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As health needs in our society evolve, the field of drug dis-
covery must undergo constant innovation and improvement to
identify novel targets and drug candidates. Owing to its ability
to simultaneously capture biological interactions and provide
in-depth molecular characterisation of the species involved,
native mass spectrometry is starting to play an important role
in this endeavour. Here, we discuss recent contributions that
native mass spectrometry has made to drug discovery
including deciphering protein-small molecule interactions,
unravelling biochemical pathways, and integrating with com-
plementary structural approaches.
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Introduction
Since its inception, the field of drug discovery has sought
to identify and validate molecules that have the poten-
tial to modulate disease [1]. By successfully employing a
development pipeline, the field has brought numerous

safe and effective treatments to patients. As the land-
scape continues to evolve, however, innovative methods
are needed to address emerging challenges.

Native mass spectrometry (nMS) is one approach
assisting in overcoming challenges across the drug dis-
covery pipeline. This methodology has been contrib-
uting to drug discovery since the early 2000s; specific
developments are highlighted in Figure 1. Briefly, in
www.sciencedirect.com
nativeMS proteins are introduced from solution into the
gas phase whilst maintaining many of their endogenous
properties [2]. When performed with state-of-the-art
instrumentation, at high resolution on a millisecond
timescale, only microlitre quantities of nano-to pico-
molar protein solutions are required. As such, direct and
in-depth interrogation of protein non-covalent in-
teractions and native structures is possible, even within

heterogeneous populations. Moreover, there is no
obvious size limit since globular, glycosylated and
disordered protein assemblies, up to 18 MDa in mass,
have been characterised [2]. Having overcome early
criticism regarding relevance of the gas phase to proteins
in solution, nMS now also exploits the solvent-free
environment to capture the native properties of mem-
brane proteins [3].

In this review, we discuss recent highlights in nMS-
assisted small molecule drug discovery from the last

two to three years. Due to space limitations, we are
unable to consider the role of nMS in related areas, such
as adeno-associated virus (AAV) and lipid delivery sys-
tems, vaccine analysis and antibody-based therapies.
Instead, we focus on the latest advances and new ave-
nues for exploration that nMS offers across the drug
development pipeline. We also comment on currently
unexploited areas that we believe will find application
for nMS in small molecule drug design.

Unravelling biochemical pathways
The earliest steps in the drug discovery process involve
target identification and validation. These processes
focus on unpicking disease mechanisms and identifying

protein candidates for drug targeting. They form a
crucial step, with some arguing that poor understanding
of underlying biology is the principal cause of drug
failure [4]. As such, unravelling disease-linked
biochemical pathways, and diversifying targets within
an environment that accurately reflects their biological
context, are critical goals in drug discovery.

The need to unpick enzyme mechanisms in healthy and
disease states provide routes for nMS to contribute to
the validation of targets. Of relevance here are the in-

sights gleaned from differences between proteoforms,
post-translational (PTM) variants and conformational
states. These deductions could provide alternative tar-
gets that are highly synergistic with current cell-based
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Figure 1

Schematic showing key steps in a typical drug discovery pipeline. Current challenges are associated with each stage and areas where nMS is being
applied to address these challenges are highlighted below. Figure created using Biorender.
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assays. One area with exciting potential lies in ongoing
efforts to replicate the endogenous environment within
nMS experiments. We predict that studying proteins
within these more native-like environments could assist
in addressing the lack of proteins currently considered
druggable, i.e. disease-linked and able to be modulated
by small molecules. At present, this accounts for only
3%e10% of the proteome. Several protein families are
overlooked due to difficulties in studying them outside
their native environment, for example orphan receptors,
dynamic proteins and membrane complexes.

Latest efforts to replicate native contexts include the
pioneering method of protein overexpression followed by
nMS analysis of the cell milieu [5]. By applying this
workflow to a range of proteins and expression systems, it
has been possible to dissect native proteineprotein in-
teractions (PPIs) in situ, arguably better capturing
endogenous protein behaviour. Further expanding the
ability to perform nMS in more native-like contexts,
nano-desorption electrospray ionisation (DESI) has
made possible the ejection of proteins directly from the

lens, liver and brain tissues [6e8]. This approach has the
additional benefit of offering protein localisation abilities
not often associated with nMS. In exciting developments
for drug discovery, drugeprotein interactions have been
maintained in native-like environments using these
workflows, enabling molecular targeting of Bruton’s
tyrosine kinase and bezafibrate-dosed rats [9,10].

