ligands libraries against enzymes or receptors, the latter being extensively applied in drug discovery.
nMS has already been reported as a straightforward, fast and reproducible method to detect ligand
binding to specific targets, but also to determine binding affinity, stoichiometry and specificity3®, thus
appearing as an attractive technique to complement more common approaches including nuclear
magnetic resonance, or surface plasmon resonance®’. However, the use of SEC coupled to nMS has
been scarcely reported in literature.

Quinn’s group has presented an online SEC-ESI-FTICR-MS approach to detect protein-ligand
noncovalent complexes and to screen natural product extracts®'. A second study details the technical
developments and optimizations of SEC-nMS as a robust, quantitative, and automated platform to
measure affinities of noncovalent protein—small molecule interactions on an Orbitrap instrument using
indoleamine 2,3-dioxygenase 1 (IDO1), a catabolic enzyme, and inhibitory ligands as case study*?. The
scarce use of SEC coupled to nMS for protein—ligand screening may be explained by the risk of cross
contamination, as high affinity ligand absorption on the SEC column may prevent further detection of
binding of a lower affinity molecule to the target protein. Alternative nanoESI microfluidic devices, e.g.
the Triversa Nanomate from Advion, have been developed, combining capabilities of sample
preparation such as ligand addition to the protein and temperature-controlled incubation to
reproducible nanoESI injection and nMS analysis®*. Benefits of such systems is that using individual
nozzles for each ligand/mixture of ligand prevents from cross contamination of capillaries or columns.
SEC-nMS can also be of interest to investigate protein—metal interactions, as reported by Jia et al. for
[2Fe-2S] cluster-bridged complexes, for which offline nanoESI-nMS failed to detect cluster-bound
species*®. As iron-sulfur clusters are sensitive to oxygen, SEC-nMS helps to minimize the possibility to
oxidize unstable analytes due to reduced sample preparation and shorter time of analysis. Here, SEC-
nMS performed under inert atmosphere (injection valve, sample syringe and samples flushed with
argon) revealed the presence of a GLRX5 homodimer with one [2Fe-2S] cluster. This setup also allowed
to monitor cluster transfer reactions to get better insight into intermediate [2Fe-2S] species, proving
that SEC-nMS can be used as a robust and fast technique to elucidate both the cluster and protein
components.

Protein/protein interactions — SEC is commonly used to investigate protein oligomerization state or
more generally the distribution of size variants of a sample®. It is also often the last step of
protein/complex purification. We thus performed systematic comparison of manual desalting followed
by nMS analysis versus online SEC-nMS for different systems of increasing complexity. The first
example relies on the oligomeric state assessment of a homo-oligomeric soluble protein, PRMT2, a



member of the protein arginine methyltransferase family that has diverse roles in transcriptional
regulation®. Figure 2 A1-2 presents the nMS mass spectra obtained after manual desalting (two cycles
of Zeba 7 kDa, AcONH, 500 mM, pH 7.0) or SEC- nMS analysis of mouse PRMT2. Except differences in
the charge state distributions (CSD) due to the use of nanoESI versus ESI, similar mass spectra were
obtained, highlighting the presence of two CSDs, a minor one with a mass of 50 726 + 1 Da
corresponding to monomeric (PRMT2); and a major one of 101 517 + 3 Da corresponding to dimeric
(PRMT2)2. The PRMT2 example shows the potential of SEC-nMS to preserve the oligomerization state
of a protein known as dimeric. Additionally, SEC-nMS ensures the spray stability at high concentration
of AcONH, (500 mM) contrary to nanoESI-nMS.

Benefits of SEC is further illustrated on the multiprotein P1-P2 complex system. The nMS spectrum
(Figure 2 B1) obtained after manual desalting is highly complex and presents several CSDs. The first
one between m/z 1000 and 2500 corresponds to partially unfolded monomeric P1 and P2; from m/z
2500 to 3500, the most intense CSDs correspond to folded monomeric P1 and P2 species; finally, in
the m/z range 3700 — 5000, minor signals of homo/heterodimers are detected. Conversely, online SEC-
nMS analysis of an equimolar mixture of P1 and P2 (100 uM of each, 1-hour room temperature
incubation) revealed three partially resolved chromatographic peaks (inset, Figure 2 B2). The most
intense chromatographic peak corresponds to (P1), homodimers (64 914 + 1 Da), followed by a second
peak with a mass of 59 973 + 2 Da in agreement with a 1:1 stoichiometric (P1)1(P2): heterodimer
(Figure 2 B2) and finally a peak at 7.8 min corresponding to (P2), homodimers (55 030 + 1 Da). This
example illustrates the benefits of using SEC separation capabilities (even if partial) to compensate for
overlapping CSDs, “polishing” the differences in ionization efficiencies of monomers and dimers and
resulting in better quality nMS spectra.

