Drug Discovery Today ® Volume 28, Number 5 e May 2023

o

ELSEVIER

REVIEWS

L)

Check for
updates

Native mass spectrometry-directed drug
discovery: Recent advances in
investigating protein function and

modulation

Francesco Fiorentino '*, Dante Rotili ", Antonello Mai ">

' Department of Drug Chemistry and Technologies, Sapienza University of Rome,
Piazzale Aldo Moro 5, 00185 Rome, Italy

2 pasteur Institute, Cenci-Bolognetti Foundation, Sapienza University of Rome,
Piazzale Aldo Moro 5, 00185 Rome, Italy

Native mass spectrometry (nMS) is a biophysical method for
studying protein complexes and can provide insights into
subunit stoichiometry and composition, protein-ligand, and
protein-protein interactions (PPIs). These analyses are made
possible by preserving non-covalent interactions in the gas
phase, thereby allowing the analysis of proteins in their native
state. Consequently, nMS has been increasingly applied in early
drug discovery campaigns for the characterization of protein-
drug interactions and the evaluation of PPI modulators. Here,
we discuss recent developments in nMS-directed drug discovery
and provide a timely perspective on the possible applications of
this technology in drug discovery.
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Introduction

Proteins are a fundamental part of living organisms, given their involvement in all
cellular pathways. They control all aspects of life, including, but not limited to,
regulation of gene expression, catalysis of biochemical reactions, signaling, and
transportation of molecules essential for cellular metabolism.' Therefore, non-
covalent interactions between proteins and their partners (including other proteins,
nucleic acids, lipids, carbohydrates, and small molecules) are at the core of myriad
biological processes, such as transcriptional regulation, cell differentiation, immune
response, cell adhesion, and inflammation. These interactions are governed by a
variety of forces, including hydrogen bonds, electrostatic interactions, Van der Waals,
and hydrophobic forces.” Importantly, the characterization of protein-ligand inter-
actions is at the core of the drug discovery process. In fact, elucidation of protein
structures and dynamics and the quantification of the kinetic and thermodynamic
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parameters of protein-ligand binding constitute the earliest steps
in the development of drugs that could be used to treat various
pathologies.?

To date, a large toolbox of biophysical technologies is used
during preclinical drug development to characterize protein-li-
gand interactions in vitro, each with its own set of strengths
and shortcomings. These include isothermal titration calorime-
try (ITC),* surface plasmon resonance (SPR),> nuclear magnetic
resonance (NMR) spectroscopy,® and X-ray crystallography.’
Despite the tremendous advances obtained by using these tech-
niques, significant technological problems in drug development
persist. Indeed, some protein species, such as dynamic protein
oligomers and membrane protein complexes, remain difficult
to target despite their enormous therapeutic potential. The tran-
sient nature of certain protein complexes, the instability of mem-
brane proteins, and the possible lack of any enzymatic activity
make these targets extremely challenging to investigate for drug
development. Compounds that influence the function of these
complicated targets cannot be easily evaluated by typical bio-
physical methods, which provide information on the average
solution properties of the system and might not inform on single
binding events or ligand influence on oligomeric states. More-
over, these approaches often require protein labeling or immobi-
lization, which may alter the subtle equilibria being evaluated.
Hence, complementary methodologies that increase our under-
standing of structural, thermodynamic, and kinetic features of
drug action could accelerate preclinical drug development.

nMS is a promising methodology to investigate protein-li-
gand interactions that also allows the assessment of more chal-
lenging targets. It is a technique that enables the preservation
of non-covalent interactions and quaternary protein structure
in the gas phase. Moreover, unlike conventional denaturing
MS, which often includes organic solvents and a low pH, nMS
uses volatile, aqueous buffers at near-physiological pH and gen-
tler voltages and ion transfer tube temperatures (usually
<200 °C) compared with classic MS techniques. These differences
with respect to other MS approaches contribute to the preserva-
tion of the native or native-like structures of the studied protein
complexes.® This enables the quantification of dissociation con-
stants for PPIs and protein-ligand interactions, the assessment of
small-molecule mode of action, and the study of protein com-
plex stoichiometry and subunit architecture and dynamics
(Figure 1).°

