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Abstract

Proteins are essential biological macromolecules that play key regulatory roles in all biological
processes. Abnormalities in these processes are often reflected in proteins, manifesting as changes in
their structure, sequence, folding state, stoichiometry, or spatial and temporal distribution. Proteins
serve as biological targets for drugs and other therapeutics and can also function as therapeutic
agents to restore normal biological functions by treating diseases. Hence, it is essential to study native
protein species, their modifications, higher-order structures, and complexes, which can be extremely
difficult due to the challenges in preserving their native conditions and the instrumental capability
required for such analysis. High-resolution mass spectrometry (HRMS) instruments provide
advanced technical capabilities to study intact protein species from their gas phase ions after the
protein solution is sprayed into the mass spectrometers. However, there are debates about the gas-
phase protein structures obtained through mass spectrometry and the resemblance to their biological
native state. This review discusses various techniques for isolating, separating, and enriching intact
protein species for their native mass spectrometry (nMS) analysis. Emerging technologies, such as
automated sample preparation, ion mobility spectrometry, and ambient surface mass spectrometry,
are briefly discussed. This review aims to serve as a general guideline for beginners, primarily
focusing on the preanalytical strategies and critical instrument parameters for nMS analysis of intact
proteins, proteoforms, protein complexes, and higher-order structures.

Keywords: structural proteomics; top-down proteomics; high resolution mass spectrometry;
conformational analysis; structural analysis; new modalities; large molecule bioanalysis;
macromolecule bioanalysis

1. Introduction

Proteins are essential biomolecules composed of amino acid residues that fold into a specific
three-dimensional native structure. Proteins can oligomerize, interact with other molecules, assemble
into complexes, and play integral roles in carrying out various tasks critical for the structural
integrity, function, and regulation of biological systems. Their native structure also affects their
charge distribution and ligand-binding behavior, and is foundational to their ability to perform their
intended biological functions [1]. Not all canonical proteins are the biologically active ones, and post-
translational modifications (PTMs) are often required for rendering the biological function through
regulating molecular interactions, enzymatic activity, and structural stability [2]. Single point
mutation, PTM, misfolding, or aggregation can render proteins defective or toxic, disrupting the
cellular homeostasis, and often serve as hallmarks of aberrant cell behavior [3]. Changes in the native
structure of proteins can disrupt interactions with other molecules and can also significantly affect
their utility as drug targets [4], which have been linked to several human diseases, including cancers,
immune disorders, and neurodegeneration [5,6]. Thus, conformational and structural
characterization of proteins, their complexes, and higher-order structures are essential for
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understanding normal and disease biology, as well as for advancing drug discovery and
development. In addition to their diagnostic value, proteins such as monoclonal antibodies (mAbs)
and antibody-drug conjugates (ADCs) have emerged as highly sought-after therapeutics over the
past decade [7]. Modification of these therapeutic proteins can result in reduced efficacy as well as
serious adverse effects [8]. Hence, determining the native state of the protein has become a forefront
of biological research necessitating robust workflows for their isolation, separation, and enrichment
under native-like conditions.

Biological activity of proteins cannot be directly measured from their expression level or
abundance and depends on their structure, sequence, PTMs, localization, oligomerization state,
folding pattern, and spatial distribution [9]. The success of studying endogenous proteins begins with
their extraction from the matrix while preserving the native conditions. Hard extraction techniques
such as precipitation, liquid-liquid extraction, solid phase extraction, etc., are not suitable due to
exposure to non-physiological conditions such as high organics, extreme pH, ionic strength (high salt
concentration), temperature etc. that would alter the native structure of proteins [10] but are
commonly used to control interaction and release of small molecule drugs and oligonucleotides.
Exposure to harsh conditions may also lead to the generation of artifact proteoforms [11,12]. On the
other hand, soft extraction techniques such as centrifugation, native gel electrophoresis,
immunoaffinity purification, and ultrafiltration can potentially preserve the native or native-like state
of proteins as they do not involve harsh or non-physiological conditions or can be adapted to avoid
such conditions. Although some of the soft extraction workflows have limited high-throughput
compatibility, they are better suited for native mass spectrometry (nMS) analysis of endogenous
proteoforms, protein complexes, and higher-order structures.

Most commonly used biophysical techniques for analyzing the native structure of proteins
include light scattering, circular dichroism spectroscopy (CDS), isothermal titration calorimetry
(ITC), x-ray crystallography (XRC), nuclear magnetic resonance (NMR) spectroscopy, and mass
spectrometry (MS). Light scattering-based approaches provide information about the size and the
oligomeric state of a protein [13], whereas CDS and ITC can help in studying protein-protein
interactions [14] and protein-small molecule interaction [15]. However, none of these methods can
provide residue-specific information. XRC and NMR are both powerful techniques in analyzing the
three-dimensional structure of proteins at atomic resolution [16,17]. The former requires high-quality
crystals, while the latter requires a higher analyte concentration compared to mass spectrometry.
Additionally, XRC and NMR-based approaches struggle to handle large molecular-weight proteins
[18,19]. Mass spectrometry, on the other hand, is a highly sensitive analytical technique that offers
higher resolution insights into native protein structure, interactions, modifications, subunit
stoichiometry, and intersubunit connectivity [20,21] from a minimal amount of materials (picomoles
to femtomoles) [22-27]. The field of protein mass spectrometry has gained new momentum over the
past two decades due to advances in methodologies [28], mass spectrometry hardware [29], and
bioinformatics [30], and enabled analysis of non-covalent interactions of proteins during the
transition from solution to the gas phase [29,31,32], thereby deepening our understanding of biology
and diseases. MS-based intact protein analysis is the most direct available technique to study
proteoforms, conformation, interaction, and stoichiometry of proteins and protein complexes [33]. It
also enables studying of protein complexes that are too large to analyze by NMR but too small for
cryo-electron microscopy (cryo-EM), such as Toyocamycin nitrile hydratase (TNH) (86 kDa) [34]
and bacterial biomineralization enzyme Mnx (210 kDa) [35]. Mass spectrometers, however, cannot
physically separate biomolecules in the liquid state, but when coupled with a front-end separation,
they can provide better resolution and sensitivity. A cleaner sample, free from unwanted matrix
components and enriched for target protein species, significantly aids in successful nMS analysis of
protein. Advancements have been made to automate some of these steps through direct hyphenation
to the mass spectrometers, facilitating high-throughput operation, as discussed later in section 5.1.

Proteins are primarily composed of proteinogenic amino acid residues [36]. Most eukaryotic
proteins contain only L-amino acids; however, prokaryotic proteins, such as those derived from
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bacteria, have been reported to contain D-amino acids [37-39]. With the 20 common proteinogenic
amino acids as the building blocks, many proteins have variants that share identical m/z values and
charged states despite having similar or different amino acid sequences, e.g., hemoglobin, which has
five variants (Hb C, E, D-Punjab, G-Accra, G-Siraj), have the same molecular weight and charge state
distribution but differences in amino acid compositions [40], histones with numerous isobaric PTMs
combinations [41] etc. Moreover, many proteins in intact form can have similar retention [42] or
migration behavior [43], making their separation challenging. Besides, to maintain native-like
conditions, specific buffers are often used that are not compatible with mass spectrometry-based
analysis, e.g., TRIS, HEPES, PBS, MES, MOPS, etc. [44] and require exchange into an MS-compatible
solvent. An abundance of protein of interest is another critical factor, and without enrichment, low-
abundant proteins can be challenging to detect in biological samples. These challenges make nMS
analysis of intact protein species a daunting task and also indicate that, as a standalone technique,
MS may not be sufficient to fully characterize the endogenous protein landscape [33]. To minimize
sample handling, online workflows that integrate protein isolation and detection in a single step are
preferred. Hyphenated techniques, which combine two or more analytical instruments, can provide
a more comprehensive analysis without artifacts, such as the integration of UV, light scattering, and
mass spectrometry (MS). Specialized MS technologies, such as hydrogen deuterium exchange mass
spectrometry (HDX-MS) [45] and crosslinking mass spectrometry (XL-MS) [46] have been developed
for studying protein structure and interactions, but they require labeling of the protein species, and
may also involve denaturing conditions [47] or digestion [48]. Kaulich et al. assessed the effect of
different sample preparation workflows on proteoform identification by top-down proteomics and
proposed a decision tree that is based on sample availability, desired throughput, physicochemical
properties of proteins (mass and isoelectric point), and application [12]. Similar empirical analysis for
native proteomics is not available to date. In this article, label-free workflows for the isolation,
separation, and enrichment of intact proteins for nMS analysis are discussed. These workflows aim
to facilitate the discovery of the native structure of proteins, protein complexes, higher-order
structures, and endogenous proteoforms. For simplicity, native protein complexes, higher-order
structures, and proteoforms are collectively referred to as protein species in this article. Offline
techniques, such as immunoprecipitation, gel- and free-flow electrophoresis, and differential and
density gradient centrifugation, are discussed, along with routinely hyphenated online techniques
with mass spectrometers like liquid chromatography and -capillary electrophoresis. Mass
spectrometry techniques that have demonstrated success and could further synergize native protein
analysis, such as ion mobility spectrometry (IMS) and ambient surface mass spectrometry (ASMS),
are briefly reviewed. Additionally, a fully automated mass spectrometry workflow for protein
isolation and analysis is discussed. For comprehensive protein purification workflows and best
practices in top-down mass spectrometry-based intact protein analysis, readers are encouraged to
consult available excellent review articles [49-53].

2. General Considerations for Native Mass Spectrometry Analysis of Protein
Species

Due to the size of protein oligomers, high molecular weight protein complexes, and therapeutics
(mADbs), their analysis requires a fast and high-resolution mass spectrometer (HRMS) that offers high-
efficiency ionization, desolvation, transmission, and fragmentation, and can operate at extremely low
pressure. Unit resolution or older generation HRMSs do not provide these performances. Besides,
under native-like conditions, charges on proteins remain significantly lower compared to the
denatured state, as can be seen for the denatured and native mass spectra of carbonic anhydrase in
Figure 1 [54] i.e., native proteins generate higher m/z values, and their analysis requires a quadrupole
with an extended mass range.
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Figure 1. Charge state distributions of carbonic anhydrase under native (A) and denaturing (B) electrospray

ionization conditions (ESI). © American Chemical Society, reprinted with permission [55].

Under native-like conditions, proteins remain folded, and their inner part remains inaccessible
for taking up protons during ionization. Additionally, during the oligomerization of proteins, the
loss of outer sections can lead to a reduction in charges relative to the increase in molecular weight.
The net result is a slower charge increase in protein species under native-like conditions, which
require mass spectrometers with extended mass range, larger low-frequency quadrupole, increased
ion guide pressure, and higher acceleration potential [56]. Because of all these reasons, analysis of
intact protein species under native-like conditions requires dedicated mass spectrometry
instrumentation, and the readers are encouraged to review the article by Campuzano and Loo to
learn more about the evolution of mass spectrometers for high m/z ion analysis [57]. Three main
components for successful molecular analysis are sample preparation, instrument conditions for data
acquisition, and data analysis. Best practices for sample preparation and instrument operation
conditions for intact proteins are benchmarked by Donnelly et al. [53]. Kirshenbaum et al. reported a
step-by-step protocol for protein complex analysis by structural mass spectrometry, highlighted the
importance of instrument parameter optimization, and discussed strategies to disassemble protein
complexes on the fly via application of collision energy, organic solvents, and pH regulation [58].
Tamara et al. comprehensively discussed different gas phase ion activation strategies as well as
various aspects of data analysis for intact proteins, their modifications, and complexes [59]. These
resources are excellent guides for nMS analysis of intact protein species. In this section, sample
preparation, instrument conditions, and data analysis for intact protein species are briefly reviewed.

2.1. Sample Preparation

Native MS analysis of intact protein species generally employs reagents and methodologies that
help to preserve the native-like conditions, such as milder buffer and softer ionization (e.g.,
electrospray ionization, ESI) [44]. The selection of the sample carrier solution and the mobile phase is
critical, as their composition and pH will directly affect the native state of the protein species. Buffers
like ammonium acetate, formate, and bicarbonate are commonly used in MS analysis to control the
pH of the mobile phase due to their volatile nature [60]. Although ammonium acetate, formate, and
bicarbonate solutions in water have a pH range of 6.50-8.00, ammonium acetate has been widely used
in nMS analysis of protein species, as they are nondenaturing and do not form any unwanted non-
volatile adducts [53,61,62]. However, the nondenaturing nature of ammonium acetate depends on its
concentration, which must be carefully monitored during nMS analysis. Additionally, neither of
these buffers has buffering capacity at pH 7.00, and ammonium acetate and bicarbonate can lead to
CO2 bubble formation that can wunfold proteins [63]. Charge-reducing agents such as
trimethylammonium acetate, triethylammonium acetate, and ethylenediamine diacetate can be used
to control the protein unfolding in the gas phase, generate lower charge states, and achieve greater
conformational stability, all of which can be useful for nMS analysis of protein species [64-66].
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Marchand and Gabelica reported the use of trimethylammonium acetate in analyzing polymorphic
human telomeric DNA G-quadruplexes in the presence of KCl, which is a physiologically relevant
cation [67]. Lemaire et al. demonstrated the benefits of using triethylammonium bicarbonate (TEAB)
in analyzing heme/myoglobin complex, which was significantly more stable than those formed in
ammonium bicarbonate and acetate solution [68]. Native proteins tend to generate a lower charge
state, which is used as a diagnostic feature to determine the suitability of the buffer in preserving
their native structure. Hadavi et al. identified 4-ethymorpholinium acetate as a promising alternative
buffer to ammonium acetate [69]. During the isolation and enrichment of target protein species from
biological systems, reagents or conditions are often used that can disrupt the native state of the
protein species. For example, the use of detergents for cell lysis, mechanical agitation for tissue
homogenization, the use of organic solvents for solubility, etc., which can ensure success in analyzing
protein via denatured top-down proteomics analysis, would destroy native protein structure and
result in artifacts [70]. Hence, these conditions need to be carefully controlled for nMS analysis of
intact protein, its modification, complexes, and higher-order structure.