Finally, SEC-nMS is also adapted to the characterization of HMW complexes (> 100 kDa). Yeast Rvb1
and Rvb2 are involved in various cellular processes ranging from ribonucleoprotein complex biogenesis
to chromatin remodeling?’. Rvbs predominantly assemble into hexameric rings > 300 kDa*’, and are
generally purified with buffers containing ADP, which helps to maintain the integrity of the hexamers*,
The nMS spectrum obtained after manual desalting (Zeba 7 kDa, AcONH, 150 mM, pH 7.5) shows that
monomers are mainly detected, and only low intensity signals with S/N = 5 are observed for hexamers,
suggesting that complex stabilization via ADP was not retained with manual buffer exchange (Figure 2
C1). Online SEC-nMS experiments performed using 150 mM ACONH, as mobile phase demonstrate the
potential of the coupling to preserve noncovalent interactions within the hexameric ring of Rvbs, while
improving the resolution (Rs @m/z 8106 = 811) and the intensity of the signal (71 S/N) (Figure 2 C2).
SEC-nMS highlights the presence of two populations of hexamers bearing 5 and 6 ADP respectively,
the predominant one being bound to 6 ADP (307 973 + 8 Da).
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Figure 2. Offline nanoESI-nMS (A1, B1, C1, D1) versus online SEC-nMS experiments (A2, B2, C2, D2) with
corresponding SEC-UV chromatograms at 280 nm depicted in insets. Native mass spectra of (A) PRMT2, (B) an
equimolar 1:1 P1:P2 mixture, (C) HMW Rvbs complexes, and (D) nuclear receptors RXR and NR7 bound to DNA.

Protein/nucleic acid interactions — For protein-nucleic acid complexes with either RNA or DNA, an
additional challenge has to be faced related to the presence of cations associated to oligonucleotide
binding which in turn often leads to low quality nMS signals with broad peaks, low mass spectral
resolution, and difficult data interpretation. Interactions of nuclear receptors with their cognate DNA
response elements serve to illustrate this point. NR7 and RXR are transcription factors that can bind a
variety of ligands which can further interact with specific DNA sequences, known as response
elements, either as monomers or hetero/homodimers. nMS is often used to assess the binding
stoichiometry of complexes involving nuclear receptors® . In this example, nMS was employed to
uncover the dimerization properties of NR7 and RXR upon DNA binding. The nMS spectrum obtained
after manual buffer exchange (Zeba 7 kDa, AcONH; 150 mM, pH 8.0) followed by complex
reconstitution of NR7, RXR and DNA (1 hour at 4 °C) reveals that the most intense CSD corresponds to
the binding of one monomer of NR7 to a DNA fragment of 15 940 Da (Figure 2 D1). Low intensity signals
corresponding to HMWS are also observed in the 5300 — 5800 m/z region, but do not allow accurate
mass measurements and proper mass-based identification. Conversely, the online SEC-nMS analysis
(150 mM ACONH,4 pH 8.0 after the complex reconstitution) exhibits very different results. The first
chromatographic peak at 6.8 min reveals the coexistence of different dimers each bound to one DNA
fragment: (NR7); homodimers (102 411 + 1 Da), (RXR), homodimers (103 944 + 2 Da) and 1:1
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(NR7)1(RXR)1 heterodimers (103 177 £ 2 Da) (Figure 2 D2). The second chromatographic peak at 9.3
min corresponds to the binding of NR7 to DNA as a monomer (59 178 + 2 Da), while the last peak at
10.5 min shows the presence of isolated DNA species. Thus, online SEC-nMS allowed to unambiguously
characterize the binding combinations between NR7, RXR and the DNA, highlighting the fact that these
NRs predominantly bind DNA as dimers. Here, these results emphasize the potential of SEC-nMS to
preserve and transmit heterogeneous protein—nucleic acids complexes.