nMS takes advantage of the milder nature of electrospray ion-
ization (ESI) compared with other ionization methods [e.g.,
matrix-assisted laser desorption/ionization (MALDI), atmo-
spheric pressure chemical ionization (APCI), or electron ioniza-
tion (EI)] to transfer protein complexes from volatile buffered
aqueous solutions into the gas phase and maintain the non-
covalent interactions during this process.'®'* The most common
ionization method used in nMS is nanoESI (nESI), a subtype of
ESI characterized by a smaller diameter of the capillary needle
(usually 1-5 pm in nESI, whereas it reaches up to 0.5 mm in
ESI) orifice and very slow flow rates (10-50 nl/min),'® which
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FIGURE 1

Typical workflow for the analysis of ligand binding via native mass spectrometry (nMS). The protein solution is first buffer exchanged into a water solution
containing a volatile salt (usually ammonium acetate) using size exclusion chromatography (SEC) or dialysis. This step can be avoided when using nanoscale
emitters. The protein is then incubated with increasing concentrations of the ligand of interest, and the mixture is injected into gold-coated emitters for mass
spectrometric analysis. The resulting spectra show two peaks, one for the apo protein and one for the ligand-bound complex in the case of protein-ligand
binding analysis. In the case of protein—protein interaction (PPl) modulators, the spectra will inform on the influence of the compounds on the assembly of
multiprotein complexes. In the case of proteolysis-targeting chimeras (PROTACs), the spectra will show the formation of the protein-PROTAC-E3 ligase

ternary complex.
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make nESI more amenable for studying protein complexes. In
fact, given the smaller orifice, the initial droplet size is at least
one order of magnitude smaller, thus reducing the energy and
the number of fission events necessary to yield gas-phase ions.®
Decades of advances in mass analyzers and detectors made it pos-
sible to transmit and detect intact proteins. Further develop-
ments, including manipulation of pressure gradients within the
instruments, enable the preservation of non-covalent interac-
tions in the gas phase within the instrument.'*'> Moreover,
the integration of nMS with multistage tandem MS (MS")
approaches enables the identification of unknown ligands bound
to the target protein. In tandem MS experiments, the precursor
ions are mass selected (e.g., in a quadrupole or ion trap) and then
subjected to a specific type of activation [e.g., via collision-
induced dissociation (CID) or electron-capture dissociation
(ECD)]. Following dissociation, the ions are then analyzed
according to their m/z. Depending on the used instrument, tan-
dem MS experiments can be performed multiple times, thereby
allowing for MS"™ experiments, which can then be used to iden-
tify ligands dissociated from their protein partners based on their
fragmentation pattern. In this regard, ground-breaking work by
Klassen et al. paved the way for both the evaluation of protein-
ligand binding via nMS and the use of MS™ experiments in drug
discovery.'®!?

The main advantages of nMS compared with other biophysi-
cal techniques include the absence of any label or protein immo-
bilization, low sample consumption (picomoles of protein are
used for each measurement), direct measurement of interactions,
and the capacity to distinguish distinct protein species within a
heterogeneous population.”’?° Given these features, nMS is rec-
ognized as a highly informative technology for early drug discov-
ery campaigns. In particular, nMS provides assistance for NMR,
X-ray crystallography, and cryogenic electronic microscopy
(cryo-EM) studies because it allows evaluation of the purity,
homogeneity, and integrity of protein samples, as well as the
measurement of complicated stoichiometries.”*'~>3

Similar to other techniques, nMS has not only advantageous
properties but also limitations, such as the presence of possible
false negatives (gas-phase breakdown of hydrophobic interac-
tions) and false positives (nonspecific binding). These constraints
can be solved by optimizing sample preparation or nESI
approaches** 2 and by using appropriate statistical methods to

