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The design of new therapeutic molecules can be significantly informed by studying protein-
ligand interactions using biophysical approaches directly after purification of the protein-
ligand complex. Well-established techniques utilized in drug discovery include isothermal
titration calorimetry, surface plasmon resonance, nuclear magnetic resonance
spectroscopy, and structure-based drug discovery which mainly rely on protein
crystallography and, more recently, cryo-electron microscopy. Protein-ligand
complexes are dynamic, heterogeneous, and challenging systems that are best
studied with several complementary techniques. Native mass spectrometry (MS) is a
versatile method used to study proteins and their non-covalently driven assemblies in a
native-like folded state, providing information on binding thermodynamics and
stoichiometry as well as insights on ternary and quaternary protein structure. Here, we
discuss the basic principles of native mass spectrometry, the field’s recent progress, how
native MS is integrated into a drug discovery pipeline, and its future developments in drug
discovery.
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INTRODUCTION

The investigation of non-covalent interactions between a biological macromolecule and small
molecule, which are driven by a myriad of forces including hydrogen bonds, Van der Waals
forces, electrostatic and hydrophobic interactions, play a crucial role in the development of drug
candidates. A variety of analytical methods are utilized to identify and quantify protein-ligand
interactions, including isothermal titration calorimetry (ITC) (de Azevedo and Dias, 2008), surface
plasmon resonance (SPR) spectroscopy (Cooper, 2002), nuclear magnetic resonance (NMR)
spectroscopy (Meyer and Peters, 2003), frontal affinity chromatography combined with mass
spectrometry (Slonusakiewicz et al., 2005), ThermoFluor and enzyme-linked immunosorbent
assays (Benesch and Ruotolo, 2011; Aebersold and Mann, 2016).

The mass spectrometry (MS) analytical toolbox contains numerous biophysical techniques
(Benesch and Ruotolo, 2011), but only a few are used in a high-throughput manner for drug
discovery. One example is the analysis of biomolecules and their assemblies using MS-based
proteomics approaches, which can provide means for proteome-wide quantitation of proteins,
monitor their levels, and characterize protein-protein interactions and post-translational
modifications (Aebersold and Mann, 2016). Another technique that has become a valuable
complement to X-ray crystallography in determining protein structure, dynamics and
identification of small molecule binding sites is hydrogen/deuterium exchange (HDX) coupled
with mass spectrometry (Smith et al., 1997; Chalmers et al., 2011; Konermann et al., 2011; Engen and
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Wales, 2015; Masson et al., 2019). Both techniques are widely
used for the study of proteins and biomolecules in final
denaturing conditions. Native MS, the core focus of this
review, represents an addition to the analytical toolbox of
mass spectrometry and has, over the past decade, experienced
immense growth. It is used for studying intact proteins and their
complexes, including interactions with small-molecule drugs, in a
native-like folded state. Unlike the analytical tools outlined above,
native MS enables the investigation of non-covalent interactions,
without the need for labelling or crosslinking, using just
picomoles of material (Laganowsky et al., 2013), while at the
same time offering high-resolution (Rose et al., 2012; Gault et al.,
2016) and a speed of analysis in the timescale of milliseconds
(Breuker and McLafferty, 2008).

Native MS exploits the gentle nature of electrospray ionization
(ESI) (Fenn et al., 1989) to transfer proteins and their non-
covalent complexes from volatile buffered aqueous solutions into
the gas-phase. Under controlled operating conditions within the
mass spectrometer the biomolecules can retain a near native-like
structure and quaternary non-covalent interactions can be
preserved (Khristenko et al., 2019). Shortly after the
development of ESI-MS in the late 1980s (Fenn et al., 1989),
successful applications demonstrating its potential use as a tool
for probing non-covalent protein complexes were reported. Early
examples include the detection of the intact heme-myoglobin
complex in 1991 (Katta and Chait, 1991) and the non-covalent
complex between the cytoplasmic receptor FKBP with the
immunosuppressive agents FK506 and rapamycin (Ganem
et al., 1991), in the same year. The initial studies
demonstrating the capability of ESI-MS to preserve protein-
ligand interactions, were followed by studies utilizing ESI-MS
for the quantification of protein-ligand binding affinities. In 1993,
Loo and co-workers reported the enthalpy of dissociation (ΔH) of
the ribonuclease S-protein—S-peptide complex, and the values of
the dissociation constant (Kd) of the same complex over a range
of temperatures (Loo et al., 1993). Furthermore, the ability of ESI-
MS to measure non-covalently bound protein assemblies, like the
ribosome, a 2 megaDalton (MDa) protein-RNA complex (McKay
et al., 2006), the tetradecameric GroEL (Sobott and Robinson,
2006) and the 20S proteasome, a 690 kiloDalton (kDa) 28-mer
(Loo et al., 2005) has also been successfully demonstrated during
the years. Although these examples for the preservation of non-
covalent interactions during ESI (Fenn et al., 1989) were received
with great enthusiasm, they raised at the same time the question
of whether or not ESI (Fenn et al., 1989) could preserve the native
solution structure of biomolecules and their assemblies during
transfer into the gas-phase (Wolynes, 1995). Even almost 30 years
after these initial demonstrations, there is much debate on the
structure of protein ions in gas-phase. Clearly, the new gaseous
environment could cause dramatic structural rearrangements;
however, the question is how long it takes to transform solution
structure to solvent-free structure and whether or not this is
within the time frame of the ESI process and MS analysis. Whilst
it appears probable that surface side-chain collapse occurs within
picoseconds of dehydration, some elements of gross structural
rearrangement may require milliseconds or even more (Breuker
and McLafferty, 2008). For example, an ion mobility