SEC-nMS for proteins in a detergent environment — Membrane protein analysis by nMS is still
challenging as it needs to be performed in a detergent environment. Online SEC-nMS can be applied
also in presence of detergents, as depicted with the determination of the oligomeric species
constituting amyloid-beta (AB) pores that form in the membrane of neurons to explain neurotoxicity
in Alzheimer’s disease®!. Figure 3A presents the nMS spectrum of the B-sheet pore-forming (BPFO)
AB(1-42) after manual desalting in C8E5 detergent. Several species ranging from monomers of high
intensity to possible octamers of very low intensity were detected, precluding to conclude about the
main species present in solution. To circumvent these limitations, SEC-nMS was performed in 200 mM
ammonium bicarbonate pH 9.0 with 14.2 mM C8E5 detergent as mobile phase to benefit from SEC
separation capabilities. SEC-nMS analysis of BPFOsagu-42) resulted in two partially separated
chromatographic peaks: the peak at 6.3 min corresponds to octamers (36 114 + 1 Da) due to the
presence of intense 9+ and 7+ ions of the octamer, while the peak at 7.0 min could be attributed to
tetramers (18 056 *+ 1 Da) (Figure 3B). Comparison of SEC-nMS analysis of low versus high
concentrations of AB(1-42) revealed that the former was enriched in AB(1-42) tetramers and the latter
in octamers (inset, Figure 3B)°. SEC-nMS presented a unique opportunity to establish the
stoichiometry of the potentially distinct oligomer species of BPFOsap(1-42), revealing that the main
species present in the BPFOsag(1-42) sample were AB(1-42) tetramers and octamers®?. In addition, since
no charge states specific for other oligomer stoichiometries between tetramers and octamers were
detected, these results suggested that tetramers were the building block for octamer formation.
Overall, SEC-nMS appears promising to characterize membrane proteins in detergent environments,
however, further developments are still necessary, as high amounts of non-volatile detergents are
required. Besides, higher flowrates used in online SEC-nMS compared to nanoESI-nMS may reduce MS
sensitivity, and dissociation of unstable membrane protein complexes may occur.

3. Hyphenation of ion mobility to SEC-nMS for conformational characterization of protein and
protein complexes

nIM-MS is now broadly used in structural biology to study the gas-phase conformations of protein and
their noncovalent complexes®® 54, IM separates ions based on their size, shape and charge under the
influence of an electric field as they drift through an inert buffer gas in the mobility cell. Drift times can
be further converted into rotationally averaged collision cross sections (CCS), which correspond to
projected areas of ions. IM affords an additional level of gas-phase characterization, and can help not
only to separate isomers but also to examine conformational changes upon complex formation. Hence,
the hyphenation of SEC to nIM-MS, which was first reported by Van der Rest et al.?, is of main interest
to rapidly gain further insight into proteins conformations.

SEC-nIM-MS for spectrum cleaning and unambiguous CSDs attribution of oligomers — \When several

oligomerization states of a protein coexist, unambiguous peak assignment may not be achieved with
SEC-nMS due to both low intensities or lack of isotopic resolution for higher oligomeric states. The
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benefit of SEC-nIM-MS for the separation of isobaric species along with unambiguous peak attribution
of oligomers is clearly evidenced in the case of AB(1-42)s, which form monomers, dimers, trimers,
tetramers and octamers®®. For instance, mass spectra obtained with SEC-nMS (Figure 3B) exhibit a peak
at m/z 3010 that could correspond to either dimeric (z = 3+), tetrameric (z = 6+) or octameric (z = 12+)
species. With the addition of IM, the arrival time distribution (ATD) corresponding to m/z 3010
highlights the presence of two different populations at 8.55 and 12.01 ms (inset, Figure 3C) which were
identified as tetramers (z = 6+) and dimers (z = 3+), respectively. Since ions belonging to the same
series are diagonally aligned on bidimensional drift time vs m/z plots, tetrameric 5+ ions and octameric
8+ ions could also be assigned (Figure 3C). This example demonstrates the potential of SEC-nIM-MS to
assess the coexistence of oligomeric states for identical m/z while ensuring unambiguous CSDs
attributions.
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Figure 3. nanoESI- and SEC-ESI- nIM-MS experiments of AB(1-42). (A) Native nanoESI mass spectrum obtained
after manual desalting. (B) Native SEC-ESI mass spectrum corresponding to the chromatographic peak of the
octamer (yellow slice of UV chromatogram shown in inset). Species were identified as monomers (white), dimers
(orange), trimers (green), tetramers (pink) and octamers (yellow). (C) 2D SEC-nIM-MS Driftscope plot with charge
state distributions of the different oligomers. The extracted ATD at m/z 3010 is shown in inset.