2.2. Instrument Conditions for Data Acquisition

Mass spectrometry parameters depend on the type of mass spectrometer and the acquisition
strategy. Preserving the native state of the protein species from solution to the gas phase is crucial for
successful nMS analysis, ensuring the retention of higher-order structure and avoiding the creation
of artifacts that do not represent their natural state. Vimer et al. discussed various MS acquisition
strategies for intact protein analysis [71]. Desolvation of intact protein and transfer of charges from
the solvent to the protein molecules are critical to ensure analytical success and are generally achieved
through ESI, during which protein samples are sprayed under high electric potential, ionized via
solvent evaporation, and the continued shrinking of the electrosprayed droplets [72,73]. Ideally, each
electrospray droplet should contain one protein species during the final evaporation step, which can
potentially be achieved by maintaining low per-droplet protein solution-state concentrations in the
low micromolar range, e.g., by using nano-ESI that produces smaller droplets compared to
conventional ESI [72]. For small molecules, ion activation via application of collision energy (CE)
fragments the analytes, generates product ions, and provides analyte-specific unique transitions that
enable their accurate identification. However, for large molecules such as proteins, CE also assists in
dislodging solvent molecules from the protein complex, unfolding of the protein molecules, and can
also be used to drive dissociation of ligands from the protein-ligand complex [74,75]. To preserve the
native state of the protein species, specifically the noncovalent protein complexes, gentle tuning
conditions are used, which can lead to insufficient desolvation and peak broadening [33].

Desolvation can also be enhanced by increasing collision energy in the source or collision cell,
increasing gas pressure, or capillary temperature [53]. Activating protein oligomers via gas collision
and dissociating them into monomeric subunits has been commonly used to study protein complex
subunit interaction, connectivity, and stoichiometry [76]. This strategy is known as collision-induced
dissociation (CID), collisionally activated dissociation (CAD), or higher-energy collisional
dissociation (HCD) in some instruments [77,78]. However, CID preferentially ejects peripheral
subunits of a multimeric protein while other subunits may remain with the complex, leading to
incomplete dissociation [79,80]. Lantz et al. demonstrated the utility of CAD in ejecting monomer
from yeast alcohol dehydrogenase (ADH) homotetramer (147 kDa), which was then fragmented
using HCD, yielding only 12% coverage [81]. Surface-induced dissociation (SID) is often preferred
for analyzing protein complexes due to its rapid and more complete dissociating capability compared
to CID [82]. It has been successfully used to study subunit connectivity [83], topology [84], assembly
mechanisms [84], and ligand binding localization [82]. However, caution must be taken to not
overactivate the protein complexes, which may generate artifacts [83]. Fragmentation techniques
such as electron capture/transfer/activated dissociation (ECD/ETD/EAD collectively termed as ExD)
[84-86], ultraviolet photodissociation (UVPD) [87], or hybrid techniques such as EThcD (sequential
ETD and HCD) [88] are reported to provide extensive fragmentation of intact protein species and
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better sequence coverage than HCD/CID, which enable confident identification of protein
modifications. Among these fragmentation techniques, ExD and UVPD have been reported to
generate fragments of protein complexes without disrupting the higher-order structure [33], with the
latter yielding fragments from the more inaccessible regions of proteins [89]. More comprehensive
discussions on the performance and application of these fragmentation techniques for intact protein
species are reviewed in [33,59,90-93]. The addition of supercharging agents, such as meta-nitrobenzyl
alcohol, can boost signal intensities of intact proteins while preserving their native state [97] and tends
to benefit CID. In contrast, charge-reducing agents tend to help SID by increasing structurally
informative products [94]. However, increasing desolvation may lead to disruption of labile
modifications and non-covalent adducts, hence it needs to be critically optimized [53].

Analysis of intact protein species requires high-resolution MS analyzers, which are primarily of
two types based on how they regulate ion movements, such as (i) ion trapping MS analyzers: Fourier-
Transform Ion Cyclotron Resonance (FT-ICR) and Orbitrap, and (ii) moving ion MS analyzer: time-
of-flight (TOF) [59], both of which can transmit and analyze large protein complexes and higher-order
structures without excessive activation [33]. TOF-MS can detect many ions simultaneously that have
distributions over several charged states. In contrast, FT-ICR and Orbitraps detect both m/z and z in
parallel, but one ion at a time. Hence, TOF is better for relatively smaller protein molecules in a
homogenous sample, whereas FT-ICR and Orbitraps are better suited for larger proteins and
inhomogeneous samples. The operational principles and structures of these mass spectrometers vary,
as do the parameters associated with them. Critical parameters such as gas flow, voltages (e.g.,
source/ion spray/capillary/cone, etc.), temperature, scan rate, cycle time, resolution, pressure, and ion
activation need to be carefully assessed and optimized. Table 1 lists parameters for different
analyzers for intact protein species nMS analysis and highlights different instrument parameters for
three scenarios: (I) same protein complex analyzed by different mass spectrometers (FT-ICR vs TOF)
(entry 1 and entry 2 subscript 1), (II) different protein complexes (protein higher-order structure vs
protein-ligand complex) analyzed by same mass spectrometer (TOF) (entry two subscript 1 and
subscript 2) (III) intact protein vs protein complex analyzed by same mass spectrometer (TOF) (entry
five subscript 3 and subscript 4).

Table 1. Parameters for different HRMS instruments for intact protein species analyses.

Instrument Parameter Settings Analyzed Protein Species, their Reference
Concentration, and Sample
Introduction Approach
Bruker 15-Tesla  Capillary voltage: 0.7-0.95 kV Membrane protein complex, E. coli [95]
SolarisX FT-ICR MS Dry gas temperature: 100 °C AquaporinZ homotetramer (97
Dry gas flow rate: 3.0 L/min kDa) (15-30 puM), acquired via
Ion Funnel RF amplitude: 300 Vapp direct nanospray-ESI
Ion Funnel 1 voltage: 150 V
Ion Funnel 2 volage: 6 V
Skimmer 1: 50-125 V
Skimmer 2: 5V
Multipole 1 RF Frequency: 2 MHz
Quadrupole RF frequency: 1.4 MHz
Transfer Hexapole RF Frequency: 1 MHz
Jon accumulation time: 500 ms
Waters Synapt G2- Capillary voltage: 0.5-1 kV?, 0.8-1.2 kV?2 Membrane protein complex, E. coli ~ 1[95]
HDMS Q-TOF MS Sample cone: 40 V AquaporinZ homotetramer (97 2[65]

Source temperature: 30 °C

Trap CE: 4-110 V! (High trap CE used for
unfolding), 4-10?

Transfer CE: 3V1, 2V2

Trap pressure: 3 x 103 mbar?, 7 x 10 mbar?
Transfer pressure: 3 x 10> mbar!, 6.7 x 103
mbar?

Trap direct current (DC) bias: -2V?, 3V2

kDa) (15-30 uM), acquired via
direct nanospray-ESI

2Noncovalent protein-ligand
complex: Lysozyme and tri-N-
acetylchitotriose (NAG3),
Trypsin/Pefabloc, Carbonic
Anhydrase II/Chlorothiazide, 3-
Lactoglobulin A/Lauric Acid (5 uM
concentration for each protein with

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1566.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 October 2025

d0i:10.20944/preprints202510.1566.v1

7 of 54

5-25 uM of ligand), acquired via
direct nano-ESI

Thermo Fisher  Source voltage: 1.5 kV Proteolysis-targeting chimeras [66]
Scientific Q Exactive Capillary temperature: 100 °C and 50 °C (PROTACs)-ternary complex (5
HF Plus Orbitrap EMR  FT resolution: 140,000 (at 200 m/z) uM), acquired via direct nanospray-
MS In-source CID voltage: 10 V ESI
HCD CE: 10V
Automatic gain control (AGC) target: 5 x
106
SCIEX ZenoTOF 7600  Spray voltage: 3500 V NIST mAb (0.7-7 uM, converted [96]
Curtain gas: 40 psi from published concentration),
CAD gas: 9 ADC (Enhertu) (0.6-6 uM,
Ion source gas 1: 60 psi converted from published
Ion source gas 2: 60 psi concentration), acquired via
Source temperature: 250-300 °C microflow SEC-ESI-MS
Declustering potential (DP): 120 V
CE: 12V
Accumulation time: 0.25 s
Time bins to sum: 120
Agilent 6545XT  Dry gas temperature: 365 °C3, 150 °C* 3Intact protein complex: Pyruvate [97]
AdvanceBio LC/Q- Dry gas flow: 12 L/min?, 10 L/min* kinase tetramer (232 kDa),
TOF Nebulizer: 35 psig?, 30 psig* glutamate dehydrogenase hexamer

Sheath gas temperature: 300 °C3, 150 °C*
Sheath gas flow: 12 L/min?, 10 L/min*
Capillary voltage: 5500 V3, 5000 V+
Nozzle voltage: 2000 V

Fragmentor: 300 V3, 250 V4

Skimmer: 220 V3, 100 V*

Acquisition rate: 1 spectrum/s

(335 kDa) and 3-galactosidase
tetramer (466 kDa) (2-20 uM),
acquired via microflow SEC-ESI-
MS

“Intact protein: Myoglobin
(Concentration/amount injected not

reported), acquired via microflow
SEC-ESI-MS

As shown in Table 1, MS parameters vary among the types of MS and the manufacturer, and
they need to be carefully assessed and optimized based on the protein species. For example, the first
two entries of Table 1 show the variation in instrument parameters between an FT-ICR and a Q-TOF
MS for a hemotetrameric membrane protein complex, AquaporinZ. Entry two, subscript 1 and 2
demonstrates that for similar types of analytes (e.g. protein complexes), the MS parameters can have
similarities as observed for a Q-TOF HRMS for the analysis of homotetrameric AquaporinZ and
various noncovalent protein-ligand complexes (Lysozyme and tri-N-acetylchitotriose (NAGS3),
Trypsin/Pefabloc, Carbonic Anhydrase II/Chlorothiazide, $-Lactoglobulin A/Lauric Acid). Finally,
subscripts 3 and 4 of the last entry of Table 1 highlight the differences among various MS parameters
for a Q-TOF HRMS when used for analyzing protein complexes vs an intact protein.

2.3. Data Analysis

Intact protein mass spectra acquired via ESI are different when compared to a small molecule
mass spectra and are composed of multiple peaks that represent multiply charged species of the same
protein. For large molecular weight proteins, protein complexes, and their higher-order structure,
ESIis recommended over MALDI [53]. Hence, the focus of this section will be limited to data acquired
via ESI-based approaches. As intact protein mass spectra generate multiple peaks of different mass-
to-charge (m/z) ions, they need to be deconvoluted to yield the mass of the protein. PTMs and ligand-
bound proteins are also represented among the multiply charged m/z peaks [98] and the visual of the
final mass spectra depends on the abundance of the species in the sample, as well as the ionization
efficiency and the resolving power of the mass spectrometer. The presence of isotopes makes protein
mass spectrometry data analysis more complex, as, unlike small molecules, where the most abundant
isotopic peak typically corresponds to the monoisotopic peak, proteins have a complex isotopic
distribution, often with no observable monoisotopic peak [99]. Additionally, overlapping signals in
both precursor and product ion spectra, along with complex tandem mass spectrometry spectra,
further complicate the analysis of intact protein MS data. Finally, confident identification and
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quantification of detected molecular species require spectral matching, which depends on high mass
accuracy, sequence coverage, and database quality. Higher-order structures of protein also have high
heterogeneity, which leads to broad and poorly resolved peaks and makes it extremely challenging
to determine their charge and the accurate mass [100,101]. Several packages have been developed to
date that offer solutions for analyzing MS data derived from intact proteins, their modifications,
complexes, and higher order structures, such as ProSight Suite (PC/PD/PTM/Lite/Native) [102-104],
MassExplorer [105], Informed-Proteomics [106], TopPIC [107], MS-Align+ [108], etc. Due to the
complexity of the native protein MS data analysis, perhaps a targeted approach on a specific protein
species or a group of relevant proteins is better than a discovery protein approach, for which it is
imperative to adopt the right strategy for sample preparation. Critical analysis and comparison of
listed software packages will be extremely resourceful; however, it is out of the scope of this review,
the focus of which is on the preanalytical strategies for nMS analysis of intact protein species to ensure
that the sample solution is clean, enriched for target protein species, and handled with caution to
avoid artifacts. In the following sections, different strategies for isolation, separation, and enrichment
of protein species for native mass spectrometry analysis are discussed.