spectrometry (IMS) study showed cytochrome C gas-phase
ions’ unfolding in the milliseconds region (Badman et al.,
2005). Another IMS study by Wyttenbach and Bowers has
investigated the structural stability of ubiquitin during the
transition from solution to gas-phase. The authors concluded
that during the ESI process, the native state of ubiquitin is
preserved. Moreover, ubiquitin can survive for more than
100milliseconds in a 294 K solvent-free environment (Wyttenbach
and Bowers, 2011). Therefore, there may be a window for
observing gas-phase ion species, which are relatively similar to
their solution structures. Several other studies have also suggested
that gas-phase ions generated during the ESI process can retain
significant aspects of their solution structures (Ruotolo and
Robinson, 2006; Koeniger and Clemmer, 2007; Bernstein et al.,
2009; Grabenauer et al., 2010; Breuker et al., 2011).

Over the last 30 years, numerous examples have proven the
analytical advantages of native MS (Fenn et al., 1989) in
addressing biological questions such as stoichiometry
determination (Rostom and Robinson, 1999; Rostom et al.,
2000; Geels et al., 2006), oligomeric state formation
(Hernández et al., 2006; Zhou et al., 2008), allostery
(Dyachenko et al., 2013; Gavriilidou et al., 2018a), application
to amyloids (Santambrogio et al., 2011; Bleiholder et al., 2013),
antibodies (Thompson et al., 2014; Terral et al., 2016) and
membrane proteins (Gupta et al., 2018; Robinson, 2019;
Keener et al., 2021). Here, we will discuss the current
application of native MS in ligand/drug screening, its latest
advances, especially in the field of membrane proteins, which
represent the majority of current pharmacological targets and the
future option to integrate native MS with other structural biology
techniques to shed light on the mechanism of action of a drug
candidate in situ.

INSTRUMENTATION OF NATIVE MASS
SPECTROMETRY

ESI (Fenn et al., 1989) is the consequence of the application of
electricity to an ion-containing liquid that undergoes a series of
subsequent evaporation and droplet shrinking events, which in
turn lead to its dispersion into a fine jet. The fundamental
principles of ESI have been extensively studied to date
(Kebarle and Verkerk, 2009; Konermann et al., 2013). Briefly,
the three prevailing models are the charged-residue model (CRM)
(Kebarle and Peschke, 2000), the ion evaporation model (IEM)
(Iribarne and Thomson, 1976; Thomson and Iribarne, 1979) and
the chain ejection model (CEM) (Konermann et al., 2013).
Evidence from ESI-MS results obtained on a variety of
globular proteins studied under native conditions support that
the CRMmechanism is followed in the case of native MS and it is
currently the most widely accepted framework for the modelling
of ESI (Fernandez De la Mora, 2000; Heck and van den Heuvel,
2004; Nesatyy and Suter, 2004). The CEM applies to unfolded
proteins that are particularly hydrophobic and also capable of
accommodating excess charges, whereas the IEMmechanism has
been suggested to be followed in the case of small molecules such
as peptide ions.
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The ionization of proteins and protein assemblies by ESI (Fenn
et al., 1989) generates multiple charge states, which are visualized
in a mass spectrum by a series of peaks, each of a specific mass-to-
charge ratio (m/z). The collection of charge states that represent a
single protein moiety, is referred as the charge state distribution
(CSD) of gas-phase protein ions, and usually resembles one or
more Gaussian distributions (Borysik et al., 2004) (Figure 1). The
extent of CSD observed in an ESI spectrum depends on the
solvent-exposed surface area of the protein, with more compact
structures, such as those that can be obtained in a native MS
spectrum, acquiring fewer charges (Konermann and Douglas,
1998; Fenselau et al., 2000). Multiple Gaussian distributions for
a single species may indicate the presence of more than one
solution conformation (Chowdhury et al., 1990; Dobo and
Kaltashov, 2001). Overall, solution conditions and experimental
parameters have to be tuned carefully, and it has been shown that
they affect how molecules are transferred to the gas-phase
(Benkestock et al., 2004; Peschke et al., 2004). For example,
protein unfolding during the ESI (Fenn et al., 1989) process
has been related to increased charge states (Shelimov et al.,
1997). The unfolding at higher charge states is attributed to
increased intra- and intermolecular Coulomb repulsion within
a protein ion. It can be assumed that lower charge states minimize
structure unfolding, leading to the formation of more native-like
species. Moreover, solution additives or impurities could lead to
the formation of adducts with alkali metal cations, such as sodium
and potassium, which can destabilize a protein-ligand system
during the ESI process by lowering the activation barrier to
dissociation (Hopper and Oldham, 2011). However, other
studies have suggested that alkali metals can actually stabilize
gas-phase protein structures via the formation of additional
interactions (Wu et al., 1999; Rožman and Gaskell, 2010).