SEC-nIM-MS for high-throughput CCS measurements of biotherapeutics — While the use of nIM-MS
is commonplace in academic research laboratories, it remains scarce in biopharmaceutical companies.
Although nIM-MS has already proven valuable to characterize biotherapeutic proteins such as mAbs,
bispecific antibodies (bsAb) and antibody—drug conjugates (ADC)**, bottlenecks hampering its routine
use in biopharma include (i) relatively manual experiments that require highly skilled operators
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performed with nanoelectrospray capillaries of microfluidic devices and (ii) lack of automation of nIM-
MS data processing.

Van der Rest et al. first demonstrated that CCS values of reference proteins obtained using SEC-nIM-
MS were in good agreement with nanoESI-nIM-MS values?*. With therapeutic mAbs as model proteins,
we compared CCS obtained with nanoESI-nIM-MS after manual desalting and SEC-nIM-MS analysis®®
33, Different points should be considered when performing SEC-nIM-MS for CCS calculation. As SEC-
nlIM-MS experiments are performed in ESI mode, CSDs in SEC-ESI are centered on higher charge states
than in nanoESI. Dipole-dipole interactions and coulombic repulsions increasing with charge state,
higher charge states might be more activated, which might result in slight protein unfolding. As shown
in figure 4A, similar IM calibration equations were obtained for CCS measurements performed in SEC-
nIM-MS and offline injections of manually desalted proteins. Keeping that in mind, CCS were measured
for a series of mAbs and show good correlation with CCS measured in nanoESI-nIM-MS (Figure 4B). In
this context, SEC-nIM-MS appears as an attractive setup to automate sample preparation while
widening the information content available in a single few-minutes experiment as illustrated by
Ehkirch et al. for the characterization of different therapeutic mAbs formats, including IgGs, ADCs and
bsAbs?8. Additionally, SEC-nIM-MS affords further characterization of HMWS in stressed mAbs
samples, revealing a significant conformational compaction upon mAb aggregation?.

Altogether, our results highlight that online coupling of SEC to nIM-MS does not significantly influence
the global conformation of mAbs, which of course needs to be checked for other types of proteins.
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Figure 4. SEC-nIM-MS experiments for CCS measurements and CIU approaches. (A) Calibration curves for SEC-
nIM-MS (grey) and offline injection (blue). ConA, ADH and PK were used as external calibrants as reported by
Bush et al.®. (B) Table summarizing CCS measurements at intact level obtained with direct nanoESI versus SEC
injections. TAll products were deglycosylated except for NISTmAb. (C) Schematic representation of SEC-CIU
acquisitions. (D) SEC-CIU fingerprint and subclass classification obtained for intact ofatumumab.

SEC coupled to Collision-Induced Unfolding — CIU is an ion mobility-based approach used to probe ion
gas-phase unfolding. In travelling-wave IM spectrometry (TWIMS) instruments, CIU experiments are
performed by raising collision voltages (CVs) in the trap cell before IM separation, subsequently
activating ions that can undergo conformational changes®’. While CIU appears as an elegant alternative
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to circumvent low IM resolution of linear TWIMS cells, lack of CIU automation in both buffer exchange
and data acquisition has precluded its wide adoption. In order to fully automate CIU experiments from
sample preparation to data interpretation, we have developed a fast-online SEC-CIU coupling using
short SEC columns, where CVs are automatically raised along sample elution (Figure 4C)*. CIU
fingerprints are generated with the ClUSuite 2 software to better visualize ATDs variations
corresponding to conformational transitions (Figure 4D). This SEC-CIU setup is particularly interesting
to rapidly distinguish mAbs subclasses, as the latter exhibit different unfolding patterns at both intact>®
and middle® levels. Diagnostic CVs regions allow to identify mAbs subclasses with scores > 80 % (Figure
4D). Targeted scheduled SEC-CIU, that is, acquisition of solely the most diagnostic CVs, helps to further
reduce the data collection time while retaining clear-cut mAbs classifications.