3. Offline Strategies for Isolation, Separation, and Enrichment of Intact Protein
Species for nMS Analysis

3.1. Immunoprecipitation (IP)

Target protein species can be enriched via a capture entity with high affinity and specificity for
the target, a procedure known as affinity purification [109]. Enrichment of the target protein species
can also be achieved through the removal of interfering components from the sample matrix, which
is known as immunodepletion or immunoaffinity subtraction chromatography. In affinity
purification, a bait molecule (e.g., small molecule ligand, antibody, receptor, enzyme, or nucleic acid)
is immobilized on a solid support (e.g., magnetic beads) that interacts with the target protein species
while other matrix components remain unbound and are cleared off by washing [109]. The protein
of interest can finally be eluted by disrupting the interaction between the protein and the bait
molecule via changes in pH, ionic strength, or polarity of the eluting agent. Immunoprecipitation (IP)
is an affinity purification technique where an antibody is used as bait, which is typically immobilized
on magnetic or agarose beads [110]. Bait antibody recognizes and binds to a specific amino acid
sequence (epitope) of the target protein species, which is then eluted by disrupting the antigen-
antibody interaction. IP has been successfully used for the isolation of target protein species for
downstream mass spectrometry analysis. Care should be taken during the IP procedure, as changes
in buffer composition, pH, the presence of organic reagents, extreme temperatures, etc., can perturb
the native state of the protein species. The native variant of IP, known as native co-
immunoprecipitation (Native co-IP), allows for the co-isolation of proteins that interact with the
protein of interest and is used to study protein-protein interactions and protein complexes [111].
Native co-IP has been successfully used to study DNA-binding proteins (also known as chromatin)
under native-like conditions [112]. Native co-IP can isolate chromatin-associated proteins via
sequential extraction using Triton X-100, 0.5 M MgCl., 0.5 M DTT, and 1 M NaCl, and was reported
to be successful for studying proteins that interact with Topoisomerase I from mouse B-lymphocytic
leukemia cell lines [111]. Chromatin immunoprecipitation (ChIP) demonstrated successful isolation
of DNA-binding protein using conditions up to 1.5% SDS [113]. In addition to the challenges
regarding the maintenance of the native-like conditions while ensuring sufficient recovery, other
critical parameters that need careful assessment include binding affinity, non-specific binding, cross-
reactivity, and suboptimal elution of the target proteins [114]. Antibodies can be engineered to target
specific epitopes of the bait protein and proteoforms with particular modifications of specific amino
acids, e.g., methylation of arginine and lysine motifs [115]. Guo et al. developed highly specific
antibodies that successfully identified the methylation of 1,000 arginine and 160 lysine residues in
proteins from a human cell line (HCT116) and mouse tissues [115]. Antibodies that can selectively
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bind to proteins of different oligomeric states and sizes are also available; for example, antibodies
with preferential binding to different amyloid beta oligomers (A3Os) were developed and used to
isolate different ABOs via immunoprecipitation [116]. In recent years, automated high-throughput
immunoprecipitation workflows have been established, as discussed in section 5.1.

Affinity purification can also be adapted for epitope tagging, where specific tags such as FLAG,
TAP, c-myc, glutathione S-transferase (GST), poly-histidine (His-Tag), and short peptide sequence
(Strep-Tag) are fused to the target protein during expression using gene editing technology, e.g.,
CRISPR-Cas9 [117] and can be eluted more efficiently with an anti-epitope antibody [118]. These
tagged proteins are used as baits to capture interacting proteins from complex biological samples to
study protein-protein interaction, as reported by the BioPlex study, which identified 56,533
interactions with 10,961 proteins in HEK233T cells [119,120]. These tags are mostly C-terminal
peptides and generally do not interfere with the function of the tagged protein. [121] and are most
cost-effective. Isolation of protein species via tagging, although reported to preserve their function,
the tagged protein species does not resemble their endogenous form [122]. However, this approach
can be used for studying subunit stoichiometry and intersubunit connectivity as demonstrated by
Olinares et al., who used a Staphylococcus aureus-derived (SpA) tag to successfully purify a yeast-
derived GINS complex (a protein complex comprised of 4 proteins, SId5, Psfl, Psf2, and Psf3) from 1
g of cryomilled yeast powder, due to the high affinity of SpA tag for the Fc-domain of the antibody
[121]. For nMS analysis, they employed collisional dissociation to disassemble the protein complex
(Figure 2). This protocol can be adapted to automation from affinity purification to nMS analysis and
is an excellent example of stoichiometry analysis of native protein complexes.
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Figure 2. Affinity isolation, elution, and nMS analysis of the endogenous GINS assembly from budding yeast.
(A) SDS-PAGE separation and Coomassie staining to assess the post-elution sample handling steps. Elution was
performed with 2 mM PEGylOx (PEGylated cyclic FclIl peptide), which was later removed by buffer exchange
into 150 mM ammonium acetate, 0.01 % Tween-20. (B) The native MS spectrum of the endogenous yeast GINS
complex and (C) the peak series for the Ctf4 trimer. (D) Spectrum showing HCD activation of the GINS complex.

© American Chemical Society, reprinted with permission [121].
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Achieving high recovery via affinity purification under native-like conditions could be
challenging, as disrupting the antibody-antigen interaction may require nonphysiological pH, high
salt concentration, or reagents that could denature the protein species [123]. Additionally, the
nonspecific binding of the target protein on the solid support or beads leads to additional loss.
Although blocking buffers containing albumin or milk protein could help prevent this, the addition
of such external blocking agents may have an unprecedented effect on the native state of the protein
species. Multiple washing and elution steps can dissociate weak protein complexes and cannot be
used to determine the binding affinities [124]. Shao et al. recently developed a biofunctionalized
dissolvable hydrogel microbead-based stationary phase for native affinity purification and mass
spectrometry analysis of protein complexes, called Stationary-phase-dissolvable Native Affinity
Purification and Mass Spectrometric characterization (SNAP-MS), which dissolves after capturing
the target protein, relieving the need for elution, and ensures complete recovery of the target protein
with pico-mole level starting input, with a sample-to-data time as brief as 2 hours [125]. In this
workflow, the linear polyacrylamide chains from the dissolvable bead matrix were removed by SEC
before MS analysis. They demonstrated the application of SNAP-MS in native analysis of various
oligomeric states of avidin and haptoglobin, as well as integrity, subunit composition, and topology
analysis of 20S proteasome (20S), a 28-mer protein complex (consisting of two outer layers of
heptameric a subunits and two inner layers of heptameric (3 subunits) from Thermoplasma acidophilum
(Figure 3).
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Figure 7. a. Schematic diagram illustrating the purification of Haptoglobin (Hp) using Hemoglobin (Hb) as bait.
B. SDS-PAGE (left) and native mass spectra (right) of Hp-Hb complexes captured from sera of four individuals
(P1-P4). Pure Hb bait and untreated serum from Individual P1 were loaded in the gel as controls. Numbers in
parentheses indicate oligomeric states of Hp. The SDS-PAGE experiment was independently repeated three
times, yielding consistent results. c. Native mass spectrum of Hp-Hb complexes captured from 100 uL of serum
from P1, with 50 pg free Hb added. 30 mM TEAA was added to the sample solution to reduce the charge states
of protein ions for improved charge resolution. Numbers in parentheses indicate binding stoichiometries. D.
Comparison of tandem mass spectra of Hb monomers released from plasma Hb (blue) and from the bait-target
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complexes (red). The inset shows a magnified view of the mass increase of the Hb {3 subunit caused by linker
attachment. E. Tandem mass spectra showing sequential release of monomeric Hb subunit from bait-target
complexes with increasing collision energy, which facilitates determination of complex masses and
stoichiometries. © Springer Nature, published under CC-BY [125].

As the beads are dissolvable, they eliminate the need for an elution step and prevent loss of
target protein due to inefficient elution or protein adsorption, ensuring 100% recovery. The bait
molecule can be released from the native protein complexes by collisional dissociation in the gas
phase after being subjected to MS analysis, or could be subjected to gas phase separation, such as via
ion mobility spectrometry. Adopting this technology in protein pulldown assays can potentially
assist in the successful analysis of low-abundant proteins.

3.2. Gel Electrophoresis (GE)

Gel electrophoresis (GE) is primarily used for separating large molecules based on their charge
and size as they migrate through a gel in the presence of an electrical field. Two types of gels are used
for protein electrophoresis: agarose (for high molecular weight proteins, > 200 kDa) [126] and
polyacrylamide (for proteins in the range of 5-200 kDa) [127]. In principle, the larger the protein, the
lower the percentage of the gel should be to achieve better separation. Unlike chromatography, gel-
electrophoresis enables simultaneous and relatively faster separation, followed by straightforward
visual representation of the resolved protein species without the need for complex instrumentation
and data processing workflows. Primarily, there are two mechanisms to elute proteins from gel while
maintaining native-like conditions, namely, (i) passive elution that works via diffusion and (ii)
electroelution, where proteins elute due to the presence of an electric field forcing molecules out of
the gel [128]. During passive elution, the region of interest of the gel is cut and exposed to water to
allow the diffusion of proteins from the gel [129]. However, this method leads to low and variable
recovery, longer incubation times, co-diffusion of polymers, and other contaminants necessitating a
second step for their removal, and is reported to only work for molecules below 60 kDa [129].
Electroelution, on the other hand, is more efficient in eluting proteins from the gel and can potentially
be used for nMS analysis when operated under nondenaturing conditions [130]. Readers are
encouraged to review the work by Seelert and Krause [131] for exploring various types of GE
conditions for the isolation of various proteins and protein complexes. Additionally, continuous
elution devices have been developed where the proteins migrate and eventually move out of the gel
into a buffer in the presence of an electric field; this has been successfully used in isolating protein
complexes like photosystems, ATP-dependent enzymes, and active respiratory supercomplexes
[131]. Isoelectric focusing (IEF) is another technique for the separation of protein species that avoids
harsher conditions and has demonstrated success in separating membrane proteins in their native
conditions with intact enzyme activity [132]. During native GE, separation of proteins is regulated by
their shape, besides charge and size, and resolved proteins can be visualized by enzyme-linked
staining [133]. Neutral to slightly alkaline electrophoretic buffer is used in native GE, where
negatively charged proteins can be recovered by either passive diffusion or electroelution for mass
spectrometry analysis. Although the presence of detergent is reported to be safe for preserving the
covalent structural features of a protein, such use should be assessed case-by-case to ensure
preservation of non-covalent interactions of proteins to ligands, cofactors, and metal ions [134].
Detergents should be removed before MS analysis, and the effect of detergent removal on gas-phase
protein structure needs to be assessed. Additionally, omitting any heating step during gel
electrophoresis is essential to help preserve the native-like conditions.

Blue-Native Polyacrylamide Gel Electrophoresis (BN-PAGE) provides a simple one-stop
isolation of proteins and protein complexes from biological matrices and is suitable for 2D
crystallization, electron microscopy, native electroblotting, or immunodetection [135]. Nowakowski
et al. demonstrated retention of the protein-metal native interaction isolated from LLC-PK1 cell-
derived protein (5-25 pg) using the native Sodium dodecyl sulfate polyacrylamide gel electrophoresis
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(SDS-PAGE) and Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) [134].
BN-PAGE has a fixed running pH of 7.50, reflecting the physiological pH, which helps to preserve
the native state of the proteins. and does not use any harsh detergents, but Coomassie Brilliant Blue
(CBB) to impart negative charges to the proteins [136]. However, removal of CBB is also essential
before MS analysis, which can be challenging without perturbing the native structure of the protein.
Taurodeoxycholic acid is a milder detergent that is active at pH 7.50 and can be used as an alternative
for some proteins upon optimization [137]. Zinc-imidazole staining is a milder technique
recommended for visualizing proteins in the BN-PAGE workflow. In this method, the zinc ions and
imidazole can be removed without applying harsher conditions, allowing for the recovery of proteins
in native conditions using passive elution [138]. However, proteins with a high isoelectric point (pI)
but a net negative charge, such as cytochrome C (pI: 10.0-10.5), face challenges migrating through the
gel because they cannot overcome the substantial positive charge. Clear-native PAGE (CN-PAGE)
resolves this limitation, which has demonstrated separation of acidic water-soluble and membrane
proteins and complexes (pI < 7) while replacing the Coomassie dye with non-colored mixtures of
anionic and neutral detergents, omitting the requirement of dye removal [139]. During CN-PAGE,
proteins migrate based on their intrinsic charge and the pore size of the gel under milder conditions,
demonstrating utility in studying the catalytic activity of mitochondrial ATP synthase [140]. Sarkozy
and Guttman developed a technology by combining native and SDS capillary gel electrophoresis
coupled to ESI-MS via a closed-circuit coaxial sheath flow reactor interface with online removal of
SDS using y-cyclodextrin in the sheath liquid, enabling intact protein analysis using 3.5 ug standard
protein under native-like conditions [141].