TABLE 1

account for nonspecific interactions developing during the nESI
process. %%’

Overall, nMS complements the existing portfolio of in vitro
characterization methods and is considered a viable method for
identifying, validating, and characterizing hit/lead compounds.
This application has been bolstered by advances in instrument
technology, which facilitate the examination of bigger, more
complicated protein complexes. Indeed, technological advances
have resulted in ultra-high mass range spectrometers, which
allow for the investigation of complexes formed between small
molecules and large proteins, hence expanding the dynamic
range of nMS.?*** Moreover, the optimization of solubilization
methods of membrane proteins is vital for the observation of
intact membrane protein complexes in a mass spectrometer,®*"
36 and has allowed the analysis of interactions between small
molecules and membrane proteins,?”*’~*? including G-protein-
coupled receptors (GPCRs).?**°*? Finally, nMS coupled with
variable temperature nESI enabled the determination of thermo-
dynamic parameters [Gibbs free energy upon binding (AG),
enthalpy (AH), and entropy (-TAS)] of protein-ligand interac-
tions and PPIs, which are important parameters to consider dur-
ing drug development.*’®

In this review, we discuss the most recent applications of nMS
for the analysis of protein-ligand interactions, the assessment of
PPI modulators, and the evaluation of the so-called ‘proteolysis-
targeting chimeras’ (PROTAC:) (Figure 1). We describe the wide
applicability of nMS in early drug discovery and highlight the
new advancements, future opportunities, as well as challenges
of nMS for investigating protein function and modulation
(Table 1).

Applications of native MS in drug discovery
Protein-ligand interaction evaluation

nMS coupled to nESI has been widely used to detect and quantify
protein-ligand interactions, including small molecules, peptides,
and, particularly in the case of membrane proteins, lipids.?**!**
*8 Nonetheless, care should be taken when analyzing native mass
spectra displaying non-covalent protein-ligand interactions and
appropriate data analysis and statistical approaches should be
used to account for nonspecific interactions arising during the
ESI process.”” For a complete overview of the accurate determina-

Summary of the advantages and challenges for the different applications of nMS in drug discovery.

Application Advantages

Challenges

Protein-ligand
interaction

evaluation allosteric mechanisms

Assessment of protein-ligand interactions for multiple

compounds in a single experiment
Assessment of PPl
modulators and

PROTACs immobilization

Evaluation of allosteric effects and cooperativity in context of
protein oligomerization or multiprotein complex formation

Minimal sample consumption

Calculation of Kp values with minimal sample consumption
Observation of single binding events and quick identification of

Observation of protein complex stoichiometry and compound-
mediated disruption/stabilization with no need for labeling or

Experiments still relatively low throughput without use of
chip-based nESI platforms

Possible experimental false negatives (gas-phase breakdown
of hydrophobic interactions) or false positives (nonspecific
binding)

Experiments still relatively low throughput without use of
chip-based nESI platforms

Multiprotein complexes in equilibrium with their
subcomplexes or subunits can yield complex spectra that are
difficult to interpret
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tion of protein-ligand interactions using nMS, we refer the
reader to recent reviews by Bennett and colleagues*’ and Gavriili-
dou et al., with the latter focusing primarily on high-throughput
nMS for drug screening.*”