A miniaturized version of ESI (Fenn et al., 1989), known as
nano-ESI, was introduced in 1994 byWilm andMann (Wilm and
Mann, 1994). Its advantages over conventional ESI are higher
sensitivity, better resolution, increased tolerance to non-volatile
salts (Lössl et al., 2014; Susa et al., 2017) and low sample
consumption (Juraschek et al., 1999; Kebarle and Verkerk,
2009). Moreover, nano-ESI (Wilm and Mann, 1994) is also
more sensitive and tolerant to buffer contaminants than
conventional ESI (Wilm and Mann, 1996), and since the
droplets formed by nano-ESI are smaller, low source/
desolvation temperatures can be used, enabling better
preservation of non-covalent interactions, which may be
destabilized as a result of heating (Hernández and Robinson,
2007). The most commonly used volatile buffer is ammonium
acetate which has a pH range of 6–8 and evaporates readily
during ionization (Hernández and Robinson, 2007; Gavriilidou
et al., 2015).

Nano-ESI has also been shown to be applicable to the analysis
of membrane proteins. However, when working with membrane
proteins, the sample must be supplemented with detergent or
transferred to the gas-phase via lipid-based vehicles such as
nanodiscs, amphipols or bicelles (Hopper et al., 2013;
Laganowsky et al., 2013). For a more in depth focus on new
analytical advances and application of native MS on membrane
proteins we direct the readers to a recent review by Keener et al.
(2021).

Sample ionization followed by separation of ions according to
their m/z ratio and finally, ion detection are the three key steps
that are followed in every MS experiment.

Several types of MS instruments are currently available,
offering analytical sensitivity, specificity and speed in the
analysis of mainly small molecules, such as drugs or peptides,

FIGURE 1 | Schematic representation of the experimental procedure for native mass spectrometry. The sample is transferred from its buffer to a volatile solution.
Buffer exchange can be performed via one of the following methods: gel filtration, size exclusion chromatography (SEC) or dialysis. The sample is then loaded on a ESI or
nanoESI capillary and it is transferred to the gas-phase. The ions are subsequently analyzed with the mass spectrometer. A ligand (L), represented with a green circle can
be added to the buffer exchanged sample. The deconvolution of the spectra will result in two peaks, one for the apo protein and the other for the complex.
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as well as analysis of large therapeutic molecules (Rathore et al.,
2018) or even larger macromolecules, such as viral capsids, with
molecular weights in the MDa mass range (Snijder et al., 2013).

As mentioned above, native MS analysis results in a relatively
narrow charge state distribution of gas-phase ions with fewer
charges than the same system would attain under denaturing
conditions (Konermann and Douglas, 1998). Hence, native MS
analysis of proteins and protein assemblies requires mass
analyzers that can operate at a higher m/z range and at the
same time be optimized for the efficient transmission of large
molecular ions carrying a relatively low number of charges. The
first mass analyzer adapted for native MS experiments was the
time of flight (ToF) (Mirgorodskaya et al., 1994) mass analyzer,
which has a theoretically unlimited m/z range. Modified ToF-
based instruments dominated the field of native MS for over 2
decades. However, more recently, Fourier transform ion
cyclotron resonance (FT-ICR) and Orbitrap mass analyzers,
have also been adapted for native MS (Zhang et al., 2011;
Rose et al., 2012).

Many modern MS-instruments used for native MS combine
these mass analyzers with either a quadrupole or an ion trap mass
analyzer, in a single configuration. One of the most common
hybrid instruments extensively used in studies of biomolecular
assemblies is the Quadrupole Time–of–flight (QTof) (Morris
et al., 1996), which consists of a quadrupole filter, a collision
cell and a ToF analyzer. Recently, an Orbitrap mass analyzer with
ultrahigh mass range (UHMR) featured with a quadrupole
analyzer has been developed for native MS (Van De
Waterbeemd et al., 2017; Fort et al., 2018). An Orbitrap-based
trihybrid instrument featuring both a quadrupole and a linear ion
trap mass analyzer has also been added to MS instruments
capable of native MS studies (Gault et al., 2020).

DETERMINATION OF PROTEIN-DRUG
INTERACTIONS

Native MS is used to study a wide diversity of biological samples
that differ in mass, polydispersity, symmetry and dynamic
flexibility (Kaur et al., 2019). This brings tremendous
analytical advantages in interrogating protein-drug
interactions. Different oligomeric states can be investigated
simultaneously with no need for labelling or crosslinking.
Specific information is obtained for each individual species
present, without data being averaged over different species.
Native MS can distinguish by mass and thus reveal the entire
distribution of ligand-bound states. Therefore, the dynamics of
quaternary structure can be studied in real time (Yee et al., 2019).
Gavriilidou et al. (2018a) demonstrated this advantage of native
MS in the study of the dimer−tetramer equilibrium of M2
pyruvate kinase (PKM2), a regulatory enzyme that is often
inactive in the glycolytic pathway in tumor cells. An allosteric
activator, fructose-1,6- bisphosphate (FBP), was found to shift the
dimer−tetramer equilibrium toward the active tetramer, with the
4:4 stoichiometry of FBP binding to the tetramer only. Other than
revealing multimeric concomitant binding, native MS helps
distinguish allosteric mechanisms as has been shown by the

Sharon group (Dyachenko et al., 2013) for the ligation
pathway of ATP to GroEL. Moreover, their approach was able
to discriminate between theMonod–Wyman–Changeux (Jacques
et al., 1965) and the Koshland–Némethy–Filmer (KNF) allosteric
models (Koshland et al., 1965). Native MS showed its strength as
well in analyzing complexes of proteins with covalently bound
molecules (Lu et al., 2021). For example, Douangamath et al.
conducted a combined mass spectrometry and high throughput
crystallographic fragment screen against SARS-CoV-2 main
protease (Mpro), using over 1,250 fragments from a compound
library that yielded 48 high-value covalent fragments
(Douangamath et al., 2020).