GE-based approaches can also enable the identification of protein complexes and post-
translational modifications of proteins under native-like conditions [142-145]. Pieper et al.
demonstrated identification of 3700 distinct protein spots via two-dimensional gel-electrophoresis (2-
DE) from human serum post-immunodepletion and anion exchange/size-exclusion chromatography,
many of which were post-translationally modified [146]. Munawar et al. used native-GE to survey
cytoplasmic, nuclear, and chromatin fractions of HEK293 cells and identified 217 protein complexes
containing various subunits (3-15), demonstrating its utility as an upstream separation step for
analyzing protein complexes and determining their cellular distribution [147]. More recently, four
native membrane proteins, a potassium channel (KvAP), a sodium channel (NavMs), a water channel
(GlpF), and a urea channel (HpUrel) were reported to be analyzed via CN-PAGE with the help of
Glyco-DIBMA, a negatively charged amphiphilic copolymer-encapsulated nanodisc that helps the
protein to avoid exposure to detergent [148]. These examples demonstrated the utility of gel-
electrophoresis for isolating, visualizing, and analyzing native protein species as well as their
potential in studying protein interactions, structure, and PTMs when combined with nMS.

Stabilizers can help in preserving fragile protein complexes, but their addition into the buffer
needs to be carefully assessed to ensure optimum migration and integrity of native proteins.
Additionally, radicals of acrylamide can remain trapped inside the gel, leading to the oxidation of
specific amino acids such as tryptophan, histidine, methionine, lysine, and cysteine, which damages
the native structure of the protein [149]. Oxidative damage to the proteins can be prevented by
antioxidant pretreatment [150,151]. But the effect of such a procedure on the native structure of the
proteins needs to be assessed. The key step to utilize GE for nMS analysis is to obtain a relatively
pure protein sample in sufficient quantity and in liquid form in an MS-friendly solvent. Several
elution methods and devices for the extraction of proteins from gels have been developed, including
electroelution into membrane traps from gel slices [152], continuous electroelution during gel
electrophoresis [153], diffusion out of homogenized gel slices [154] etc. However, each of them suffers
from various drawbacks, such as steps prone to inconsistency (e.g., gel slicing), large recovery
volume, incompatibility for larger proteins (greater than 60 kDa), and high sample preparation time.
These problems were addressed by a variant of a continuous electroelution device based on a semidry
blotter that allows simultaneous elution of proteins from one or two-dimensional gels [155-157]. This
device demonstrated the recovery of proteins up to 120 kDa in a 200 pL volume of 20 mM Tris HCI
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buffer (pH 8.00) or 2 mM phosphate buffer (pH 6.80), with minimal loss and preservation of their
biological activity. Based on similar technology, Tran and Doucette developed a continuous elution
tube gel electrophoresis for proteome fractionation to achieve effective separation of protein over a
broad mass range in the solution phase with high recovery from submicrogram to milligram level
sample loading for MS analysis [158]. Although this device uses a gel column for separation, the
proteins ultimately elute from the column in the gel-free solution phase; hence, the device is named
Gel-Eluted Liquid Fraction Entrapment Electrophoresis (GELFrEE). Skinner et al. adopted the
GELFrEE approach for native proteomics analysis (Native-GELFrEE) and demonstrated its
application to separate proteins from complex mixtures (mouse heart extracts and fungal secretome)
for nMS analysis [159] and reported intact mass of cytoplasmic malate dehydrogenase (a
homodimeric enzyme with a key role in the malate-aspartate shuttle). Building on these technologies,
Skinner et al. characterized 125 intact endogenous protein complexes, 217 distinct proteoforms, and
28 metal-binding (Zn?, Cu*, Mg¥, Ca*, Fe®) (Figure 4) proteins from mouse heart tissue and human
cancer cell lines [160].
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Figure 4. (a) An intact mass spectrum of murine aconitase showing the distribution of Zn?* binding in addition

to a mass shift consistent to within 0.3 Da of the 2* charge state of its 3Fe4S cluster. (b) The crystal structure of
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porcine aconitase (98% sequence identity; PDB: 5ACN) with the tandem MS-localized Zn?* binding site indicated
in purple. (c) The intact mass spectrum of the enolase dimer bound to either no or one copy (but not two) of its
di-Mg?* cofactors. (d) A crystal structure of the enolase dimer indicating that the di-Mg?* (ions in blue) binding
pocket is only occupied on one monomer. (e) One of two iron-binding pockets of human serotransferrin (72%
sequence identity) is located near two probable sites of N-linked glycosylation. (f) The normalized relative
abundance of species with zero, one, and two bound Fe® cofactors indicates a 52% increase in the efficiency of

binding two irons with a nonfucosylated glycan. © Springer Nature, reprinted with permission [160].

Skinner et al. also demonstrated amino acid and isoform variants using native top-down mass
spectrometry (nNTDMS) and characterized two mouse hemoglobin subunit -1 chains each as a
heterodimer, differing by three amino acids and bound to a hemoglobin a-chain. PTM identification
can be achieved by denatured top-down mass spectrometry (dTDMS) [161]; however, conformational
information as observed for mouse hemoglobin and the metal binding to murine aconitase obtained
via this study would be unattainable in the former. This clearly demonstrates the power of nMS to
identify an enzyme, its modification, and interactions with cofactors in a single experiment under
normal physiological conditions. The ability to study any deviations from these can help predict
abnormalities in a biological system. GELFrEE technique, however, requires detergents which need
to be removed before mass spec acquisition, e.g., by using HiPPR detergent removal columns. Later,
the manufacturer was acquired by Life Technologies, merged with Thermo Fisher, and then
discontinued. Gel-based approaches for native protein separation, followed by nMS, although they
provided the power of analyzing intact protein species while preserving the native or native-like
state, the workflow required a high sample amount compared to bottom-up, denatured top-down
proteomics [162] or crosslinking MS [163]. Additionally, the workflow from protein isolation to MS
measurement is challenging to automate and directly hyphenate to mass spectrometers.

3.3. Free-Flow Electrophoresis (FFE)

Electromigration in free liquid has been known for several decades [164], however integration
of this principle for high-throughput protein isolation lagged. Gel-free electrophoresis, also known
as free-flow electrophoresis (FFE) or carrier-free electrophoresis (CFE), allows for comparable
resolution to gel electrophoresis without the use of a matrix (i.e., gel), where separation occurs in a
liquid state. During FFE, the analytes separate as they flow through a planar channel with a
hydrodynamically pumped buffer stream (i.e., carrier buffer) perpendicular to which an electric field
is applied that deflects the analytes laterally according to their size, charge, migration properties,
buffer conductivity, pH, and the electric field strength [165,166]. The gentler condition used in FFE
helps preserve the native integrity of the proteins and protein complexes [167] and offers higher
analyte recovery than gel-based electrophoresis [168]. The major advantage of gel-free approaches is
the removal of the transfer step from gel to liquid for mass spectrometry analysis, making it a
desirable method for separating proteins under native-like conditions. Additionally, being in the
liquid phase during separation enables easy integration into a chromatographic or flow injection
system and compatibility with automation for direct hyphenation to the mass spectrometers. Various
liquid fractionators that separate proteins based on free-flow electrophoresis have been
commercialized, such as Elphor VAP, Octopus FFE, and ProTeam™ FFE, which can operate under
both denatured and native-like conditions. Lee and Kwon reviewed the p-FFE for prefractionation,
enrichment, and purification of proteins from biological systems, and the readers are encouraged to
consult this excellent review for further information on the utility of this technology [169]. However,
FFE-based native separation suffers from buffer instabilities due to thermal convection, which leads
to hydrodynamic and electrodynamic distortion affecting the separation efficiencies [168].

To overcome some of these shortcomings, miniaturized FFE devices such as microfluidic FFE
(u-FFE) technology was developed, offering rapid separation of proteins (<2 minutes) from a simple
protein mixture in analytical scale (uL range) [169,170]. However, fabrication of p-FFE can be
complex, and they often suffer from bubble formation, the removal of which can be challenging
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[36,171]. Jeon et al. reported a pressure-driven flow-induced miniaturizing FFE (PDF-induced u-FFE)
device that overcomes this limitation, where the movement of particles is navigated by pressure in
addition to the electrical field [172]. In this system, the electric field is applied parallel to the fluidic
stream, enabling the separation of target particles from the sample in the opposite direction. This
approach contrasts with traditional u-FFE devices and demonstrates 97% efficiency in separating
micro- and nano-sized particles. Using a similar principle, Ayan et al. developed a technology using
electrophoresis and steady-state counter-current pressure-driven flow to extract two intact oleosomes
(highly stable oil-storing organelles), cruciferin (a 230-300 kDa hexameric protein), and napins (a 12-
17 kDa monomeric protein) from rapeseed oilseeds without the need for using organic solvents and
high temperature [173]. Newer FFE-based approaches have been used in downstream imaging
experiments, but their hyphenation to MS for native analysis of intact protein species remains to be
evaluated.

FFE combined with isoelectric focusing (IEF) demonstrated success in analyzing intact protein
species under denatured and native-like conditions [174,175]. Native MS analysis of very high
molecular weight proteins via direct infusion mass spectrometry is now feasible, and FFE can be a
viable preanalytical sample fractionation technique for nMS analysis. Despite the challenges of
keeping hydrophobic proteins such as membrane proteins soluble after separation under native
conditions, Weber et al. demonstrated the use of FF-IEF for keeping peroxisomal membrane proteins
soluble post-separation [176]. FF-IEF coupled to FT-ICR-MS exhibited the capability to identify
protein isoforms which has been challenging to distinguish due to minimal mass differences [177].
Unfortunately, despite the successful separation of different protein species under native-like
conditions, the fabrication of FFE devices for robust nMS analysis at a reasonable cost has remained
a challenge, limiting their widespread utilization. With 3D printing devices and new-generation mass
spectrometers, gel-free approaches should be revisited for isolating native proteins for mass
spectrometry analysis.

4. Online Strategies for Isolation, Separation, and Enrichment of Intact Protein
Species for nMS Analysis

4.1. Liquid Chromatography (LC)

The most common LC separation technique, reverse-phase (RP), is not amenable to native
protein analysis due to the presence of organic mobile phases and modifiers that denature the
proteins and disrupt their native state [178]. There are other LC approaches which can separate
protein species based on size (size exclusion chromatography, SEC), charge (ion exchange
chromatography, IEX), and hydrophobicity (hydrophobic interaction chromatography, HIC) while
preserving their native state [179] which are discussed below.

4.1.1. Size Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC) is a liquid chromatography technique that separates
proteins based on the hydrodynamic volume, which is directly related to their size. SEC can be useful
in separating protein aggregates, such as oligomeric protein structures and non-covalent protein
complexes, using native buffers [180]. Conventional SEC is a low-resolution separation technique
where proteins in the range of 50 kDa apart elute as a primary peak and a shoulder [181].
Conventional SEC columns have longer (> 100 mm) and wider dimensions (> 4mm), which require a
higher flow rate and can disrupt the native state due to heat and stress if not carefully controlled
[182]. The column pore size, composition, pH, and ionic strength of the carrier buffer play a critical
role in the success of SEC-based protein separation under native-like conditions. For faster nMS
analysis of protein species, pore sizes of 200 and 300 A, ammonium acetate-based buffers with an
ionic strength of 20 mM up to 500 mM, and silica-based SEC columns have been recommended for a
size range of 10-200 kDa [183-185]. High salt in the SEC buffers and high flow rates require high
desolvation gas flow and source temperature, which can disrupt the native state and lead to the
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degradation of the protein complexes. These challenges have been addressed by narrow SEC columns
with sub-3 um particles [186,187]. Ventouri et al. developed an integrated system coupling online
ion-exchange-based solid phase extraction (SPE) to microflow (15 pL/min) SEC-nMS for analyzing
higher order structure of protein complexes up to 230 kDa with a 20-fold enhanced signal compared
to conventional SEC-based workflows [188]. They comprehensively discussed the effects of injection
volume, concentration, flow rate, and mobile phase composition on mass spectra quality and signal-
to-noise ratio, making it an excellent resource for SEC-based nMS analysis.

The coupling of SEC with other liquid phase and gaseous phase separation techniques for intact
protein analysis was reported. For example, Shen et al. reported hyphenation of SEC and MWCO-
based buffer exchange to capillary zone electrophoresis (CZE) (autosampler operated) for native MS
analysis of a complex mixture (600 pg E. coli proteome) and discovered 4 protein homodimers, 16
protein-metal complexes, two protein—[2Fe-25] complexes, and one protein—glutamine complex
[189]. Other groups have reported integrated SEC-buffer exchange-ion-mobility spectrometry (IMS)
for nMS analysis of intact antibody and demonstrated the preservation of structural integrity and
higher order structure [190,191]. Gargano group who previously developed microflow SEC with a
SPE trap for nMS analysis recently reported a new nanoflow SEC-nMS technology using 200 um
internal diameter SEC columns operating at 500 nL/min with a combined 80-fold gain in sensitivity
and demonstrated its application in resolving monomer, dimer, tetramer, and octamer of L-
asparaginase in a 6 minute effective separation (retention time in 11-17 minute window) as can be
seen in the extracted ion chromatograms (EICs) in Figure 5a and their corresponding mass spectra in
Figure 5b [192]. They used an autosampler for CZE operation and demonstrated success in analyzing
higher-order structures of proteins from only 50 ng of injection, which is an excellent example of a
sensitive and high-throughput platform for intact protein nMS analysis.