nMS can successfully evaluate protein-ligand interactions in a
reasonably medium-throughput way (~100 ligands per hour)
using a procedure known as bioaffinity MS. This approach
involves the incubation of a ligand or combination of ligands
with a protein of interest, with the resultant solution being
examined directly by nMS. The identification of bound small
molecules may be determined easily by measuring the difference
in the mass-to-charge ratio (mm/z) between the ligand-bound and
apo protein peaks (Figure 1). The use of nMS for compound
library screening is gaining increasing interest, as exemplified
by the studies by Vu et al.>' and Nguyen et al.,*> which we discuss
below. Hence, chip-based automated nESI platforms, such as the
NanoMate,” are being increasingly used because they provide
constant nESI conditions and greater reproducibility, along with
augmented throughput. An example of this approach was pro-
vided by Vu et al., who applied nMS to screen a library of natural
product fragments against 62 Plasmodium falciparum proteins
selected as potential malaria drug targets. Each protein was incu-
bated with fragments at ligand:protein molar ratios varying from
5:1 to 20:1. This approach enabled the identification of 96 poten-
tial binders, which formed complexes with 32 proteins. The 96
natural product fragments had different chemotypes and were
different from the known antimalarial aminoquinolines, quino-
lones, or diamidines. Interestingly, the technique managed to
distinguish between promiscuous and nonpromiscuous pan-
assay interference compounds (PAINS), such as polyphenols,
epoxides, Michael acceptors, and B-lactams, thereby confirming
the ability of nMS to capture specific interactions.""

More recently, Nguyen and coworkers integrated nMS and
untargeted metabolomics to develop a method to identify natu-
ral products that interact with potential drug targets.>> Specifi-
cally, they incubated crude natural product extracts containing
thousands of small molecules with the target proteins and
applied a quick, low-volume gel filtration step using 0.5-ml
desalting columns to remove unbound ligands. This was fol-
lowed by nMS analysis to capture and quantify protein-ligand
interactions (Figure 2a) and by the identification of the bound
hits through metabolomics. To do so, they used nanoscale nESI
emitters (internal diameter of ~250 nm), which, differently from
the widely used microscale emitters, are tolerant of the presence
of salt and enable the analysis of complex mixtures, such as
those containing thousands of natural products.”® Through this
approach, the authors identified novel and known binders of
human carbonic anhydrases (hCA), a family of metalloenzymes
that catalyze CO, hydration,®* which is attracting attention
because it is implicated in the initiation and progression of sev-
eral pathologies, including cancer.>® To determine the identity
of the bound ligands, they performed MS" analysis with a linear
ion trap (Figure 2a). This approach, already exploited for the
identification of ligands bound to either soluble or membrane
proteins,”®>° involved the isolation of the ligand-bound protein
followed by dissociation and fragmentation of the ligand to gain
a fragmentation spectrum (Figure 2a). This led to identification
of 1,2,3,4,6-penta-O-galloyl-p-D-glucose (Figure 2b) as a new

ligand of hCAI and the binding was later confirmed in nMS-
based titration experiments, yielding a Kj, value of 27 pM.*®

Agasid et al. also used nanoscale nESI emitters (internal diam-
eter of ~100 nm) for the analysis of GPCRs in buffers containing
high concentrations of sodium ions.>* This allowed for the detec-
tion of adenosine 2A receptor (A2AR) in lauryl maltose neopentyl
glycol (LMNG) detergent micelles bound to up to seven sodium
ions, as well as investigation of the effects of A2AR agonists
(NECA and CGS21680) and antagonists (XAC and ZM241385)
on sodium binding. Indeed, whereas both agonists abolished
protein-sodium ion interaction, this was instead retained in
the presence of both antagonists, in line with solution-based
studies in which only inactive conformations maintain sodium
ions in the allosteric binding pockets.®” The glucagon receptor
was successfully observed in mixed micelles containing the
recently developed first-generation, dendritic oligoglycerol deter-
gent (G1)*>*? and cholesteryl hemisuccinate. The authors cap-
tured glucagon binding, whereas no sodium adducts were
observed this time. They also observed the binding of the nega-
tive allosteric modulator NNC0666, which had been added dur-
ing purification to stabilize the protein and the identity of
which was confirmed via MS" on a Orbitrap-lon Trap mass
spectrometer.