The typical native MS analysis for drug-binding requires only
1–2 μl of protein of interest at low-micromolar concentration.
Given the broad dynamic range of signal detection and uniform
ionization efficiencies between protein and protein-drug complexes
(Peschke et al., 2004; Mehmood et al., 2015), drug-binding affinity
can be unbiasedly determined. By looking directly at the spectra
(Figure 2), the affinity of the protein-ligand interaction can be
quickly evaluated without further analysis. The intensity of the peak
corresponding to the protein-drug complex will increase with
increasing protein-drug affinity.

Quantitative measurement of affinities requires the
measurement of the drug Kd, which can be performed by the
titration approach, studied by Daniel et al. (Daniel et al., 2002),
and fitting the data to the equation:

I(PL)
I(P) � 1

2
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝ − 1 − [P]0

Kd
+ [L]0

Kd

+

�����������������������
4
[L]0
Kd

+ ([L]0
Kd

− [P]0
Kd

− 1)2

√√ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
A different approach was applied by Liu et al. to quantify the

interactions between bovine b-lactoglobulin and a series of fatty
acids by direct ESI-MS assay (Bagal et al., 2009; Liu et al., 2011).
The equation of this assay is:

Ka � 1
Kd

� R
[L]0 − R

1+R[P]0
, R � I(PL)

I(P)
where I (PL) is the complex and I(P) the apoprotein peak
intensity, respectively, R is their ratio, [P]0 and [L]0 are the
concentrations of the protein and the ligand, and Ka is the
association constant. Both approaches provide consistent
results (Figure 3). However, the latter approach requires only
a single concentration point for Kd measurement. Therefore, due
to its speed and low material consumption, native MS has the
potential to be the primary choice to acquire the affinity
information of drug-binding in high throughput screening as
it has been shown in various studies discussed in High-Definition
Screening by Native MS (Maple et al., 2012; Woods et al., 2016;
Nguyen et al., 2021). This is a unique feature of native MS
compared to other biophysical methods. The dissociation
constants of thousands of compounds against a protein target
can be reliably ranked using this assay, which will mandate the
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selection of those that will move to the next step of the screening
process.

The ion intensity ratio between the free protein and the
protein−ligand complex is measured for affinity measurements,
and ideally, the target protein concentration should be below the
expected Kd value. If the protein concentration is very low, such as
that it appears in the noise level of the spectrum, the measurement
of the intensity of the peaks may be unreliable. Therefore, using a
protein concentration that will yield a high-intensity protein peak
is crucial during a screening experiment, and that will allow
ranking the affinities of the compounds against that protein
reliably. Moreover, native MS experiments can be configured in
a competitive format. Competition among different binding
partners of a target molecule for its binding site can provide
information about the binding affinities and specificity of
host–guest complexes binding. For example, if a known ligand
(hot ligand, HL) with a known binding site is available, this can be
used to quickly assess the specificity for that site for a different
ligand (L). Native MS competitive binding experiments consist in
keeping the protein and L concentrations constant, while
increasing the HL concentrations. The relative abundances of
the different species in the mass spectra allow assessing whether
the displacement of L with HL is competitive or not. If the HL is
competing with the L for the same site, the fraction of the complex
with the L decreases and the fraction of the complex with the HL
increases as the HL concentration is increased as shown in
Figure 4A. If the HL is not binding in the same site as the L,
as the HL concentration increases and the protein becomes

saturated, the peak of the protein with the L will decrease, and
an additional HL + L peak will appear (Figure 4B). Jørgensen et al.
(1998) used the competition approach to study the specificity of the
interactions between the glycopeptide antibiotics (vancomycin,
ristocetin) and several peptide and also measure their affinities.
Wortmann et al. (2008), in a study of kinase inhibitors, followed
the disappearance of the peak of a test ligand relative to a reference
ligand in the low m/z range of the mass spectrometer, allowing
them to determine high-affinity binding constants in the
picomolar range.

Additional to affinity measurements, biomolecules’
thermodynamic and kinetic properties can be investigated by
following the abundance of different species as a function of
temperature and over a time course (Gülbakan et al., 2015).
Thermodynamics are measured using custom variable-
temperature ESI sources that enable precise temperature
control of the analyte solution prior to ion formation.

Cong et al. (2016) investigated the thermodynamics of lipid
binding to AmtB, an integral membrane protein of Escherichia
coli. Their approach allowed them to determine the
thermodynamics of individual binding events for lipids with
variable chain lengths, resolving unique thermodynamic
properties. Another study by Marchand et al. (2018)
determined the entropic and enthalpic contributions to the
binding equilibrium of G-quadruplex nucleic acid structures
and their ligands using a temperature-controlled nano-ESI
(Wilm and Mann, 1994) source. The Klassen group measured
biotin’s dissociation rate (koff) from the tetrameric protein

FIGURE 2 | Spectra of a protein in complex with three compounds (ligands). The tighter binding compound yields a more intense complex peak. Therefore, without
calculating the Kd, the affinity of a compound against a protein can be estimated. Compound 2 has the highest occupancy to the protein, followed by compounds 3
and 1.
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streptavidin (Deng et al., 2013). Marchand et al. (2020) in 2020
developed a temperature-jump electrospray source for mass
spectrometry that allows performing fast kinetics experiments
(0.16–32 s) at different temperatures (10–90°C).