A o] TIC —— Asparaginase b 2.4£+4 — Octamer
2.0E+6 1.6E+4
1.0E+6 BAEs i
0.0E+0 I I 1 l \ i
15E+4 F E|C —— Octamer| 0.0E+0
1.0E+4 | 6.0E+5 |-
SOE+3 - 4.0E+5
0.0E+0 1 . 1 L 1 N 1 L 1 N 2.0E+5 I

)\1.6E+6 C EIC n —— Tetramer -

?' 0E+6 - ;f \. BO.0E+0
| Q

.25.2E+5 - / \p E1.1E+5

“o0o0E+0 —_

T.2E+4

7.8E+4
5.2E+4
2.6E+4
0.0E+0
2.2E+5 |
14E+5
7.2E+4
0.0E+0

3.6E+4

0.0E+0

1.2E+5

7.8E+4

3.9E+4

0.0E+0

2000 3000 4000 5000 6000 7000  80OO
Time (min) m/z

Figure 5. Total ion chromatogram (TIC, cumulative signal of all ions) and Extracted ion chromatogram (EIC,
signal for a specific user-selected ion) of L-asparaginase obtained by the nanoflow SEC-nMS method. (b) MS
spectra of monomer, dimer, tetramer, and octamer of L-asparaginase. 50 nL of L-asparaginase with a
concentration of 1 mg/mL was injected into the system and eluted with 200 mM ammonium acetate. The isCID
value is 15 eV. © American Chemical Society, published under CC-BY 4.0 [192].
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4.1.2. Ion Exchange Chromatography (IEC)

Ion Exchange Chromatography (IEC) separates molecules based on their charge via interaction
with a stationary phase that has the opposite charge. IEC can help in separating charge variants of
proteins that can form due to post-translational modification, such as deamidation, pyroglutamation,
carbamylation, etc. [193]. The negatively charged stationary phase can interact with positively
charged proteins through electrostatic interactions, which is why it is known as a cation exchanger
(CEX). In contrast, a positively charged stationary phase can interact with a protein with a net
negative charge, hence known as an anion exchanger (AEX). An incremental increase in ionic strength
and the pH of the elution buffer disrupts the electrostatic interaction, leading to the separation of
protein species. The gradient of salts in IEC-based separation presents challenges in MS-based
analysis on the back end due to ion suppression and low ionization efficiency, leading to reduced
sensitivity, adduct formation, and excessive contamination of the MS source and quadrupole.
Continuous removal of salt and other interfering molecules through buffer exchange or complexation
with cyclodextrin [141] can be explored to fully utilize the potential of IEX for nMS analysis of protein
species. Several studies reported a pH gradient elution of a low-ionic-strength volatile buffer to
directly couple IEC to HRMS without the need for any buffer exchange for the analysis of PTMs in
mAbs [194-197]; however, protein measurement in these studies was based on digestion. In recent
years, several studies have demonstrated the application of mixed-mode SEC-nMS (mmSEC-nMS)
analysis of antibodies and intact proteins. Yan et al. reported the utility of strong cation exchange
chromatography to purify bispecific antibodies (2-10 ug) from homodimer impurities (up to 0.01%),
followed by mmSEC-nMS analysis using an ammonium acetate- and ammonium bicarbonate-based
mobile phase of varying concentrations (30—450 mM) [198]. This approach can help quantify the
homodimer impurities in therapeutic bispecific antibody formulations, which is critical to support
their development and quality control. Fischer et al. reported nMS analysis of endogenous metal-
protein complexes and oligomeric protein species up to 146 kDa using a mixed-bed IEC from 5.5-12.6
ug proteome from a complex mixture (human heart tissues) using a salt gradient (10-800 mM
ammonium acetate) (Figure 6) [199], highlighting the utility of this approach for high-throughput
analysis of endogenous protein complexes while preserving the tertiary structures of proteins and
the noncovalent interactions.
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Figure 6. Native top-down identification of proteins from human heart extract. (a) Representative total ion
chromatogram (TIC) and extracted ion chromatograms (EICs) from an online mixed-bed IEC separation of a
HEPES extract from human heart tissue. EICs are scaled to the same height to show peak shape. (b) Identified
proteins from labeled EICs, including fitted theoretical isotope distributions, monoisotopic mass error, and
example fragment ions. Due to the lack of isotopic resolution, the deconvoluted average mass profile is shown
for the malate dehydrogenase dimer. The PDBs associated with the representative crystal structures are 1AZV
(superoxide dismutase), 1BD9 (PE-binding protein), 1K8U (5100-A6), and 2C95 (adenylate kinase). © American
Chemical Society, reprinted with permission [199].

4.1.3. Hydrophobic Interaction Chromatography (HIC)

Hydrophobic interaction chromatography (HIC) is a non-denaturing technique that separates
proteins under native-like conditions based on their hydrophobicity. In HIC, more hydrophobic
proteins bind to the stationary phase more strongly and elute later using a salt gradient [200].
Adsorption of proteins via the non-polar surface and the hydrophobic stationary phase increases
during high salt concentration, and the elution of the protein occurs by disrupting that interaction by
using a decreasing salt concentration in the eluent [201]. PTMs that impart hydrophobicity to the
protein molecules are good candidates for HIC-based separation [202]. A decreasing salt gradient,
such as 1.8-0.02 M ammonium sulfate, is commonly used in HIC to elute proteins while preserving
the native-like conditions [203], however, its nonvolatile nature complicates direct coupling to mass
spectrometers. Ammonium acetate has not performed as well as ammonium sulfate, which also
requires a high concentration, leading to decreased MS sensitivity [204,205]. Strategies to address
these challenges involve the use of ammonium tartrate [203] and online buffer exchange, such as SEC
[206] or other technologies such as complexation (e.g. via cyclodextrin) [141]. Kempen et al. used
ammonium tartrate to analyze the drug-to-antibody ratio (DAR) in different ADC formulations from
50 pg injection via online HIC-SEC-nMS analysis, demonstrating comparable performance to
ammonium sulfate, which is the preferred salt for HIC due to its selectivity [207]. Furthermore, to
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prevent salt contamination of the ESI source of the MS, they integrated an online SEC-based desalting
cleanup step prior to MS analysis, which provided superior performance than a traditional heartcut
setup. This study also reported the detection of several glycoforms of the antibody, in addition to
DAR values of 0, 2, 4, 6, and 8, within a 20-minute run. HIC, as a standalone separation technique for
nMS analysis of intact protein species, has been reported in recent years. Wei et al. reported the
detection of non-oxidized, mono, and di-oxidized mAbs via online HIC using a isocratic flow of 300
mM ammonium acetate to HRMS [208]. HIC has been a popular method of choice for mAbs, ADCs,
and related product analyses, and the readers are encouraged to consult the excellent review by
Fekete et al. for a comprehensive discussion on HIC-based method development for native protein
analysis [202].

4.1.4. Affinity Liquid Chromatography (ALC)

Affinity Liquid Chromatography (ALC) separates proteins based on their binding to an
immobilized ligand or receptors on the stationary phase and is often used to study the binding
characteristics of proteins to other molecules [209]. Binding occurs under native-like conditions, while
the elution occurs by changing the pH or the ionic strength of the mobile phase [210]. The review
articles by Banks et al. [211] and LaCava et al. [212] discuss the critical parameters for developing
affinity purification workflows for proteins and protein complexes. In recent years, affinity LC-MS
for antibody characterization has gained popularity and demonstrated the identification of several
glycoforms using increasing [213] or decreasing [214] pH gradient. Prinston et al. used ALC in
determining the PTMs of therapeutic antibody, specifically glycosylation of the antigen binding site
(Fab), a critical quality attribute (CQA) for drug product quality, as this modification affects the
binding of the therapeutic antibody to the target receptor and its therapeutic efficacy [215]. Cotham
et al. reported an affinity LC-UV-nMS analysis of a therapeutic mAb using three different affinity
columns, namely, Protein A (ProA) (pH gradient of 6.9-2.8), FcyRllla (pH gradient of 6.5-4.5), and
FcRn (pH gradient of 5.5-8.8) using 15 mM ammonium acetate [216]. They reported the identification
of proteoforms of a purified antibody, NISTmADb, due to oxidative stress (Figure 7a). Additionally,
they detected homodimer impurities from harvested cell culture using a ProA affinity column and
identified several glycoforms using an FcyRlIlla affinity column (Figure 7b). They also demonstrated
the application of the FcRn affinity column for comparative analysis of a therapeutic antibody and its
isoform differing by 3 amino acids in the sequence, with injections ranging from 10-25 ug (Figure 7c).
Their setup included a splitting valve post-affinity column elution, which enabled conventional
analytical flow (100-400 puL/min) for affinity purification and sub-uL/min flow rate for nanospray ESI-
HRMS analysis. This integrated platform not only facilitated the direct coupling of affinity
chromatography to mass spectrometry but also enabled optimal conditions for maximum
performance in both affinity purification and MS analysis. Additionally, they also demonstrated how
the modification of the mAbs alters their interaction with the affinity column.
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Figure7. A generic platform to couple affinity chromatography with native mass spectrometry for the analysis
of therapeutic monoclonal antibodies a. ProA-UV-MS analysis of NISTmAD subjected to increasing levels of
oxidative stress in the presence of 0-0.05 % H20: (v/v). The insets show the corresponding deconvoluted mass
spectra averaged across the retention time windows shown by the respective boundary lines. b. FcyRIIla-MS
analysis of (a) NISTmADb (IgG1) and (b) mAb1 (IgG4). The insets show the deconvoluted mass spectra for the
peaks in the TICs corresponding to the order of elution. ®: fucose; B N-acetyl-glucosamine (GlcNAc); ©:
mannose. ¢. FcRn-MS analysis of a mixture of a wild-type mAb and its YTE-format. The insets show the

deconvoluted mass spectra for the two TIC peaks. © Elsevier, reprinted with permission [216].

4.2. Capillary Electrophoresis (CE)

Separation of molecules via capillary electrophoresis is based on their electrophoretic mobility,
which depends on the charge of the molecules. Among the electromigration techniques for nMS
analysis of intact protein species are capillary zone electrophoresis (CZE), mobility capillary
electrophoresis (MoCE), affinity capillary electrophoresis (ACE), and capillary isoelectric focusing
(CIEF), and the readers are encouraged to consult the reviews by Schwenzer et al [217] and Shen et
al. [218] for critical method development parameters and various MS fragmentation techniques for
native CE-MS analysis, respectively. In this section, recent applications of native CE-MS-based
approaches for analyzing intact protein species are discussed briefly.

4.2.1. Capillary Zone Electrophoresis (CZE)

Capillary zone electrophoresis (CZE) is a separation technique that separates molecules based
on differences in charge and hydrodynamic radii, which determines the migration of the molecules
in a free solution through a capillary under an electrical field. Abnormal physiological conditions
(e.g., disease) may affect the native structure of proteins, altering their charge, which can be probed
using CZE-based separation prior to nMS analysis. Separation of proteins in CZE occurs in aqueous-
based buffers, making CZE a great alternative to LC-based approaches for nMS analysis of protein
species [219]. Sheath solution is often used in CZE-based analysis, which helps with ionization and
can be based on nMS-friendly aqueous buffer with low salt contents, such as acetate or formate;
however, it can also be mixed with some organic solvents for controlled disassembly of protein
aggregates or complexes before ionization. Sheathless CZE-MS analysis operating under nL/min flow
rate of background electrolytes (BGE) is preferred for native MS analysis of proteins due to increased
sensitivity and more efficient ionization [220]. One critical aspect of CZE-MS analysis is the net charge
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of the inner surface of the separation capillary, which determines the adsorption of protein species.
Hence, the composition of the capillary, whether bare or coated with polybrene (adsorptive),
polyethyleneimine (covalently bound), polyacrylamide, or cellulose, needs to be carefully assessed
and selected for nMS analysis of protein species [221].