Another interesting method used for the quantification of
protein-ligand affinities was described by Ren and coworkers,
who developed an online SEC-nMS platform (Figure 2c).
Through this procedure, they calculated the K, values for the
interaction of small-molecule inhibitors with the catabolic
enzyme indoleamine 2,3-dioxygenase 1 (IDO1)*® and these val-
ues were in line with chip-based®® nESI-nMS measurements. To
do so, they incubated IDO1 with increasing concentrations
(0.5-100 uM) of different ligands, followed by a 3-min SEC run
coupled to a nESI-nMS system (Figure 2d, upper-left panel). Fur-
thermore, one-shot competition experiments by mixing IDO1
with an equimolar mixture of two potential binders (called com-
pounds 1 and 2 in the paper) indicated a higher abundance of
IDO1-1 adducts (Figure 2d, upper-right panel), in line with K
calculations. In addition, the authors analyzed protein-ligand
interactions in the gas phase by performing in-source CID exper-
iments. These are executed by increasing the collision voltage
until full complex dissociation, allowing calculation of the
VCso parameter (i.e., the collision voltage required to dissociate
the protein-ligand complex by 50%), which was found to be
independent from the protein:ligand ratio. Moreover, a higher
VCs value was obtained for the more tightly bound ligand (com-
pound 1), thus being in line with the measured K, values (Fig-
ure 2d, lower panels). Overall, this method enabled accurate
measurements in this system, with the main advantages relying
on the automation and rapidity of the analysis and the mini-
mization of the residence time in ammonium acetate. By con-
trast, assessment of weak interactions might be hindered in
cases in which the dissociation rate is fast enough to occur dur-
ing the chromatographic separation.

nMS has also been applied in conjunction with fluorescence
thermal shift assays for the identification of new ligands of the
serine/threonine kinase c-Jun N-terminal kinase 3 (JNK3).% Fol-
lowing identification of seven potential hits through fluores-
cence thermal shift (FTS) assays, nMS was used to calculate the
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FIGURE 2

Evaluation of protein-ligand interactions. (a) Schematic indicating the key steps necessary for the identification of small molecules bound to the target
protein via native mass spectrometry (nMS) following incubation with extracts containing thousands of natural products. (b) Structure of 1,2,3,4,6-penta-O-
galloyl-p-D-glucose. (c) Schematic of workflow used for size exclusion chromatography (SEC)-nMS. (d) Evaluation of the binding affinity between IDO1 and
two small molecules via SEC-nMS (upper panels) along with measurement of the VCs, constant and demonstration that the VCsq value is independent from
the protein:ligand ratio (lower panels). (e) Structure of darobactin A. (f) Mass spectra of the B-barrel assembly machinery (BAM) complexes in the presence of
both cardiolipin (CL) and darobactin (DB) (left panel). Central panel: expansion of the 23+ charge state to focus on CL, darobactin, and CL + darobactin
binding to BAM. Right panel: quantification of the darobactin-bound peak intensities relative to the corresponding darobactin-free species. Adapted, with
permission, from 2 (a), *® (d), and °° (f).

binding affinities of these compounds, which have a diverse sub- of these compounds, with §, bearing a 5-(phenylamino)-1H-
set of scaffolds, including N-(1H-pyrazol-4-yl)thieno[2,3-d]pyri 1,2,3-triazole-4-carboxamide core, being the most tightly bound
midin-4-amine (four compounds), 5-(phenylamino)-1H-1,2,3- ligand, with a Kp value of 21 pM.