In parallel to these advances, proteoliposomes and soni-
cated lipid vesicles (SoLVe) have been developed to
enable nMS analysis ofmembrane proteins in their native
Current Opinion in Structural Biology 2025, 91:102993
environment [11e13]. Given that this protein class
comprises approximately 60% of clinically approved drug
targets, replicating the lipid bilayer holds great potential
for informing drug discovery. In an exciting breakthrough
in 2022, the signalling cascade of class A G-protein-
coupled receptor (GPCR) rhodopsin was captured in real
time across its native bovine lens membrane [14]. Within
this biological context, photoconversion of cis-retinal
bound rhodopsin through its activated rhodopsin* in-
termediate into its final product opsin could be moni-
tored by its change in mass, Figure 2(b). By monitoring

chromophore hydrolysis over time, a rate constant (khyd)
for the signalling step could be derived. The team also
monitored how the khyd value was perturbed in the
presence of nine known rho-targeting molecules identi-
fied from cell-based assays. The results showed that rho
ligands could be divided into two distinct functional
classes, those that accelerated the rate of conversion, and
those that slowed it down Figure 2(c). By focussing in on
compounds 1 and 6, from the accelerating and deceler-
ating classes, respectively, it was possible to better un-
derstand this modulation, Figure 2(d). Neither

compound displayed evidence of changes to rhodopsin
conformation or retinal displacement in their nMS
spectra, prompting speculation that both molecules
operate as allosteric modulators.

Subsequent steps in rhodopsin’s signalling cascade
required supplementing the membrane fraction with a
soluble preparation containing the downstream signal-
ling components. A rapid reduction in the abundance of
the Gt-GDP complex was observed in the first 15 s
following illumination, Figure 2(e); an apo state was
www.sciencedirect.com
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Figure 2

(a) Schematic showing key steps in the rhodopsin signalling cascade; (b) changes to the rhodopsin to opsin ratio over time in a native membrane
following exposure to light; (c) rate of hydrolysis comparison (khyd) for rhodopsin in its native membrane in the presence of no compound (control)
compared to nine rho-targeting molecules identified in cell-based assays; (d) conversion of rhodopsin to opsin after light illumination in the presence of
compounds 6 (top) and 1 (below) monitored over time in order to determine binding events and calculate khyd; (e) native mass spectra of G-protein
signalling activity in the dark (top) and after 15 s of light illumination (bottom) for a control sample compared to in the presence of compounds 6 (middle)
and 1 (right). Figure adapted with permission from Chen, S.; Getter, T.; Salom, D.; Wu, D.; Quetschlich, D.; Chorev, D. S.; Palczewski, K.; Robinson, C. V.
Capturing a Rhodopsin Receptor Signalling Cascade across a Native Membrane. Nature 2022, 604 (7905), 384–390.
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formed, which allowed release of the GTP-bound a
subunit. That subunit then bound the PDE6 complex,
triggering the release of cGMP for ion channel modu-
lation. The exquisite detail in which these steps could

be captured, down to the presence of at least two native
isoforms of a and g G-proteins, provided a compre-
hensive understanding of this biochemical pathway
within its endogenous environment. How these steps
were modulated by rho-targeting compounds 1 and 6,
when compared to a control, showed that both mole-
cules triggered higher levels of Gt-GDP conversion into
its apo form within 15 s of illumination, Figure 2(e).
Interestingly, in the presence of either compound, these
signalling steps were able to proceed in the dark prior to
illumination, attributed to their enhanced isomerisation

rates. These combined findings suggest a mode of action
where 1 and 6 amplify signalling through Gt, providing
key mechanistic understanding that could be used to
inform drug design.
www.sciencedirect.com
This ability to unravel biochemical pathways across a
native membrane in the presence of effectors provides
an exciting proof of concept with implications for target
identification, validation, and modulation. Key to further

advances will be new developments in nMS instru-
mentation. The ability to not only observe these
rhodopsin signalling complexes but also to dissect mo-
lecular characteristics of the components is required for
less well-characterised signalling pathways. Such en-
deavours require increasingly sensitive instrumentation
capable of multiple rounds of activation, alongside effi-
cient top-down protein fragmentation techniques to
better disentangle proteoforms [15,16].