Membrane Proteins
There are several analytical challenges in studying membrane
proteins because of the complex interactions and environmental
constraints that accompany their amphipathic nature. The
natural abundance of membrane proteins is typically low, and
overexpression and purification of membrane proteins in high
yields can be challenging (Wagner et al., 2007; Zweers et al., 2009;
Gubellini et al., 2011).

Native MS has become an emerging technique in recent
years for investigating the structure, dynamics, and interactions
of membrane proteins (Barrera et al., 2009; Laganowsky et al., 2013;
Gupta et al., 2018). The sensitivity and resolution of native
MS render it a powerful tool to investigate the membrane
proteins and various aspects of their structure and function,
such as macromolecular assemblies, lipid/ligand interactions,
post-translational modifications and, most importantly, the
interplay between them. Usually, membrane proteins are studied
in their natural membrane or encapsulated in amembranemimetic
to solubilize the protein prior to analysis (Strop and Brunger, 2005).
Different reconstitution systems, such as detergents (Laganowsky
et al., 2013), nanodiscs (Marty et al., 2016) and amphipathic
polymers or amphipols (Calabrese et al., 2015) have been tested
and sometimes proved critical in preserving subunit and lipid
interactions of membrane proteins (Hopper et al., 2013).

Native MS has been applied for analyzing various
membrane mimetics, which cause significant effects on the
quality of mass spectra. For example, detergent micelles cause
a huge mass heterogeneity which hampers the accurate mass
measurement of membrane proteins, and therefore detergent
adducts need to be removed by activation processes in the mass
spectrometer (Figure 5). The activation energy applied may
cause protein unfolding and disruption of ligand interactions
in the gas-phase, hence care must be devoted to selecting a
detergent which is able to preserve the native state of the
membrane protein in solution and optimize the quality of mass
spectra. It has been shown that the chemical properties of the
detergents mediate the charge state, both during ionization
and detergent removal in the mass spectrometer (Reading
et al., 2015). Therefore, screening of different detergents
may be required to find a suitable one (Yen et al., 2017).
Various studies have shown the capability of native MS in
interrogating membrane protein interactions. Binding and
affinity measurement of small-molecules to membrane
proteins has been investigated for the first time in the
Robinson group (Marcoux et al., 2013). In a 2013, the
strength of the interaction between a 17-residue peptide and
the homotrimeric E. coli outer membrane porin F (OmpF) was
quantified via the titration approach (Housden et al., 2013)
which enabled the observation of OmpF bound to up to three
peptides. The resulting Kd value agreed with that derived from
ITC. In the same year, measuring the rates of lipid binding and
calculating the Kd values showed that the ATP-binding
cassette transporter P-glycoprotein binds diacylglycerides
more tightly than zwitterionic lipids (Marcoux et al., 2013).

FIGURE 3 | Native ESI-MS spectra and the fitted curve of titration of dichlorphenamide against 4 μM carbonic anhydrase I in 50 mM ammonium acetate, 2%
dimethylsulfoxide. The concentration of dichlorphenamide was varied. The measured Kd from the titration curve was 1.2 μMwhich is in good agreement with the values
calculated based on a single spectrum using the direct approach (1.7 and 0.9 μM) and published values.
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The application of native MS has also been demonstrated for
GPCRs, one of the most important protein families for drug
discovery. In a study by Hsin-Yung Yen et al. (2017), the
ligand/drug-binding of a human purinergic receptor P2Y1R
can be preserved in a high-resolution mass spectrometer.
Intriguingly, the resolution of mass spectrometry revealed
the impact of receptor phosphorylation on attenuating the
binding of the drug MRS2500 but not that of ATP. The
importance of solution conditions in maintaining native
GPCR interactions in MS has recently been highlighted by
an investigation into the effects of nonvolatile salts on
GPCR−small molecule interactions (Agasid et al., 2021).
The inclusion of Tris and NaCl in the ESI solution was
demonstrated to significantly strengthen the noncovalent
interaction of the receptor to the endogenous ligand
glucagon. In addition to ligand interactions of GPCRs,
Gavriilidou et al. (2019) characterized turkey β1 adrenergic
receptor in complex with mini-Gs, an engineered Gαs subunit,
and the impact of ligands on complex stability. A full agonist
(isoprenaline) stabilizes complex formation whereas an
inverse agonist (S32212) disrupts the receptor-mini-Gs
complex, showing the potential of native MS in
investigating the effect of small molecules on GPCR
coupling. By exploring these effects with experimental
GPCR-targeting drugs, it may be possible to examine bias
toward particular signaling pathways, thereby facilitating the
development of highly selective therapeutic agents. Native MS
has shown a significant advantage in studying membrane
protein-lipid interactions. The resolution of this technique
enables the detailed interrogations of a wide range of
membrane proteins bound to different lipids, and the
impact of acyl chain lengths and degrees of saturation on
lipid-binding (Gault et al., 2016). In 2014, Bechara et al. (2015)
published a protocol for identifying lipids to ABC transporter
TmrAB via a progressive delipidation approach. By controlling
the extent of protein delipidation via timed exposure to
detergent, the preferential binding of TmrAB to negatively
charged phosphatidylglycerol was revealed, and the potential
role of lipids in modulating glycolipid translocation of TmrAB
was proposed. In a study by the Robinson group, the specific
effect of phosphatidylinositol-4,5-bisphosphate PIP2 on G
protein-coupling of three class A GPCRs was unveiled (Yen
et al., 2018). The native MS results showed that PIP2
significantly increased mini-Gs’ coupling to the β1
adrenergic receptor, whereas other phospholipids did not
possess a similar effect. Joint use of native MS,
computational modelling and site-directed mutagenesis
enabled elucidation of the mechanism of PIP2 in bridging
the receptor and the G proteins, highlighting the structural
specificity of this phenomenon. A recently developed
approach, nativeomics (Gault et al., 2020), aims at
combining native MS with small-molecule fragmentation to
directly identify bound molecules ejected after native MS. The
mass spectrometer is optimized and fine-tuned in detecting
both intact protein−ligand complexes at the high m/z range
and fragmented ligands at the low m/z range. The strength of
this approach is that it enables determination of the chemical