triazole-4-carboxamide (one compound), triazolmethypiperidine Recently, D’Amico et al. described an ion mobility-nMS (IM-
(one compound), and piperidinecarboxamide (one compound). MS) method coupled to droplet microfluidics for analyzing pro-
nMS successfully captured protein-ligand interactions for four tein-ligand interactions by assessing the influence of ligand
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binding on protein stability in the gas phase.°” Before mass spec-
trometric analysis, IM enables the separation of protein ions
based on their size and shape within a drift tube filled with neu-
tral gas under the influence of a weak electric field. The time that
it takes for an ion to travel through the drift tube is proportional
to its collision cross-section (CCS), which refers to the rotation-
ally averaged projection area of the ion.®! Following optimization
of the microfluidics system for sample introduction in the mass
spectrometer, the authors performed collision-induced unfolding
(CIU) assays on the protein lysine deacylase SIRTS, a promising
target for the development of modulators that could serve as
potential drugs in many pathologies.®*°* CIU experiments, com-
prising analysis of the change in drift time in the IM cell as a func-
tion of collision voltage, enable the detection of subtle changes in
protein structure and stability.®® In the case of SIRT5, CIU finger-
prints indicated the presence of three different states and two
transition regions, corresponding to a compact native-like struc-
ture and two unfolded states accessed during the CIU experiment.
Hence, CIU experiments were used to screen a small library of 96
small molecules against SIRTS. These assays are based on the
notion that compound binding to the target protein increases
its stability and, thus, higher voltages would be necessary to
unfold the protein. This screen identified 24 compounds capable
of increasing the median collision voltage necessary to reach both
CIU transitions (CIUs0s), indicating that these molecules exert a
stabilizing effect on SIRTS. Five of these molecules were also
tested for their inhibitory potency, with the compounds exhibit-
ing the greatest SIRTS inhibitory activity also causing the largest
shifts in CIUj5, for the first transition, whereas the opposite trend
was observed for the second transition. Based on the assumption
that these compounds are SIRTS-competitive inhibitors
(although no data were reported in the paper), the authors sug-
gested that the first transition represents the unfolding of the sub-
strate binding domain, while the second transition may represent
the unfolding of SIRT5 Zn**-binding domain. However, further
research will be required to corroborate these claims. Although
this technology decreases data acquisition time and sample con-
sumption, a significant decrease in sensitivity was found owing
to the increased flow rates and emitter sizes necessary for interfac-
ing with the microfluidic platform. Overall, these authors pre-
sented a novel method for screening small molecules against
protein targets, and it would be interesting to extend its applica-
tion to other protein systems.

An intriguing example of the application of nMS to mem-
brane protein-ligand binding as provided by Kaur et al., who cap-
tured the interaction between the B-barrel assembly machinery
(BAM) complex and the recently discovered peptide-based
antibiotic darobactin A (Figure 2e).°® The BAM complex, which
comprises five subunits, including the outer membrane (OM)
protein BamA and the lipoproteins BamB-E, promotes the fold-
ing and insertion of OM proteins in the OM of Gram-negative
bacteria. nMS experiments indicated that the BAM complex pref-
erentially interacts with negatively charged lipids, such as phos-
phatidylglycerol (PG) and cardiolipin (CL). Interestingly, CL
binding to the BAM complex was shown to enhance its affinity
for darobactin A, as demonstrated by the spectra indicating that
darobactin preferentially binds to Bam-CL compared with the
apo BAM complex (Figure 2f).

Finally, nMS has also been applied for the analysis of protein—
ligand interactions directly from cell lysates and enabled evalua-
tion of overexpressed proteins directly from crude samples with-
out purification.®” Rogawski and colleagues applied this
approach to the kinase domain of Bruton’s tyrosine kinase
(BTK_KD) overexpressed in HEK293T cells. They first incubated
BTK_KD-overexpressing cells with either the covalent drug ibru-
tinib or its non-covalent counterpart, ibrutinib-NH,, then resus-
pended the cell pellets in 150-300 mM ammonium acetate and
lysed the resulting suspension, which was centrifuged and fur-
ther diluted before nMS analysis. Through this method, the
authors captured the interaction between BTK_KD and both
ibrutinib and ibrutinib-NH,. The same approach was then trans-
lated to other BTK ligands (pluripotin, LY2409881, vemurafenib,
and PP-121) and enabled the authors to rank their binding affini-
ties, with pluripotin being the tightest binder. Overall, this
method has the potential to be used to validate hit/lead com-
pound cellular target engagement, although it still requires pro-
tein overexpression, which could alter the physiological state
of the studied cellular system and impair off-target binding iden-
tification. Nonetheless, it is a promising orthogonal approach to
conventional assays, such as in-cell NMR and cellular thermal
shift assays (CETSA), because, unlike these assays, it allows for
direct observation of protein-ligand binding and could be used
to evaluate drug combinations. Along the same line, Olinares
et al.®® previously described a workflow that enables the analysis
of protein assemblies directly from cell lysates, without the
requirement for overexpression, by combining affinity isolation
with antibody-conjugated beads and nMS. Therefore, it would
be intriguing to combine the methods described by Rogawski
et al. and by Olinares et al. to explore the influence of small mole-
cules on protein complexes.