Modes of action
Principles that have enabled nMS to unravel biochem-
ical pathways are equally applicable to understanding
modes of action of pharmaceuticals. This knowledge is

the key in connecting drug binding to function, and in so
Current Opinion in Structural Biology 2025, 91:102993
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doing predicting how humans might respond to a drug
candidate, enabling informed decisions about toxicity
and efficacy. nMS has been used to characterise a
diverse range of modes of action, including (ant)ago-
nists, drugs that induce protein cleavage or structural
changes, and PPI disruptors. In the interests of space,
however, we will limit our discussion here to de-
velopments in the most novel drug classes.

Proteolysis targeting chimeras (PROTACs) are bifunc-
tional drug candidates that bring a target protein into
close contact with an E3 ligase, promoting its poly-
ubiquitination for degradation. Visualising the entire
equilibrium of PROTAC complexes in a single MS
experiment, has proved insightful in understanding
modes of action [17,18]. An excellent example is that of
PROTAC MZ1, which induces targeted degradation of
protein BRD4 [19]. Interestingly, MZ1 ejection was
observed from a compact ternary complex leaving a

BRD4-ligase dimer. These observations support a mode
of action where the PROTAC facilitates direct contact
between the two protein species in order to kickstart
the degradation process. Similar approaches are appli-
cable to studying molecular glues, a class of drugs that
act to stabilise PPIs [20]. One particular report
concluded that aldehyde-based molecular glue (MG1)
acts to stabilise the 14-3-3:Pin1 complex in a two-step
mechanism regulated by an initial non-covalent event
[21e23]. This discovery challenged the previously held
view that affinity is the most important consideration for

molecular glue design. Working with collaborators to
investigate molecular glues as potential cancer thera-
peutics a similar study looked at drug stabilisation of
inhibitory complexes of mouse double minute 2
(MDM2), a key negative regulator of the tumour sup-
pressor protein p53 [24].

Understanding modes of action of antibiotics is also
critical for understanding how resistance mechanisms
play out for different bacterial proteins. Real-time re-
action monitoring of bacterial membrane phosphatases,
in the presence of antibiotics, highlights possible ap-

proaches to understanding their mode of action [25].
This approach found that two antibiotics (bacitracin and
teixobactin) functioned by outcompeting the
membrane-associated enzymes (UppP and PgpB) for
substrates. These two membrane enzymes exhibit
different lipid-binding behaviour, however, which could
point to subtle but important differences in their
cellular modes of action.

Deciphering protein-small molecule interactions
Following successful target identification and validation,
subsequent drug discovery steps often involve high-
throughput screening (HTS) for hit discovery, hit-to-
lead development, and lead optimisation. These stages
traditionally rely upon either cellular assays or in silico
docking. The major drawbacks of these methods are
Current Opinion in Structural Biology 2025, 91:102993
their indirect measurement of proteinedrug in-
teractions, and reliance on static structures, respec-
tively. Direct and in-depth characterisation of small
molecule interactions, in an environment that captures
the complexity and flexibility of their biological context,
would therefore provide complementary information for
the field. Capturing protein-ligand binding is possible by
means of nMS by observing direct binding through

addition of mass. In many cases this enables determi-
nation of the stoichiometry of exogenous and endoge-
nous small molecule binding (>40 Da) within protein
complexes in the hundreds of kDa range. Direct
observation of proteinedrug binding is therefore
possible, even when using extensive small molecule li-
braries, providing the ligands have been organised such
that they separated by mass. Challenges arise, however,
when screening unknown libraries of diverse natural
products, or in cases where library components are not as
anticipated. These situations often arise when the

active molecule is in fact a metabolite of an original li-
brary compound, the library compound does not match
the expected structure from its synthesis, or additional
allosteric modulation is found. Here we focus on the
latest developments and recommend those looking for a
more fundamental introduction to consult a recent
article in Chemical Reviews [26].