identity of endogenous ligands or lipids and drugs of unknown
identity bound to membrane proteins. In order to achieve this,
multiple rounds of fragmentation are applied to progressively
dissociate the protein−ligand assembly and yield ligand
partners for fragmentation.

A revolutionary new method that allows membrane proteins
to be directly studied from native membranes was recently
developed by Robinson’s group and was named SoLVe-MS
(sonication of lipid Vesicles for MS) (Chorev et al., 2018). To
enable MS analysis, large membrane fragments isolated from cells
are sonicated to produce smaller liposomes. This technique
provided a breakthrough in studying endogenously expressed
membrane proteins and their associations with native
environment such as lipids and ligands, without purifying the
proteins.

HIGH-DEFINITION SCREENING BY
NATIVE MS

The application of native MS to compound library screening has
only recently emerged, as outlined in the following examples.
The native MS screening approach shows a particular potential
for fragment-based drug discovery (FBDD). The ability to
capture the weak binding of fragments at a millimolar range
of affinity and the low sample consumption widens the
accessibility even for compounds with poor solubility (Vivat
Hannah et al., 2010; Woods et al., 2016; Gavriilidou et al.,
2018b). In order to improve the throughput, an automated
electrospray platform, the NanoMate, was introduced (Zhang
et al., 2003). This chip-based nano-ESI (Wilm and Mann, 1994)
system provides consistent electrospray conditions across each
analytical run, improving reproducibility. NanoMate
automated sampling also significantly increases the analytical
throughput compared to manual sample manipulation. The
proof-of-principle study of Maple et al. has demonstrated the
native MS screening of a fragment library consisting of 157
compounds against an apoptotic protein target within 6 h,
using the NanoMate system (Maple et al., 2012). The
throughput and results are comparable to those that NMR
or ITC-based library screening approaches can obtain. In
another study by Woods et al., a 720-member fragment
library was screened, and ESI-MS affinity measurements
correlated with the ones obtained from SPR when followed-
up by X-ray crystallography (Woods et al., 2016). A recent
study showed protein−small molecule interactions from
mixtures containing up to ~8,900 potential small molecule
ligands in a single manual measurement using nano-ESI
(Wilm and Mann, 1994) emitters in combination with a
rapid, low-volume gel filtration step to remove unbound
molecules (Nguyen et al., 2021).

Screening with native MS increases the throughput by
allowing drug multiplexing per well. The sample
consumption is very low compared to other methods and
has a wide dynamic range. The number of compounds per
well is mandated by the resolution needed to separate protein
complexes with compounds with a slight mass difference. With
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the current technology and using multiplexed libraries, it is
possible to screen over 50 k compounds in less than 8 h. At the
end of the screening, a list of compounds and their affinities to
the protein is generated. Based on the Kd values, compounds
with the desirable affinity, for example, Kd<50 μM, are chosen
for further validation. The validation will include the
specificity of binding to the protein-target by screening
these compounds to a different protein or in a competition
format by using a hot ligand. Moreover, the Kd values
measured with the direct approach are confirmed with the
titration method (Figure 6).

Native MS is a very advantageous method during screening
due to its supreme speed, selectivity, sensitivity, and quantitative
capability.

Furthermore, mass spectrometry combined with ion mobility
can reveal conformational changes of proteins upon binding to
small molecules. This is a unique advantage over the other
biophysical methods, as in a single ion mobility MS
experiment, the binding affinity and the conformational
impact of a compound to a protein can be measured. Ion
mobility spectrometry (IMS) (Zhong et al., 2012) is the
analytical technique that separates gas-phase ions based on

FIGURE 4 | Competition experiments. (A) Both the ligand (L) and the hot ligand (HL) bind at the same binding site. When the concentration of the hot ligand
increases, the protein-ligand peak eventually disappears. (B) The ligand and the hot ligand do not bind at the same binding site. When the concentration of the hot ligand
increases and the protein gets saturated, the protein-ligand peak eventually disappears, and a new peak appears, corresponding to the protein with both ligands bound.