Assessment of protein—protein interaction modulators

nMS has also been extensively used for evaluation of both dis-
ruptors and stabilizers of PPIs. To this end, the Robinson group
applied nMS to both soluble and membrane proteins to clarify
the mode of action of known drugs and to support the develop-
ment of novel potential PPI disruptors.®”~’" For instance, this
approach was applied by Fiorentino and coworkers to the Pseu-
domonas aeruginosa lipopolysaccharide (LPS) transport (Lpt) pro-
tein LptH to gain insights into its monomer/dimer equilibrium
and PPI disruption via small molecules.®” The Lpt system is a
multiprotein complex formed by seven different proteins respon-
sible for LPS transport from the inner membrane to the OM.”?
Among them, the periplasmic protein LptA forms an oligomeric
bridge connecting the two membranes and is pivotal for the
translocation pathway. In the multidrug-resistant opportunistic
pathogen P. aeruginosa, the ortholog of LptA, LptH, forms dimers
in solution.”* Using nMS, the authors quantified the monomer-
dimer equilibrium of LptH and assessed the potency and efficacy
of the antimicrobial peptide thanatin and small-molecule disrup-
tors, obtaining information on their structure-activity relation-
ships (SARs). Specifically, nMS experiments indicated that LptH
exists mainly as a dimer, which is disrupted by thanatin as well
as the known LPS transport inhibitor IMB-881.°° Based on its
structure, the authors evaluated a library of S-carboxy-8-
hydroxyquinoline derivatives bearing a small acyl side chain.
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FIGURE 3

Assessment of protein-protein interaction (PPI) disruptors. (@) Mass spectra showing the effect of the quinoline derivative 2e on LptH monomer/dimer
equilibrium and relative quantification (right panel). (b) Native mass spectra of MP™ (5 uM) in the presence of increasing equivalents of x1187. (c) Upper
panel: native mass spectrum of MP™ (5 M) in the presence of the 11-mer substrate (50 pM) at t = 30 s. Peaks labeled ‘TSAVLQ' and ‘+substrate’ indicate acyl-
enzyme complex and the non-covalent enzyme-substrate complex, respectively. Central panel: mass spectra of the 15+ charge state at three representative
times showing the substrate cleavage reaction. Inset: plot of the relative abundance of the enzyme-substrate complex as a function of time. Lower panel: bar
chart indicating the half-lives of the enzyme-substrate complex in the presence of the tested small molecules. (d) Structure of ARS-1620 (upper panel). Mass
spectra recorded following addition of ARS-1620 (10 1M) to preincubated mixtures of 1 uM SOS® with 3 uM of KRas®'?“~GDP (central panel) or KRas®'2“-
GTP (lower panel). (e) Structure of Kobe0065 (upper panel). Mass spectra recorded following addition of Kobe0065 (2.5 |1M) to preincubated mixtures of
1 uM SOS<t with 3 pM KRas—GTP (central panel) or KRas®'*P-GTP (lower panel). (f) Structure of BAY-293 (upper panel). Mass spectra recorded following
addition of BAY-293 (2.5 uM) to preincubated mixtures of 1 uM SOS“* with 3 uM KRas—-GTP (central panel) or KRas®"3P-GTP (lower panel). (g) Structure of BI-
3406 (upper panel). Mass spectra recorded following addition of BI-3406 (2.5 uM) to preincubated mixtures of 1 pM SOS®" with 3 pM KRas-GTP (central
panel) or KRas®'*°~GTP (lower panel). Peaks corresponding to KRas, SOS, binary, and ternary complexes are colored in purple, chartreuse, cyan, and orange,

respectively. Adapted, with permission, from "° (c) and ”° (f).

nMS experiments revealed that short (up to five carbons) acyl
chains had higher disruption activity, and that protecting car-
boxyl and hydroxyl groups via methylation and methoxymethy-
lation, respectively, increased compound activity (Figure 3a).®
This study presented a new method for evaluating LptA/H PPI
disruptors and led to the identification of new quinoline-based
hit compounds, which represent the basis for the development
of novel LPS transport inhibitors.