HTS using both nanoflow needle and chip-based nMS
methods have been applied to drug libraries, natural
products, and fragments for several disease-linked target

proteins. For example, using 96 well plate nMS tech-
nology, 133 carboxylic and tetrazole fragments were
screened for their ability to disrupt HOP-HSP90 PPIs,
linked to tumour malignancy [27]. A family of soluble
candidate fragments were identified and proposed as a
starting point for the development of new anti-cancer
therapies. Rapid screening of 96 small molecules
against SIRT5 was similarly performed using a micro-
droplet nMS system. In this case, 20 novel SIRT5
binders were identified which act as inhibitors by
stabilising protein conformation [28]. Combining nMS
with ion mobility (IM) can further enhance these

screening approaches. By combining enhanced declus-
tering with IM-enabled native top-down identification
of novel hit compounds against the membrane-bound
PfMATE protein was achieved from multiplexed
ligand libraries [29]. Although these libraries are rela-
tively modest in size, scale up to much larger libraries is
possible with increasing automation, minimising
sample preparation.

Localising where specifically drug candidates bind their
target protein is a further area of interest in the field of

drug discovery. Whilst traditionally performed using
computational docking methods or hydrogen-deuterium
exchange (HDX), top-down dissociation in combination
with nMS is an additional method which could be
exploited to achieve similar results. This phenomenon
www.sciencedirect.com
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was demonstrated for protein complexes of the anti-
metastatic metallodrug RAPTA-C, using collision-
induced dissociation (CID) to localise where drug in-
teractions occurred on each protein [30]. The authors
then went on to explore the use of IM and collision-
induced unfolding (CIU) in combination with nMS to
analyse alterations to protein folding induced by
RAPTA-C binding. Similarly, nMS combined with

electron capture dissociation (ECD) has been applied to
localise calmodulin-ligand binding sites for individual
protein conformations [31].

Developments in localising targeteligand interfaces are
particularly exciting when considered in the context of
allostery. The study of allostery has been reported in
several instances, with a recent publication studying the
allosteric effects of small molecule inhibitors on the
CDK12/CDK13-Cyclin K complex [32]. It was found
that one particular inhibitor, SR-4835 acted through a

previously unknown method of allosteric activation,
enabling it to destabilise the protein complex and
modulate phosphorylation. The impact of allosteric
catalytic core regulators on the 20 S proteasome has also
been characterised using nMS [33]. The allosteric
pathway discovered was found to propagate through the
non-catalytic subunit PSMB4 rather than the enzymatic
subunits, ultimately enabling the team to design a novel
allosteric modulator.

Quantitative information on protein-ligand interactions,

including enthalpic contributions to binding, can be
determined by assessing the extent of drug binding as a
function of temperature. This so-called variable-tem-
perature nMS was used to characterise the response of
cofactors binding to individual structures of myohe-
merythrin [34]. By contrast, the study of protein-ligand
interactions on fast time scales (seconds to millisec-
onds) was enabled by temperature-jump nMS [35,36].
Kinetics, including drug residency times and dissocia-
tion constants (KD), can similarly be accessed by nMS
for small-molecule protein complexes mediated by polar
and electrostatic interactions [26]. Kinetic analysis of

inhibitor affinities for the catabolic enzyme IDO1 was
reported using both chip-based MS and size exclusion
(SEC) approaches [37]. Limitations remain in MS ap-
plications to solely hydrophobically-mediated in-
teractions, which can be more labile in the gas phase.
However, given the low propensity for lipophilic mole-
cules to become drug candidates this limitation can be
viewed in a positive light since nMS HTS screens pro-
vide an implicit bias towards electrostatic interactions.