Altogether, the combination of improved high-throughput desalting and automated data collection
afforded by SEC drastically shortens the overall time process of CIU experiments, from 3 hours for
classical CIU experiments with manual buffer exchange to 15 minutes for targeted scheduled SEC-CIU.

4. Hyphenation of non-denaturing LC through a SEC-based multidimensional methodology

SEC can be used for two main purposes: (i) separation and relative quantification of protein oligomers,
(i) to perform online buffer exchange prior to the analysis of proteins by nMS. However, as a
consequence of the latter functionality, SEC can pave the way to allow the hyphenation of non-
denaturing LC with native MS.

Coupling HIC to nMS: Development of HICXSEC-nMS strategy — Hydrophobic interaction
chromatography (HIC) is the reference technique in quality control laboratories to separate and
quantify the different drug-antibody ratio (DAR) populations of ADCs®® !, especially in the case of
cysteine-linked ADCs for which maintaining noncovalent interactions is critical for the analysis of the
whole ADC scaffold. However, the analysis of the different populations of highly heterogeneous ADCs
can lead to ambiguous interpretations when this analysis is based solely on the HIC dimension. To this
end, nMS can afford additional information through the mass measurement of the intact species in
their native state to enable the identification of the DAR populations. Since conventional HIC solvents
are not compatible with nMS, several approaches have been proposed in the literature allowing the
straight hyphenation of HIC with nMS. According to the main drawbacks associated with this coupling,
the different experimental strategies were based on the modification of the composition of HIC mobile
phase®, the adoption of new HIC stationary phase materials®® or the addition of a makeup flow
followed by a splitting flow®*. However, these strategies require the use of nMS-compatible mobile
phases, that is, ammonium acetate, along with the addition of organic modifiers, which leads to the
reduction of the peak separation and the potential denaturation of proteins. To this end, Ehkirch et al.
designed and adapted a 2D LC system where the SEC cartridge (AdvanceBio SEC, 4.6 x 50 mm, 2.7 um,
300 A) is implemented within the interface of the HIC-MS coupling enabling online buffer exchange in
the front end of the mass spectrometer® (Figure 5A). This experimental setup was used to characterize
the different populations of a conjugated mAb (Figure 5B). In this case, only five ADC populations were
expected (DO, D2, D4, D6, and D8), however one additional peak is observed at 40 min in the HIC profile
(Figure 5B). The mass measurement enables the assignment of the additional HIC feature as a DAR4
positional isomer (Figure 5C). The all-in-one combination of HICXSEC-nMS provided a comprehensive
and streamlined characterization of all the species observed within the first LC dimension without
compromising neither the chromatography separation nor the native structure of the proteins.
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Figure 5. 2D HICXSEC-nMS and SECXSEC-nMS experiments. (A) HICXSEC-nMS setup. (B) HIC profile of an in-house
investigational ADC. (C) Deconvoluted mass of the highlighted HIC peak. (D) SEC profile of intact pembrolizumab
with non-volatile and volatile salts in the mobile phase. (E) Comparison of SEC profile of intact pembrolizumab
(solid line) and thermal-stressed pembrolizumab (dotted line).

2D SECXSEC-nMS setup for improved SEC performances — The first non-denaturing HICXSEC-nMS
setup can be considered as the basis for the conception of new MS-based multidimensional LC coupling
strategies®. The idea is to benefit from synergic effects of performing first dimension non-denaturing
LC without compromising chromatographic performances while being compatible with nMS. The
implementation of SEC for fast desalting between the first analytical dimension of separation and the
mass spectrometer has thus a great potential to overcome the limitations of these techniques when
used as standalone methods. Indeed, SEC-UV is usually performed with high concentration of non-
volatile salts (typically around 100 — 500 mM) to reduce the non-specific interactions between the
stationary phase and the size variant species®. When SEC is coupled to nMS and hence, classical SEC
mobile phase is replaced by MS-compatible solvents, proteins may undergo more interaction with the
stationary phase (ionic and hydrophobic interactions), especially those with a pl greater than 7.0, giving
rise to broader peaks with larger retention times, and leading to an underestimation of the relative
intensity of size variants3®. This is illustrated by the example of accurate characterization of HMWS and
LMWS in case of the therapeutic mAb pembrolizumab (Figure 5D). Ehkirch et al. thus developed an
experimental setup based on comprehensive 2D SECXSEC coupled to nMS to determine HMWS and
LMWS of non-stressed and thermal-stressed mAbs®’. The particular case of pembrolizumab pinpoints
that the use of phosphate buffer in the first SEC dimension and the online combination of nMS are
essential to provide baseline chromatography resolution and unambiguously assigh mAb populations,
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respectively (Figure 5D-E). The co-elution of the two chromatographic peaks when performing SEC
with ammonium acetate mobile phase hinders the relative quantitation of both species. Furthermore,
three distributions can be observed in pembrolizumab’s chromatographic profile upon thermal stress
(Figure 5E), which may suggest the presence of different oligomer populations, that is, trimer, dimer,
and monomer. However, nMS not only revealed that different chromatographic peaks corresponded
to different types of monomeric populations (Figure 5E), but also that those monomers had different
degrees of oxidation.