FIGURE 5 | Schematic representation of how membrane proteins are studied using native mass spectrometer. Proteins are first desolvated and ionized, and then
the micelle is removed inside the mass spectrometer applying high energies. The spectra show that with increasing collisional energy applied in the mass spectrometer,
the spectrum can go from (A) micelle cluster dominated to (B) clear peaks representing the membrane protein.
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their different mobility through a buffer gas at an applied electric
field. The mobility of each ion in the gas will define its travel or
drift time (Figure 7). The measured drift time is proportional to
the collisional cross-section (CCS) of the ion, which is a physical
property of the molecule and depends on its shape. Once the CCS
is determined, it can be related to its quaternary structure
(Ruotolo et al., 2008; Bush et al., 2010; Jurneczko and Barran,
2011; Lanucara et al., 2014). In contrast to MS, the separation of
gas-phase ions in IMS is based on charge and shape rather than
their m/z ratio.

The combination of IMS with MS, commonly referred to as
IM-MS, affords 2D separation of analytes on the
size–to–charge and mass–to–charge axes, respectively
(Figure 7). Several studies on highly complex mixtures
have shown that IM–MS gives far greater resolution and
information than is possible by either method alone
(Ruotolo et al., 2007; Duijn et al., 2009; Hopper and
Oldham, 2009; Smith et al., 2010; Bleiholder et al., 2011;
Bleiholder et al., 2013). Studies to investigate changes in
protein structure that are driven by ligand binding have
been carried out. For example, Lai et al. used native IM-MS
to characterize large-scale conformational shifts of the
Escherichia coli molecular chaperone DnaK in response to
nucleotide and substrate binding. Unique conformational
states that arose due to the allosteric effects of small
molecule interactions were identified and combined with
results from double electron−electron resonance
spectroscopy to confirm structural data derived from both
NMR and X-crystallography experiments (Lai et al., 2017).
Ashcroft’s group screened small molecule inhibitors against
amyloid precursors, identifying the interacting protein species
and defining the mode of inhibition. They were able to classify
a variety of small molecules that are potential inhibitors of
human islet amyloid polypeptide (hIAPP) aggregation or
amyloid-beta 1–40 aggregation as specific, nonspecific,
colloidal or non-interacting (Young et al., 2014). Small
conformational changes in globular proteins that occur
upon ligand binding can also be observed through slight
changes in the arrival time distribution (Atmanene et al.,
2012; Stojko et al., 2015). The Klassen group has combined
multistage ion activation and IM to determine the identity of
bound ligands during a screening, an approach they have
termed “Catch-and-Release” (CaR) ESI-MS (El-Hawiet et al.,
2012; Rezaei Darestani et al., 2016; El-Hawiet et al., 2018). In
this approach, a protein of interest is mixed with a library of
ligands and the resulting mixture is analyzed by native MS.
Multiple stages of ion activation and fragmentation are
applied, in which the ligands are fragmented. By combining
this process with IM, both the arrival time distributions and
the fragmentations patterns of the ligands can be used to
ascertain their identity.

Collision induced unfolding (CIU) is a collisional
activation method in which the unfolding of protein
complexes in the gas-phase is monitored with IM-MS.
During IM-MS screening, CIU fingerprints can be uniquely
related to specific protein-ligand binding modes (Hopper and
Oldham, 2009; Hyung et al., 2009; Niu et al., 2013). The

unfolding pathway of the protein can be followed in detail to
allow the comparison between different conformational
families of the protein (Han et al., 2011; Han et al., 2012;
Han and Ruotolo, 2013). Ruotolo’s group developed a data
analysis workflow to remove chemical noise patterns caused
by ionized surfactants during studies of membrane proteins
(Fantin et al., 2019). Following the denoising protocol,
separate gas-phase unfolding signatures with CIU for lipid
and protoporphyrin binding to the dimer of translocator
protein (TSPO) were generated. Complexes containing
ligands known to bind at two separate sites were detected
as possessing differential stabilities using CIU, where
protoporphyrin IX binding provided a greater degree of
gas-phase stabilization for TSPO than any lipids assessed.
These data were combined with liquid−liquid extracts to
propose and identity unknown endogenous TSPO ligands.

It is expected that as the resolution of IM-MS methods in both
the mobility and m/z dimensions and the accuracy of
computational models of protein structure and dynamics
increase the use of IM-MS for studying the impact of ligand
binding on protein structures and assemblies will also
significantly increase.

FUTURE PERSPECTIVE OF NATIVE MS IN
STRUCTURE-BASED DRUG LEADS
DISCOVERY
Technological advances continue to emerge, and the recent
introduction of orbitrap mass analyzers modified for protein
assemblies affords excellent resolution and sensitivity,
enabling facile definition of concurrent binding of small
molecules in a MDa complex (Rose et al., 2012; Gault
et al., 2016). Taking advantage of the high resolution,
native MS is pacing towards the analysis of proteins and
protein complexes directly from cells, characterizing their
heterogeneity and flexibility in real time (Gan et al., 2017;
Chorev et al., 2018). Intact assemblies from membranes, without
chemical disruption, can be analyzed using mass spectrometry to
define their composition and characterize any endogenous ligand
or lipid binding. This development is analogous to the Cryo-EM
structure determination of MDa complexes from native cell
extracts (Kyrilis et al., 2021). However, improvements in data
analysis are still required for this field to bloom, as the spectra
generated from these studies can be difficult and time-consuming
to annotate. The improvement of data analysis software will also
allow native MS to be integrated as a routine method in the
pharmaceutical sector.