As the mechanism of separation in CZE is based on charge and the hydrodynamic radii of the
proteins, which is directly related to their structures, CZE allows for obtaining information about the
protein higher-order structures (HOS), from a limited sample amount [222]. Application of CZE-MS
for proteomics applications [218] and higher-order structure analysis [222] are well covered and
reviewed comprehensively by several papers [218,222]. CZE-nMS analysis of intact proteins,
although demonstrated the power of this approach in studying proteoforms, achieving optimum
resolution for closely related proteoforms can still be an analytical challenge [223] as it depends on
numerous factors, including the composition, pH, and ionic strength of the conductive liquid (BGE),
separation temperature, voltage, and ionization conditions, which also affect the preservation of the
native-like conditions [217,224,225], and often require additional separation before CZE. As stated
before in section 4.1.1, Shen et al. reported integration of online SEC hyphenation before CZE-nMS
analysis for native proteomics analysis of E. coli lysate [189]. Sun group later demonstrated the
application of CZE-nMS without additional separation workflow for analyzing proteoforms,
including oligomeric species of proteins and protein-metal complexes (30-400 kDa range) from a
complex sample mixture (E. coli cell lysate) using only a 50 ng sample load in a single run (Figure 8)
[226].
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Figure 8. Summary of detected proteoforms or protein complexes from an E. coli cell lysate using nCZE-ESI-
UHMR. (A) Representative electropherogram of nCZE-ESI-UHMR analyses of the E. coli cell lysate. (B)-(F) Mass
spectra of five examples of large proteoforms/protein complexes detected. The charge states and deconvolved
mass of each proteoform/protein complex are labeled. (G) Linear correlation between the most abundant charges
and theoretical Rayleigh charges (Zr) of all proteoforms/protein complexes detected in single-shot nCZE-UHMR.
(H) Alignment of the mass distribution of proteoforms/protein complexes in the E. coli cell lysate from mass
photometry (black dash line) and nCZE-UHMR (red line) analyses. © Wiley, published under CC-BY [226].
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However, the authors report that further improvement of the workflow is needed by
incorporating better identification (MS/MS fragmentation), sensitivity (online stacking or isoelectric
focusing), and resolution (peak capacity). Joof3 et al. demonstrated the utility of CZE-nMS for analysis
of endogenous nucleosomes, a DNA-protein complex by controlled de-assembly of the complex that
allowed analysis of the intact nucleosome, followed by ejection and analysis of the constituent histone
proteins [227]. Although CZE-MS-based approaches provide better sensitivity than LC-based
approaches with picolitre (pL) injections onto the capillary, the workflow is more prone to shifts in
the migration time of the analytes [228]. Slight variations in sample or instrument conditions affect
the reproducibility of the data and require lengthy cleanup procedures. Blockage of the capillary or
analyte loss due to adsorption leads to further complications [229]. Although commercial equipment
is available for automated injections, they have not seen widespread application in nMS analysis of
intact protein species. Sadeghi et al. reported reproducible results for 67 injections of yeast cell
proteome with ammonium hydroxide-based capillary cleanup, after which the peak intensity
substantially decreased, warranting a cleanup before further analysis [229]. However, reproducibility
after cleaning has not been reported. Results from this study indicate the challenges of CZE-MS for
large-scale analysis, especially when compared with LC-MS-based workflows. Despite the obstacles,
the sensitivity offered by CZE-MS and its potential for proteoform level resolution, it remains an
active area of research for studying protein modifications and complexes.

4.2.2. Mobility Capillary Electrophoresis (MoCE)

During conventional CZE-MS analysis, information about the effective charge or the
hydrodynamic radii of the protein species cannot be determined, and only migration time
information is available. To address this, mobility capillary electrophoresis (MoCE) has been
developed, which can be integrated into CZE-nMS analysis to enable measurement of charge,
hydrodynamic radii, as well as the solvent accessible surface area, leading to the achievement of
three-dimensional conformation analysis of protein species under native-like conditions [230]. Wu et
al. reported the use of MoCE for CZE-nMS analysis of protein mixtures (nanospray ESI infusion of 1
mg/mL) in determining their 3-D structure based on the charged states through calculation of
effective charge, Gaussian curve fitting, and hydrodynamic radii calculations, as can be seen for
RNase A, cytochrome c, and lysozyme (Figure 9) [230].
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Figure 9. Analysis of a three-protein mixture, RNase A, cytochrome c and lysozyme. (a) Native mass spectrum.
(b) MoCE separation of these three proteins. (c) Ellipsoid shapes of these three proteins obtained by the proposed
method (top), and comparison with their corresponding crystal structure in the PDB database (bottom) (the black
curves are the corresponding contour profiles of each ellipsoid). © The Royal Society of Chemistry, published
under Creative Commons Attribution-NonCommercial 3.0 [230].

The integration of MoCE into CZE-nMS for conformational analysis of protein species relies on
accurate measurement of hydrodynamic radii and effective charge, which in turn require controlled
laminar liquid flow and precise information on the flow rate [231] and can significantly advance the
3D structure analysis of endogenous protein species.

4.2.3. Affinity Capillary Electrophoresis (ACE)

During Affinity Capillary Electrophoresis (ACE), the ligand is kept free-flowing either as part of
the sample (pre-equilibrium and kinetic capillary electrophoresis) or the BGE (mobility shift) with
which the protein interacts upon migration through the capillary, leading to a change in their
electrophoretic mobility compared to the uninteracted protein [232]. ACE has demonstrated success
in determining the ligand binding constant and in analyzing protein-ligand binding due to the ability
to measure the molecular mass of unbound species intact protein and ligand, as well as the bound
protein-ligand complex, all of which have different electrophoretic mobility [233,234]. ACE is a
preferred technique to determine the ligand-protein binding over ALC due to having both the ligand
and the protein free in the native-like conditions mimicking the physiological conditions closely,
whereas in the latter, the ligands are bound to the stationary phase [235]. Although direct coupling
of ACE to MS requires the use of MS-compatible buffers, which differ from the non-volatile buffers
commonly used in other binding assays, they have been reported to exert minimal effect on protein-
ligand interactions during native MS analysis [236,237]. ACE-MS has been successfully used in
studying protein interactions, including enzymatic inhibition, stoichiometry analysis, binding, and
dissociation constant determination, such as the binding of trypsinogen to aprotinin [233], matrix
metalloproteinase-9 (MMP-9) to tetracycline and a few natural products [238], and human tissue
transglutaminase TG2 to several synthetic compounds [239], chemokine stromal cell-derived factor-
1 to SDF-1) [240] and cytochrome P450 isoform 2C9) to diclofenac [241].

The success of ACE-MS in determining the binding of the protein to the ligand depends on the
concentration of each species and how they are introduced into the system during analysis. They
need to be critically monitored for an accurate readout of the binding. Additionally, the internal
environment of the capillary plays a vital role in determining the success of protein-ligand binding,
as protein adsorption into the capillary inner surface can lead to erroneous results. Dominguez-Vega
et al. demonstrated a capillary coating of polybrene-dextran sulfate—polybrene (PB-DS-PB) to
prevent adsorption of the proteins to the capillary wall during trypsinogen-aprotinin binding [233].
Davoine and Fillet demonstrated the use of n-methylmorpholine (NMM) acetate buffer, which
increased the peak shape at physiological pH, and polydopamine-based coating, which is easy to
prepare and stable at physiological pH, in determining the dissociation constant of p-
aminobenzamidine (PABZM) from PABZM-coagulation factor XIla (FXIla) complex by ACE-MS
[242].

4.2.4. Capillary Isoelectric Focusing (cIEF)

Capillary Isoelectric Focusing (cIEF) separates proteins in solution while migrating via a
capillary under an electric field using a pH gradient, based on their isoelectric point (pI), which is the
pH at which the protein has a net charge of zero [243]. CIEF only works if the molecules of interest
are amphoteric in nature, i.e., they must contain functional groups that can be protonated and
deprotonated, making proteins and peptides ideal candidates for this workflow. Based on the pI of
the protein of interest, the pH gradient can be shallow or steep, which can be controlled by the
addition of small, charged molecules such as water, amino acids, bicarbonate, metal oxide, and
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superoxide. [244,245]. It is amenable to automation, allowing high-throughput analysis of
biomolecules compared to gel-based isoelectric focusing. Isoelectric point (pI) depends not only on
the charge of the proteins but also on the three-dimensional structure; hence, cIEF-based bioanalytical
approaches are preferred for conformational analysis of proteins and protein complexes. The success
of cIEF depends on the selection of the appropriate ampholyte, carrier and sample composition (pl,
concentration), capillary (non-coated vs coated), focusing current and focusing time, additives and
their stability at extreme pH as well as their binding capacity to inner capillary surface (e.g.
polymers), their ability in solubilizing proteins or preventing precipitation or aggregation (e.g.
glycerol, ethylene glycol, propylene glycol, zwitterionic and neutral detergents) and pl marker (pl
close to the target protein) [245]. However, online hyphenation to MS analysis will necessitate
removal of these molecules before MS injection as their presence can lead to significant ion
suppression, yielding to reduced sensitivity as well as contamination of the MS. Additionally,
desalting is recommended before separation by clEF, as high salt concentration can lead to high
current, damage to the capillary, and Joule heating leading to protein denaturation in addition to the
challenges with MS analysis. The use of salt at low concentration demonstrated improved resolution
compared to pure water [246]. Compared to CZE, cIEF requires a higher sample load [217].

Fonslow et al. demonstrated cIEF-based analysis of rapamycin complex (mTORC1 and 2), their
subcomplexes, phosphorylation states, and their disassembly with a temperature gradient (15-25 °C)
and ampholyte-induced pH manipulation using HIS- and FLAG-tag purified protein complexes
[247]. Przybylski et al. reported characterization of highly basic cytokine human interferon-gamma
(IFN-y) as a non-covalent homodimer and its mutations [248]. Xu et al. developed an automated
nondenaturing cIEF-MS (ncIEF-MS) workflow that demonstrated superior performance than nCZE-
MS in characterizing streptavidin homotetramer proteoforms, e.g., methylation, formylation,
acetylation, (Figure 10) [249]. Using this technology, they also calculated the precise readouts of plI of
proteoforms due to modifications e.g. for streptavidin homotetramer, for which presence of N-term
Met reduced pl by 0.1, addition of one acetyl group reduced plI by 0.4, incorporation of one formyl
group reduced pl by 0.3 whereas loading 2 more drug molecules on one antibody-drug conjugate
(ADC) increased the pI by 0.1 [249]. These examples demonstrated the application of cIEF-based
approaches to study protein complexes and proteoforms via native MS.
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Figure 10. (A) Base peak electropherogram of streptavidin (SA) analyzed by ncIEF-MS; (B) deconvoluted mass
spectra of seven SA charge variants separated from nclEF-MS; (C) averaged mass spectra of SA 1, SA 2, SA 3,
and SA 4; and (D) averaged mass spectra of SA 5, SA 6, and SA 7. The mass spectra of SA charge variants were
overlaid in (C, D) to compare the subtle differences in peaks at the same charge state. The inserted figures
represent the zoomed-in peaks of SA charge variants at a charge state of 16+. (* = SA homotetramer, ! = SA
homotetramer+Met, !I = SA homotetramer+2xMet, # = SA homotetramer+3xMet) © American Chemical Society,

reprinted with permission [249].

cIEF-based analytical approaches have found greater application in characterizing mAbs,
especially in identifying modifications that play a critical role in determining the efficacy and safety
of these therapeutics. In this regard, the work by Dai et al. is notable due to their comprehensive
method development and optimization of numerous parameters, including composition of anolyte,
catholyte, sample mixture, sheath liquid, and cIEF running parameters such as injection amount, field
strength, and applied pressure [250] for nMS analysis. They analyzed trastuzumab, bevacizumab,
infliximab, and cetuximab, identifying both basic and acidic variants for all the mAbs, as well as the
main peak for each. Shen et al. developed an integrated cIEF-assisted CZE-nMS method using a new
linear carbohydrate polymer-based neutral coating with increased sample loading capability and an
automated CE sampler and identified various glycol-proteoforms and a homodimer of sigmaMAb
and NIST mAb (Figure 11) [223].
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Figure 11. (A) Base peak electropherogram of native cIEF-assisted CZE-MS for the NISTmAb. (B) Mass

spectrum averaged across the peak 2 in (A). (C, D) Zoom-in mass spectra of +24 and + 38 charge states and (E, F)
Deconvolution of NISTmAD proteoforms in the main peak (peak 2). Herein the LCP-coated capillary was used.
© American Chemical Society, reprinted with permission [223].

Naghdi et al. reported a chemical mobilization-based cIEF-MS workflow with a resolution of 0.1
pI unit, established superior performance compared to pressure-assisted chemical mobilization, and
demonstrated separation of Fc-conjugated insulins (62 kDa) differing in only one amino acid [251]. A
major hurdle of all capillary-based separations is the physical movement of the molecules through
the capillary to the detector, which is primarily performed by chemical or pressure mobilization [252]
and leads to several critical performance issues, including distorted peak shapes, inconsistent
resolution, increased run time, aggregation and/or precipitation of the sample, among others [253].
Wu et al. discussed these challenges with examples demonstrating that the lack of real-time
observation during capillary electrophoresis makes optimization very challenging [254-256]. This
major limitation of capillary electrophoresis-based bioanalysis was addressed by integrating whole
column imaging, termed as imaged capillary isoelectric focusing (icIEF), which was first proposed by
Wu and Pawliszyn using refractive index (RI) and ultraviolet spectroscopy (UV) [254-256] that
eliminated the mobilization step and increased the throughput by reducing the analysis time to 5-15
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minutes from 40-60 minutes per sample [257]. IcIEF-based bioanalytical methods are being
successfully used to determine protein stability, charge heterogeneity, proteoforms, e.g., glycation
and glycosylation (sugar is used as a stabilizer in protein formulations), allowing critical observation
during process development of protein therapeutics, including mAbs [258,259], ADCs [260] and
vaccines [261,262]. Readers are encouraged to review the excellent resources by Bo et al. [263],
Ghizzani et al. [264], and Wu et al. [265] to explore more about this topic.