The results obtained with these multidimensional LCxLC-IMxMS for therapeutics analysis under non-
denaturing conditions pinpoints the complementarity of these techniques to expand the capabilities
of non-denaturing LC and nMS techniques. In one hand, LC dimensions allow the separation and
guantification of the different mAb populations based on the apparent hydrophobicity or size. On the
other hand, nMS plays a pivotal role to unravel complex or unexpected chromatographic profiles
affording a precise mass measurement of each individual chromatographic distribution.

Concluding remarks

In the present study, we exemplify the use of online SEC-nMS for a broader range of biomolecules
ranging from homo-oligomeric proteins to proteins with nucleic acid, but also protein-small molecule
complexes or even larger assemblies up to hundreds of Da. SEC-nMS is suitable for most soluble
protein-protein complexes and can also be adapted for a selected series of detergents for membrane
protein analysis. Online SEC-nMS in most cases not only affords rapid improved desalting efficiency
but also separation of co-eluting/overlapping species. Online nMS is quite versatile as many types of
commercial columns, but also manually packed ones, and LC systems are available that can be coupled
to any nMS compliant mass spectrometer. In addition, the SEC-nMS coupling provides enough
sensitivity to analyze low amounts of material (1 pug) with accurate mass measurements. This increase
in sensitivity could be of major interest to tackle low affinity (K, > 100 uM) assemblies or complexes
maintained by weak interactions.

SEC-nMS was also the basis for the development of more complicated multidimensional 2D LCxLC
workflows in which the SEC acts as fast desalting device, allowing to achieve first dimension LC
separation in optimal chromatographic conditions while being compatible with downstream nMS
analysis. The combination of multidimensional LC with nMS provides a synergic effect for the
comprehensive characterization of mAb-based therapeutics in one single run without limiting the
technical capabilities of these techniques when used as standalone techniques.

Online SEC does not hamper further IM measurements affording conformational characterization of
samples either through automated CCS measurements or even for CIU experiments. In addition,
further MS/MS experiments (reported for the moment only with collision-induced dissociation (CID)
fragmentation) are possible. We expect ultraviolet photodissociation (UVPD) and electron-transfer
dissociation (ETD) being possible also, opening the way for automatic top-down nMS.
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Figure S1. SEC chromatograms obtained with different SEC columns for glycosylated trastuzumab.
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Figure S2. Online SEC-nMS spectra of tetrameric ADH obtained with (A) constant 250 pL/min flowrate

and (B) reduced 100 pL/min flowrate.
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Figure S3. Identification and quantification of thermal-stressed trastuzumab oligomers obtained with
(A) offline nMS, and (B) online SEC-nMS. The inset in the right-hand side of the figure corresponds to
the mass spectrum of the main chromatographic peak.

E :
) | f o st 0
~
2 0.0 = 5000
2 3 4 g 4
. . S 4000
c -
5200 5300 5400 5500 m/z 2 3000
> -
g 2000
148,107 + 3 Da (GOF/GOF) ‘_E 1
& 1000-
s |
[
o T T T T T T T T T 1
4000 AN aao0 7000 m/z ° xgampfg Amoﬁt:lt (p.g%o 100

Figure S4. (A) Native mass spectrum of intact pertuzumab obtained with online SEC-nMS at constant
100 pL/min flowrate. The corresponding UV chromatogram is shown in inset. The amount of loaded
mAb sample was 1 pg. (B) Variation of MS intensity of SEC-nMS as a function of injected pertuzumab
sample.

24