The currentmass spectrometers allow high throughput screening
of small molecules for binding against a protein target and
determining the dissociation constant. As shown and discussed
above, the thermodynamic and kinetic properties of biomolecules
can also be measured with MS using modified instrumentation
(Gülbakan et al., 2015). Therefore, the commercialization of these
novel sources for mass spectrometers that will vary the temperature
in a controlled way over a time course will allow for the detailed
thermodynamic study of protein-ligand complex.
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3D models of macromolecular complexes have been deduced by
combining MS experiments with data from crystallography, NMR,
small-angle X-ray scattering and EM (Lebrette et al., 2015;
Nematollahi et al., 2015) and it is expected that in the future
more structures will be solved with the help of mass
spectrometry. Structure-based drug discovery (SBBD) has also
benefited from the introduction of mass spectrometry as a
complementary tool accelerating the sample screening workflow
(Olinares et al., 2021). Based on a combinatorial study of native MS
and other techniques, Heck’s group (Snijder et al., 2017) revealed
details of the interactions between the Kai proteins, a system that
cyanobacteria use as a circadian oscillator. The stoichiometry of the
different Kai proteins was monitored by native MS, allowing for
structural characterization by single-particle cryo-electron
microscopy (cryo-EM) and MS. Pseudoatomic models of
biomolecular assemblies have been generated with computational
methods based on data from native mass spectrometry (Marklund
and Benesch, 2019). Politis et al. showmany examples implementing
this approach (Politis et al., 2014). They describe a method for the
characterization of protein assemblies structures integrating results
derived from different MS-based techniques with modeling data.
They encoded results from native MS, bottom-up proteomics,
IM–MS and chemical cross-linking MS into modeling restraints
to compute the most likely structures. Esser et al. (2021) presented
native electrospray ion-beam deposition (native ES-IBD) for the
preparation of extremely high-purity cryo-EM samples, based on
mass selection in the gas-phase. Folded protein ions generated by
native MS were mass-filtered with fine tuning of the mass
spectrometer, and gently deposited on cryo-EM grids, and
subsequently frozen in liquid nitrogen. Single particle analysis
revealed that they remain structurally intact.

Notably, native MS allows the identification of a protein
bound ligand when it is featureless in cryo-EM and X-ray
maps. In fact, in the specific case of membrane proteins,
known to be valuable therapeutic targets, bound detergents

or lipids cannot be identified completely by cryo-EM and
X-ray crystallography unless their hydrophobic tails are
constrained in specific places. Conversely, the hydrophilic
heads tend to be defined more accurately due to the
electrostatic interactions with the protein partner.
Moreover, multiple chemical species bound to membrane
proteins, such as a mixture of lipids present at partial
occupancy, produce poorly defined electron or cryo-EM
densities, making it hard to assign chemical entities. Native

FIGURE 6 | A screening cascade with native MS. The compounds of the library of the primary screen are distributed in 384-format wells. Kds of the complexes are
measured with the direct approach, and the compounds of desirable affinity are chosen for further validation and screening as singletons.

FIGURE 7 | Schematic diagram of ion mobility data. In the middle, the
mobilogram is shown where the drift time and m/z are combined in 2D
representation. With the increasing mass of the protein, the drift time of each
species increases.
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MS can resolve lipid mixture bound to protein and provide the
relative abundance of each component. Additionally, large
multimeric targets could lose ancillary or weakly attached
subunits when extracted and purified from their native
environment to perform SBBD studies. We envisage that in
the not-too-distant future, in situ native MS will add another
dimension to the 3D views of large macromolecular
assemblies currently imaged in their native frozen-hydrated
state by electron cryotomography (ECT) (Oikonomou and
Jensen, 2017). The so-called mass spectrometry imaging
(MSI) (Griffiths et al., 2019) will offer spatial information
about drug distribution directly at the cellular level,
evaluation of druggability in situ, and provide crucial
insights about the ripple effects of a drug candidate on
whole cellular physiology speeding up the development of a
drug considerably.

CONCLUSION

In the last few years, native MS has become a well-established
technique for drug discovery. Its high sensitivity, simplicity, speed,
wide dynamic range, low protein and ligand consumption, and the
possibility of automation and high throughput makes it an integral
component of the biophysical toolkit commonly used for primary
screening, adding to techniques such as NMR and SPR. Moreover,
the ability to explore all the aspects of protein-ligand interactions
and dynamics is the basis of the unique potential of native MS in the
fragment hit identification. Themajority of published applications of
native MS in drug discovery are on soluble proteins. Nevertheless, in
recent years the frontier conquered by native MS in membrane
proteins broadens the repertoire of protein targets screened by this
technique. Kd determinations by direct-ESI assay or titration
experiments have provided accurate values and can be used to

quickly assess the compounds’ affinity to the target protein during a
screening campaign. NativeMS can also efficiently assess compound
specificity for a particular binding site in competitive binding
experiments. It is possible to distinguish multiple binding sites
with the appropriate instrumental parameters, revealing complex
allosteric mechanisms. In addition, IMS studies during screening
have provided insight into conformational changes of a protein
upon binding to a compound. The continuous improvements in
mass spectrometry hardware and software are expanding the limits
of native MS applications. In addition, native MS is expected to be
fully integrated with other structural biology techniques, such as
X-ray crystallography, cryo-EM, and in a not distant future cryo-ET,
in the drug discovery pipeline, providing unprecedented insights on
protein-ligand binding and ligands screening that could significantly
impact the drug discovery process.
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