5. New Frontiers of Native Mass Spectrometry and Proteomics

5.1. Automated Purification, Buffer Exchange, and Individual lon Mass Spectrometry

Among the major limitations of mass spectrometry analysis of intact protein species are the
resolving power of the mass spectrometer, ion dissociation, and the dampening of ion motions, which
cause signal decay. High resolution mass analyzers, such as time-of-flight (TOF) MSs, offer
orthogonal acceleration and/or increased ion-flight time, whereas modern FT-ICR mass spectrometer
contains newer and improved cell design and higher magnetic fields, all leading to higher resolving
power [266]. During intact protein mass spectrometry analysis, signals of multiply charged ions in
the individual spectra are summed into a composite spectrum demonstrating resolved isotopic
distribution. Makarov et al. demonstrated the ability of the Orbitrap mass analyzer to detect and
collect single ion events using myoglobin with only 20 charges [267]. Continuing on this, Kafader et
al. developed individual ion mass spectrometry technology (I2MS, commercially known as direct
mass technology by Thermo Fisher Scientific) and demonstrated its applications in measuring
individual ions of +37 charge states of transferrin (~80 kDa) and +49 charge state of NIST antibody
(~150 kDa) using Q Exactive Plus (Standard Orbitrap analyzer) and Q Exactive HF (ultrahigh-field
Orbitrap analyzer) [268]. The Kelleher research group pioneered this technology and later
demonstrated its application in analyzing proteins and proteoforms from complex samples. They
reported identification of 550 proteoforms in the range of 0-30 kDa from HEK-293 cell extract,
tetramer of pyruvate kinase (232 kDa), 14-mer of GroEL (~801 kDa), and virus like particles from viral
capsids carrying varying amount of DNA and mRNA cargo loads (3.19 MDa and 0.99 MDa) using Q
Exactive Plus and Q Exactive Ultra High Mass Range (UHMR) mass spectrometers [269]. Sample
introduction for these I"'MS measurements was performed via direct infusion using either standard
protein samples or GELFrEE fractions of cell extracts. Quantitative performance of I2MS technology
is yet to be seen.

Purified protein and protein complexes obtained via immunoprecipitation often contain high
salt or contaminants, which need to be removed from the samples prior to introduction to MS.
Ultrafiltration is a pressure-driven membrane-based separation technique that separates proteins and
other particles based on size. Membranes used in ultrafiltration typically have a pore size of 10 to 500
A [270]. It is a routine method often used in a laboratory to remove salt, exchange the buffer to bring
the protein into an MS-friendly solvent, and concentrate samples. Based on the molecular weight
cutoff of the membrane, a mixture of proteins can be obtained in either the retentate or the filtrate for
MS analysis. Ultrafiltration is rapid and can preserve the native structure of proteins; hence, it can be
used as a low-resolution first step for nMS, or it can be hyphenated with immunoprecipitation to
remove unwanted molecules from samples that managed to escape antibody-based pulldown.
Ultrafiltration follows the direction of gravity and is commonly seen as spin columns and microwell
formats that are compatible with different scales of protein isolation. However, it necessitates offline
handling of the samples, which not only limits throughput but also leads to sample loss. Tangential
flow-based filtration uses membranes with varying retention ranges (1 kDa to 1000 kDa) and can be
made from low protein-binding materials such as cellulose, cellulose acetate, polysulphone,
polyacrylonitrile-polyvinylchloride copolymers, and modified polyethersulphone [271]. Kelleher lab
developed a novel interface, named SampleStream, using a membrane-based ultrafiltration strategy
for proteome sample cleanup. This method is amenable to both denatured and native top-down
proteomics analyses and operates with a throughput of up to 15 seconds/sample, providing
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sensitivity comparable to liquid chromatographic methods [272]. Continuing on this pursuit, Des
Soye and Kelleher developed a fully automated platform, Auto-Ig-MS, integrating automated
immunoprecipitation using robotic purification system (KingFisher) to purify antibodies from 58 test
subjects in response to SARS-CoV-2 antigen to SampleStream for sample cleanup and injection and
I2MS data acquisition on a Q Exactive HF mass spectrometer powered with automatic ion control
(AIC) for adjusting ion injection times per proteoforms [273] that can process over 100 samples per
day (Figure 12) [274].

Plasma bodies
ca=mm—"
—
NM "“m‘“” a-SARS-CoV-2 Sample reduction and Individual ion data Diagnostic proteoform landscape
antibody enrichment buffer exchange acquisition of subject antibody response

Figure 12. Schematic of Auto-Ig-MS, a full automation workflow that joins immunoprecipitation with the
KingFisher, sample preparation and injection with the SampleStream platform, ion attenuation with AIC, and
subsequent charge detection analysis of individual ions via I’MS into a single fully automated pipeline. This
technique was applied to a cohort of 58 possible COVID-19-positive subjects. © American Chemical Society,

reprinted with permission [274].

5.2. Ion Mobility Spectrometry (IMS)

Ion mobility spectrometry (IMS) is a gas-phase technique that separates ions in gaseous states
based on their three-dimensional structure, specifically their collisional cross-section, which is
theoretically the best strategy to separate native proteins prior to MS analysis. Additionally, IMS can
differentiate between conformers present within a single oligomeric state, which can provide
valuable mechanistic information about the assembly and evolution of the oligomers [275].
Application of IMS in analyzing disease-related oligomeric protein structures, such as those in
Alzheimer’s disease [276,277], type Il diabetes [278], and dialysis-related amyloidosis [279] as well as
protein complexes such as the noncovalent 28-subunit 20S proteasome [280] and trp RNA binding
protein, TRAP [281] demonstrated its utility in studying the size, topology, and stoichiometry of
native proteins via mass spectrometry. lon Mobility Spectrometry-Mass Spectrometry (IMS-MS) has
also been used in studying multiprotein complexes, such as the DNA clamp loader assembly from E.
coli [282], eukaryotic translator factor elF3 [283], and RNA polymerase I and II complexes [284]. IMS-
MS assisted in monitoring the assembly of viral capsid proteins and their intermediates [285]. Cyclic
IMS has demonstrated its utility to study distinct oligomeric conformers (compact vs elongated),
demonstrating the power of gas-phase separation in providing structural information about
particular subpopulations in an aggregating system in response to changes prior to ionization [275].
IMS also enables deposition of the protein in solution for further studies, demonstrating that the
proteins and protein complexes can survive ionization, gas-phase purification, and soft landing [286]
that presents an exciting possibility for high-resolution structure determination of complex
modalities like ABOs [287]. Overall, gas-phase separation techniques like IMS can assist in studying
the protein's higher-order structure without the need to fix the native profiles using complex
strategies like crosslinking from the solution-state samples. However, for complex mixtures (e.g.,
biological samples or samples with high racemic contents) without any purification and/or without
any front-end separation, IMS may not be sufficient as a standalone separation technique [288]. If
coupled to a sample purification step, it can enhance endogenous protein complex and proteoform
analyses.

During the preparation of this manuscript, an article was published by Vickers et al., who used
IMS integrated top-down MS to discover several oligomeric states of canonical alpha-1-antityrpsin
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isolated from a liver-cirrhosis patient post-transplantation that were absent in wild type (Figure 13)
[289]. This study further demonstrates the power of IMS-MS in characterizing higher oligomeric
species and misfolded proteins, which may be associated with serious disease conditions. This study
also highlights the necessity for orthogonal validation to confirm the gas-phase oligomeric structures,
as sample processing conditions can result in artifacts, as observed in Figure 13D and Figure 13F due
to heating and pH changes, respectively.
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Figure 13. Deconvolution of mass spectra of ex vivo alpha-1-antitrypsin (AAT) from the liver tissue of a Z AAT
homozygote. (A) Heat map of data acquired on a CIM-QTOF instrument showing mobility versus m/z, with
monomeric to pentameric species labeled; data were plotted in Driftscope, with intensity on a log scale. (B) Mass
spectra of ex vivo liver samples acquired on a CIM-QTOF, with identified masses labeled. (C-F) Heat maps
showing drift time in the mobility cell against the m/z values, with detected monomers, low molecular weight
polymers and an extended monomeric species highlighted for (C) AATwr, (D) AATueat, (E) AATz, and (F)
AATyph. The plots were generated using Driftscope (Waters Corp.) with a logarithmic intensity scale to highlight
the presence of low-intensity polymers. © American Chemical Society, published under CC-BY 4.0 [289].
AATwr,= wild type alpha-1-antitrypsin, AATuear = AATwr after heating at 55 °C for 48 h, AATz = and AATpu=
AATwr after incubating at pH 4.00 and 25 °C for 48 h.

5.3. Ambient Surface Mass Spectrometry (ASMS)

Surface sampling via ESI over matrix-assisted laser desorption (MALDI)-based approaches is
preferred for larger protein molecules due to the ability of the former to generate multiply charged
ions, which the MALDI-based approaches lack. Sample preparation for ambient surface MS analysis,
such as liquid extraction surface analysis mass spectrometry (LESA-MS) and desorption electrospray
ionization mass spectrometry (DESI-MS), involves minimal sample handling at atmospheric
pressure, where solvents (with or without charge) are deposited on the sample and the analytes are
directly extracted, sent, and analyzed by mass spectrometers [290]. For nMS analysis, this provides
the added benefit of minimal sample preparation and a reduced likelihood of artifacts. However, the
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most significant limitation of ASMS workflows is the matrix effect, which leads to reduced sensitivity,
spatial resolution, and poor recovery of the analytes [291]. The Cooper group demonstrated nMS
analysis of proteins directly from dried blood spots (on filter paper) and tissues, including mouse
liver and kidney sections (mounted on glass slides) via LESA-MS under native-like conditions using
ammonium acetate and reported an intact hemoglobin oligomeric complex [292-294]. They also
demonstrated the integration of IMS into the LESA-MS workflow for the spatial and conformational
analysis of intact protein species, including [3-thymosin (4.9 kDa), ubiquitin (8.5 kDa), and tetrameric
hemoglobin (64 kDa), from a mouse kidney section under native-like conditions [295]. The overall
sample preparation steps involved in ASMS inherently favor native protein analysis; however, they
are limited by the abundance and size of the protein of interest [296,297]. Efforts are being undertaken
to address some of these challenges, potentially enabling spatial and conformational analysis of low-
abundant intact proteins under native-like conditions from complex samples via ASMS.

Ambrose et al. first demonstrated the DESI-MS workflow under native-like conditions to study
an intact canonical protein (hen egg-white lysozyme) and its interaction with a substrate (N-acetyl-
glucosamine, NAG) [298]. They successfully used this approach to analyze different oligomeric states
of membrane protein and their interactions, e.g., outer-membrane protein F (OmpF) and the
stoichiometry of binding of ferric-pyoverdine (Pvd) to the outer membrane protein receptor FpvA
from Pseudomonas aeruginosa. A version of DESI-MS, nanoDESI-MS, has recently gained traction in
the successful imaging of intact proteins. The Cooper group also reported a series of studies
demonstrating the utility of nanoDESI-MS for native mass spectrometry imaging, which offers
improved resolution compared to LESA-MS-based workflows in identifying numerous canonical
proteins and their oligomeric states. They have utilized nanoDESI-MSI for native analysis of
numerous low-abundant proteins, noncovalent dimer of 5100-A6, adipocyte lipid-binding protein
(ALBP), and phosphatidylethanolamine-binding protein (PEBP1) from rat kidney tissues using
ammonium acetate (200 mM) + 0.125% CsEs detergent, and a combination of collisional activation and
proton transfer charge reduction [299]. These techniques can not only enhance the spatial analysis of
endogenous proteoforms and protein complexes but can also be further explored for nMS analysis
from solution-phase samples.

6. Assessment of nMS Sample Resemblance to the Native Biological State

Biological sample preparation often involves reagents and conditions that do not reflect the
native biological conditions. However, many such conditions may not be non-perturbative at the
level of proteins, e.g., flash freezing, cryomilling and grinding of tissues, 0.1 % detergents (e.g.,
Tween-20 and CHAPS), buffer exchange through molecular weight-cutoff filtration, and
centrifugation [121,300]. Ammonium acetate has been a buffer of choice for native mass spectrometry
analysis of intact protein species. Although ammonium acetate is generally considered to keep the
protein in its native folded state through stabilization by arranging water molecules surrounding it,
this effect is concentration-dependent, and higher concentrations can interfere with the native
assembly of the proteins [301]. Trialkylammonium salts such as trimethylammonium acetate,
triethylammonium acetate, and bicarbonate can be more suitable for nMS analysis and should be
carefully evaluated as discussed in section 2.1. Additionally, the cellular environment is made up of
many other molecules, salts, and ions; hence, the native-like state that is assumed to have been
achieved during nMS analysis by using a buffer at pH 7.00 is not a true reflection of native conditions
[302]. Care needs to be taken to consider the type and strength of buffers for nMS analysis, and they
should be validated by orthogonal techniques to ensure that the proteins have not been denatured.