Some of the most exciting recent breakthroughs in

applying nMS to protein-small molecule interactions
employ the HTS of hundreds to thousands of molecules
in combination with in-depth quantitative and qualita-
tive insights. This phenomenon was demonstrated by
screening natural products from five biological sources
www.sciencedirect.com
(red onion peel, red clover, parsley, eucalyptus leaves and
orange peel) against human carbonic anhydrase 1, a
target for glaucoma, epilepsy, obesity, and tumours,
Figure 3(a). In an impressive demonstration, as many as
8900 ligands were examined in a single experiment
lasting just a few minutes [38]. By harnessing 250 nm
emitters rather than the standard 2000 nm size, similar
molecular weight complexes were resolved, enabling

identification and stoichiometry of bound ligands to be
defined, Figure 3(b). To achieve this, multistage MS was
performed on the protein-ligand complexes, exploiting
fragmentation approaches analogous to those previously
reported in native-omics and collision-induced affinity
section (CIAS) workflows [39,40]. Screening non-
uniform glycan mixtures against different lectin pro-
teins, using a concentration-independent (COIN)-nMS
method, Figure 3(a) [41] allowed direct observation of
binding between the two entities. By harnessing slow
mixing within a nanoscale emitter, it was possible to

achieve an ever-changing concentration gradient at the
emitter tip. Simultaneous KD determination for multiple
protein-glycan complexes was therefore possible despite
unknown concentrations of the original glycan solu-
tions, Figure 3(c).

Understanding off-target drug binding and its subse-
quent biological effects is an additional area where nMS
has the potential to contribute by providing insights into
toxicity. Theoretically this could be achieved on a bulk
scale using the native top-down proteomics method

previously applied to study mouse hearts and human
cancer cell lines [42]. Incorporation of drug treatment
into this workflow remains unexplored but could prove
transformative in terms of identifying widescale pro-
miscuous drug binding. A recent targeted nMS approach
has proven successful in revealing off-target drug bind-
ing of two phosphodiesterase inhibitors, vardenafil and
sildenafil, whose intended target is phosphodiesterase 5
(PDE5) [43]. By studying the action of these drugs in a
native cell signalling environment, their preferential off-
target binding to membrane-associated proteoforms of
G-proteins was observed, implying that hydrophobic

modifications enhance that off-target binding. In
particular, it was noted that the farnesyl and
geranylegeranyl modifications on PDE6a and PDE6b
are proximal to the sites at which vardenafil binds,
potentially creating a conduit for the drug to interact
hydrophobically with the protein and the modified G-
proteins before binding to the catalytic site.

Integration with traditional structural biology
High-resolution structural techniques, notably cryo-
genic electron microscopy (cryo-EM) and X-ray crys-
tallography (XRC), currently enable both target
validation and in silico hit identification as part of the
drug discovery pipeline [44]. Despite their power, these
methods remain time-intensive and expensive endeav-
ours, making obtaining high-quality protein samples
Current Opinion in Structural Biology 2025, 91:102993
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Figure 3

(a) Schematic showing the workflows used for high throughput natural product screening (left) and COIN-nMS (right); (b) native mass spectrum of human
carbonic anhydrase I and crude natural product extracts from red onion peel containing 838− 3336 compounds (top). Application of the multi-stage MS
workflow to protein−ligand complexes formed between human carbonic anhydrase I and an unknown molecules from an ethanolic eucalyptus leaf extract
(bottom). The ligand bound to carbonic anhydrase I was identified as a tannin ligand, 1,2,3,4,6-penta-O-galloyl-b-D-glucose; (c) COIN-nMS spectrum of
GAL-3C with a heterogeneous glycan mixture containing known binders and non-binders at non-uniform concentrations (top). By monitoring signal in-
tensity over time, Kd values were determined for individual glycans (bottom–purple bars), which are consistent with the values obtained using a traditional
nMS approach (bottom–grey bars). Figure adapted with permission from Nguyen, G. T. H. H.; Bennett, J. L.; Liu, S.; Hancock, S. E.; Winter, D. L.; Glover,
D. J.; Donald, W. A. Multiplexed screening of thousands of natural products for protein– ligand binding in native mass spectrometry. J. Am. Chem. Soc.
2021, 143 (50), 21,379–21387. Figure also adapted with permission from Bui, D. T.; Favell, J.; Kitova, E. N.; Li, Z.; McCord, K. A.; Schmidt, E. N.;
Mozaneh, F.; Elaish, M.; El-Hawiet, A.; St-Pierre, Y.; Hobman, T. C.; Macauley, M. S.; Mahal, L. K.; Flynn, M. R.; Klassen, J. S. Absolute affinities from
quantitative shotgun glycomics using concentration-independent (COIN) native mass spectrometry. ACS Cent. Sci. 2023, 9 (7), 1374–1387.
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prior to analysis key. The ability of nMS to assist
structural biology was demonstrated as early as 2014,
where optimised lipid stabilisation enabled a 2.3 Å X-ray

structure of AmtB to be obtained [45]. Over the last five
years, there has been an even greater push towards
developing nMS as a screening method for sample
integrity and purity ahead of imaging. Using minimal
protein, one research team devised such a system, with
an interrogation time per sample of only 20 min [46]. As
innovations in this area continue, likely making use of
the high throughput approaches discussed earlier in this
review, they offer exciting promise for improving
structure-led drug design.