The presence of certain detergents, such as up to 0.01% of Tween-20 (non-ionic) or 0.0375% of
SDS (ionic), has been used for protein recovery. Their role in preserving the native structure of
proteins requires careful investigation, as their effects are concentration dependent and generally
considered safe up to 0.1% as discussed earlier. Non-ionic detergents such as maltosides, glucosides,
NP-40, Triton X-100, digitonin, etc., are choices that could be considered [303]. Behnke and Urner
discussed that heterogeneous detergents with varied critical aggregation concentration (CAC),
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reduced charge, and hydroxyl groups, and the presence of basic or chelating groups are crucial
properties to consider assessing [303]. Solvent additives such as NaCl, arginine hydrochloride,
glycine, sucrose, caprylic acid, N-acetyl tryptophan, gallic acid, etc., have been used to stabilize
proteins, offer protection, and reduce their aggregation [304,305] and could also potentially be
explored to preserve native conditions for mass spectrometry analysis.

The effect of any condition or reagent used in the solution can be analyzed using additional
techniques to identify artifacts, which are difficult to detect once the sample solution is sprayed into
the MS and becomes gaseous. The process of transferring analytes from solution to a high-vacuum
state is inherently disruptive [306]. Breuker and McLafferty reported that dehydration of a protein
sample causes proteins to transition from their natural folded state through unfolding, resulting in a
stable gas phase structure that has little resemblance to the native folded structure, and these
transitions are affected by temperature and pH [73]. McLafferty and coworkers also reported that
these gas-state protein transitions may occur within minutes [327] and nMS data obtained from the
gas-state proteins may not have a close structural relationship with the native structure of protein
species [307]. Schennach and Breuker commented that electrostatic interactions primarily drive gas-
phase folding of proteins and that the gas-phase unfolding of more hydrophobic proteins, such as
membrane proteins, may be more similar to their folding in solution and their gas-phase folding may
be slower (> 400 ms), allowing more time to acquire MS data [308]. Wyttenbach and Bowers reported
that the native state of protein in solution form was preserved in gaseous form for more than 100 ms
[309]. Hence, the structures obtained from the gaseous state of an intact protein depend on the sample
and instrument conditions, as well as the time taken to reach the mass analyzer [310]. Additionally,
the conditions and timeframe will vary for different proteins [331], and these need to be carefully
tested for nMS analysis and data interpretation.

Despite these uncertainties, studies utilizing ion-mobility and ion-soft landing experiments
reported that the degree of nativeness of ions from intact proteins is consistent with that obtained
with XRC and NMR analysis, with some exceptions [311,312]. Electron microscopy imaging [313],
infrared spectroscopy [314], and electron transfer dissociation mass spectrometry [315] also
demonstrated the preservation of native-like protein structures during ionization, dehydration, and
soft landing, supporting the idea that gas-phase structures may truly reflect many features of native
solution structures of proteins [33]. Based on these mixed opinions, it is imperative to use orthogonal
techniques such as XRC, NMR, cryo-EM, Small-Angle X-ray and Neutron Scattering (SAXS and
SANS), surface plasmon resonance microscopy, CDS, ITC and/or computational methods to establish
the native state of the intact proteins based on nMS data [316]. Additionally, HDX-MS or XL-MS may
help to support the nMS data of intact proteins. More cost-effective orthogonal techniques are
analytical centrifugation [317], 2-DE [318], and light scattering [319-321], which can help determine
the native state of the protein in solution to compare with the nMS data, which is based on the gaseous
state. The choice of technique to support nMS data of intact proteins, proteoforms, complexes, or
higher-order structures will depend on resource accessibility, but it must accompany the nMS data
to ensure it is a true reflection of the native state of the proteins.

7. Importance and Challenges of nMS Analysis

Proteins are essential biological regulators, and their modifications have profound biological
effects. For subunit stoichiometry analysis of protein complexes, their direct measurement is
desirable. As stated earlier, analyzing intact proteins in their native conditions is important because
they reflect the actual endogenous state associated with biological function and often serve as a
hallmark of a disease condition. For example, amyloid beta peptide (Ap) is an enzymatically cleaved
product of amyloid-beta precursor protein (APP) that is toxic to nerve cells [322]. Low-molecular-
weight oligomers, such as trimers and tetramers, are associated with synaptic damage and impaired
plasticity, whereas high-molecular-weight oligomers cause cognitive deficits [323]. Determining the
type of amyloid beta oligomers (APOs) that exist in vivo has been extremely challenging, not only
because the mechanism of oligomerization remains unknown, but also due to their inherent
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instability, which makes it difficult to distinguish their native structure from the artificially induced
one. However, the ABO hypothesis emphasizes the significance of studying native AfOs, as they are
responsible for causing brain damage that leads to Alzheimer’s disease [324]. Another example is
aquaporin-0 (AQPO0), which is the most abundant membrane protein in the eye lens that functions as
a water channel, and regulates the water permeability by interacting with various types of lipids
(sphingomyelin and cholesterol) that have recently been elucidated via nMS analysis, highlighting
its potential in studying biological phenomena and processes [325]. Small modifications in protein-
based biotherapeutics, such as mAbs in ADCs, can cause substantial changes in their aggregation
behavior, degradation pathways, or payload binding, leading to ineffective outcomes or toxicity in
patients upon administration [326]. These studies highlight the importance of studying intact protein
species in native-like conditions for a better understanding of health, disease, and therapeutics. Many
factors can affect the native structure and stability of proteins, including temperature, pH, freeze-
thaw cycles, storage, handling, and the presence of other molecules such as detergents, additives, and
cryoprotectants. [327]. Hence, native MS analysis of protein species requires careful sample handling,
preparation, injections, acquisition, and analysis techniques.

To understand the etiology of the modifications and their implications, it is imperative to
accurately identify the changes they embraced. Native protein mass spectrometry can identify
changes and alterations in protein sequences when compared to their canonical forms. The success
of native MS analysis of intact proteins relies on their isolation, separation, and enrichment from the
biological system. Proteins or protein complexes can be floating in the cell or can be embedded into
the membrane, leading to micro-compartmentalization [328]. Isolating such species from a biological
system and then systematically disassembling them in a gas phase for mass spectrometry analysis is
challenging. Finally, the success of studying native proteins also depends on the hardware and
acquisition settings of the mass spectrometers, including ionization, fragmentation, operating
pressure, and scanning speed, among other factors. The capability needed to enable such analysis
needs sophisticated instrumentation that is costly and needs specialized training. The instrument
conditions listed in Table 1 are general guidelines only and may require further optimization for
specific protein species and applications. Moreover, nMS analysis of intact proteins also comes with
additional risk of a lack of detailed molecular structure at the atomic level, and orthogonal assays are
critical to confirm and support nMS data. Many simulation tools are available to predict the native
structure of a protein and help analyze its interactions with other molecules. There is a large body of
literature reporting advanced hardware configuration, innovative sample preparation, and data
acquisition technologies to achieve success in analyzing bigger proteins, protein complexes, and
higher-order structures. However, many studies lack orthogonal validation and focus on achieving
success in analyzing higher molecular weight proteins, faster acquisition times, and lower sample
inputs, among other objectives.

The inception of a physiological abnormality ultimately results in a disease, and the changes in
genomes alone do not always provide adequate information to understand the irregularities in
biological pathways and processes, as many disease developments do not follow a classical genotype-
to-phenotype model [329]. However, when the genes are translated into proteins, they are more
involved in regulating the biological processes and functions, which helps to understand the
biochemical and biomolecular deviation from normal physiological conditions [330]. Simply put,
there are more variations to measure at the protein level than there are at the gene level, such as
mutations in their sequence, post-translational modifications, splice variants, folding patterns,
cleaving, oligomerization, spatial distribution, topology, stoichiometry, etc, and the ability to
measure such features provides important information to understand disease biology. Many of these
protein molecules are also the target of therapeutic agents; hence, the ability to study protein-ligand
binding can assist with new therapeutic discovery. Furthermore, investigating any changes to protein
therapeutics once they are administered to a biological system helps determine their therapeutic
success. It is therefore important to have technologies available to achieve these capabilities, and
hence, despite the challenges in analyzing intact proteins in their native context, it has remained an
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active research area. It should also be kept in mind that confirming the existence of a protein, a
proteoform, or a lack thereof based on a standalone proteogenomic approach, which is unsupervised
and relies on matching mass spectrometry data to a database that likely does not contain all
proteoforms’ sequences, could risk losing critical information. Native MS data supported by
orthogonal techniques can unleash a wealth of crucial information regulating vital biological
processes such as signal transduction, energy conversion, utilization, or transportation of molecules
within and between cells that can uncover new insights into what happens when abnormality arises,
help in understanding disease progression, and identify novel approaches for disease management
and cure.

8. Conclusion

This review article discusses various strategies developed for extracting intact protein from its
native environment while maintaining native-like conditions for mass spectrometry analysis. While
some of the discussed strategies, e.g., (GELFrEE), are obsolete, they were included to illustrate their
potential, as elements of these methods could be adapted to build new technology for successful
native mass spectrometry analysis of intact protein species. Immunopurification followed by offline
two-dimensional gel electrophoresis (2-DE) and LC- or CE-based separation may represent a viable
approach for nMS analysis of intact proteoforms, protein complexes, and higher-order structures.
Immunopurification may provide a pure sample that can also be directly infused into the mass
spectrometer. However, immunopurification needs a higher amount of starting protein (several
hundred micrograms up to 1 mg) for maximum purification [331]. Incorporating electroelution after
2-DE could potentially eliminate the need for immunopurification and provide similar purity. A
protein’s pl is primarily determined by its amino acid sequence and the post-translational
modifications—for example, point mutations that replace acidic residues with basic ones [332], or
modifications such as phosphorylation and acetylation that alter the charge of the proteins, thereby
shifting their plI [333]. 2-DE can detect proteoforms with altered isoelectric points resulting from
modification of the canonical amino acid sequence, thus aiding in their confident separation and
identification. As an alternative to gel elution, adding another dimension of separation, such as ion
exchange/hydrophobic interaction, low pH/high pH [334] or capillary isoelectric focusing [335] could
be a possible alternative.

Nanoflow SEC demonstrated success in nMS analysis from only 50 ng of protein in 25 minutes
using an autosampler, and demonstrated application in analyzing protein higher-order structure, as
well as its application in direct analysis of human chorionic gonadotropin (hCG) hormone from a
complex sample without any additional purification or enrichment, analysis of which has been
challenging due to extensive and variable glycosylation [192]. Analysis of protein modifications,
complexes, and higher-order structures from complex mixtures can benefit from the coupling of SEC
to CZE, as demonstrated by Shen et al. [189] or spin filtration followed by CZE-MS, as demonstrated
by Wang et al., from 50 ng E. coli proteome [226], both of which used an automated CE autosampler.
Technologies like SNAP-MS could greatly aid in achieving complete recovery of target proteins and
overcoming challenges such as non-specific binding, incomplete elution, and sensitivity constraints.

To investigate endogenous protein complex or native oligomeric state, it may be useful to split
the samples into two; one portion analyzed by 2-DE to reveal the size and the pl, and the other
directed to the mass spectrometer with front-end SEC and/or ion mobility separation under native-
like conditions. Collisional cross sections (CCSs) may play an increasingly important role in
distinguishing native protein structure, as the CCS values directly reflect the shape of the molecule
[336] and help characterize protein complexes and oligomers. Ion mobility spectrometry can benefit
proteoform analysis, as the CCS values differ among the proteoforms of the same protein [337]. An
integrated nanoflow SEC-ESI-IMS may offer a one-stop approach without any prefractionation
and/or purification. For antibodies and other protein therapeutics, affinity-based liquid- or electro-
chromatography coupled to native mass spectrometry, capillary isoelectric focusing, and imaged
capillary isoelectric focusing (icIEF), which provides a resolution of 0.1 pl unit, may enable
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comprehensive characterization of the proteoform landscape. Affinity capillary electrophoresis
coupled to nMS can be a good approach for studying protein interactions, including enzymatic
inhibition, stoichiometry analysis, binding, and dissociation constant determination. For spatial
analysis of native proteins, the IMS-enabled nanoDESI workflow can provide critical information
about protein localization.

Given the challenges discussed in this article, adopting nMS workflows for the analysis of intact
proteins, endogenous proteoforms, higher-order structure, and protein complexes requires careful
cost-benefit evaluation. Additionally, as discussed before, orthogonal experimentations, e.g.,
analytical ultracentrifugation, light scattering, NMR, X-ray crystallography, cryo-EM, surface
plasmon resonance microscopy, CDS, ITC, etc., should be considered to validate information
obtained from nMS analysis, as can be seen in studying the interaction between viral protein VP30
and human ubiquitin ligase RBBP6 [338] or determining the active structure and ligand binding
mechanism of apolipoprotein E4 [339]. Notably, while non-mass spectrometry-based native protein
studies often use MS for orthogonal validation, this practice is frequently lacking in MS-based
literature; a gap that should be reduced. Mass spectrometry, together with other orthogonal
technologies, can delineate the high-resolution atomic structure of proteins in their biological context
[340], which can provide insights into topology, spatial distribution, stoichiometry, interaction
networks, and subunit packing — insights that could enhance our understanding of disease biology,
accelerate drug discovery and development, and bring us closer to observing biology in real time —
perhaps through proteins, transcripts, and metabolites.
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