A novel alternative approach to the sample quality
problem in structural biology is evidenced in recent
exciting developments using nMS as a protein prepara-
tion platform for cryo-EM. Whilst this integrative
concept has been around for some time, recent ad-
vancements in both fields have made progress over the
Current Opinion in Structural Biology 2025, 91:102993
last three years, particularly fruitful [47e50]. Current
approaches, use quadrupole Orbitrap instruments with
modifications, including soft landing stages added in
house [51,52]. Early efforts used these platforms to land
native proteins on EM grids at room temperature prior
to imaging with negative stain and cryo-EM [53e56]. In
doing so, the teams were able to obtain structures,
including protein complexes GroEL, and ferritin in both
holo and apo states. The instrument setup is the key in
this achievement, with quadrupole selection allowing
clean isolation of individual molecular entities, therefore
providing improved sampling compared to tradi-
tional workflows.

Following on from these pioneering efforts, attention
turned towards adapting the instrumentation for cryo-
deposition [54,57,58]. Under optimised conditions, ice
layers of desired phase and thickness were grown in situ,
avoiding the potential pitfalls associated with traditional
plunge freezing. Averaging of 400,000 single particle
www.sciencedirect.com
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images collected in this way resulted in a 2.6 Å resolu-
tion structure of b-galactosidase [58]. Only minor
dehydration-driven compaction of b-galactosidase was
observed, compared to plunge freezing, confirming the
relevance of gas phase nMS to solution state biology.

These novel developments, integrating nMS with cryo-
EM, suggest exciting new opportunities for the field of

drug discovery. Enabling their high-resolution image of
challenging drug targets could prove highly informative
for in silico docking, while the mass selection capabilities
offer tantalising opportunities for selecting complexes
with bound drugs.
Concluding remarks
Technologies for studying target-small molecule in-
teractions by nMS have already been successfully
leveraged by pharmaceutical companies. By measuring
proteinedrug interactions directly using minimal pro-
tein material and at high throughput means that this
approach has the potential to be transformative in
identifying hits and optimising them into lead com-
pounds. As the method is more widely adopted, we
predict that insights into drug modes of action and off-

target binding will also be incorporated into the work-
flow, furthering its informative power.

A key requirement for wider uptake, however, is
increased nMS accessibility through communication
between disciplines, training and commercialisation of
user-friendly instrumentation and analysis tools. Addi-
tional developments to address current nMS limitations,
which include the retention of labile small-molecule
binding, particularly in the context of membrane pro-
teins, where liberating the protein from the membrane
mimetic often simultaneously releases the ligand. We

have no doubt, however, that just as the field continues
to be revolutionised by fundamental developments in
instrumentation and assignment strategies, so too will
further approaches emerge with respect to ligand
binding. These may well include DNA encoded libraries
coupled with affinity-based MS approaches [59].

Looking to the future, as we continue to evolve ways to
better emulate cell-based assays, while maintaining the
intricate complexity of endogenous protein systems, the
unique selectivity and fragmentation capabilities of MS

will become increasingly important. This dual potential
of nMS, in reflecting the biological relevance of a cell-
based assay while exploiting mass resolution to capture
direct binding interactions, is a particularly compelling
prospect. Moreover, enhancing nMS to include
improved fragmentation capabilities not only defines
small molecule interactors but also enables characteri-
sation of proteoform diversity, accounting for off-target
binding and proteoform selectivity. This expanded
application landscape holds immense promise for
www.sciencedirect.com
advancing our understanding of complex biological sys-
tems. By providing molecular-level insights into in-
teractions within a cell-based context, we hope that
nMS will pave the way for transformative discoveries in
the field of drug discovery.
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