A similar approach was used to evaluate the effects of allos-
teric inhibitors on the dimerization of the severe acute respira-
tory syndrome-coronavirus 2 (SARS-CoV-2) main protease

(MP™). MP™ is the enzyme responsible for cleaving along the
two viral polypeptides to release the nonstructural proteins nec-
essary for replication. Through nMS, El-Baba et al. showed that
MP™ is preferentially a dimer in solution and then analyzed the
effect of four fragments’* on the monomer—dimer equilibrium.”®
Notably, one compound (x1187), which had been indicated to
bind to the dimer interface,”* was shown to disrupt the dimeric
assembly (Figure 3b). Conversely, the three remaining com-
pounds, which had previously been shown to interact with a
solvent-exposed surface,”* had no effect on MP™ dimerization.
Further nMS-based kinetic experiments indicated that the frag-
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ments could increase the lifetime of the enzyme-substrate com-
plex, thereby slowing the rate of substrate processing by up to
40% (Figure 3c).”” This work highlights the versatility of nMS,
which was used to acquire thermodynamic and kinetic informa-
tion on the effects of small molecules on the monomer—dimer
equilibrium and enzymatic processing. More recently, Zhu
et al. used a nMS-based bioaffinity selection method to screen
for small molecules obtained from crude herbal extracts against
MP™ 75 They identified the three flavonoids (baicalein, scutel-
larein, and ganhuangenin) as MP™ ligands with Kp values in
the low micromolar range. These compounds did not alter the
dimeric assembly of MP™, but could still inhibit its enzymatic
activity, with ICsg values in line with the measured Kps.

Moghadamchargari and coworkers recently used nMS to inves-
tigate interactions between the oncoprotein KRas and the catalytic
domain of the guanine nucleotide exchange factor Son of Seven-
less (SOS), which is responsible for reloading KRas with GTP.”®
The KRas isoform investigated was human KRas4B (residues 1-
169), referred to as KRas for the sake of simplicity. The authors
investigated the binding of SOS®* to wild-type KRas, as well as
three oncogenic mutants (G12C, G13D, and Q61H). In this con-
text, they examined the effect of the covalent KRas®'?C inhibitor
ARS-162077 and three known small-molecule KRas-SOS disruptors
(Kobe0065,”® BAY-293,”° and BI-3406%°) on the interaction
between SOS® and different KRas variants (Figure 3d-g). The
authors demonstrated that ARS-1620 could react with GDP-
loaded KRas“'?©, but showed limited reactivity in the presence
of GTP (Figure 3d). In line with this, ARS-1620 could disrupt the
KRas“'>“-GDP/SOS® complex, but was ineffective against the
KRas®!2C_GTP/SOS“* association (Figure 3d). Kobe0065 (ICso=20-
uM), reported as a KRas-GTP ligand,”® was unable to disrupt the
KRas-GTP or KRas®!'?P—-GTP interactions with SOS®* (Figure 3e)
and could not abolish SOS** binding to KRas®'“. Different from
Kobe0065, BAY-293 (IC50 =21 nM) and BI-3406 (ICso = 5 nM) have
been reported to bind directly to SOS.”?5” BAY-293 could not
disrupt the SOS®* interaction with either KRas—GTP (Figure 3f,
middle panel), KRas®'>*“~GTP, or KRas®'?P—GTP (Figure 3f, lower
panel), whereas it was effective for unloaded KRas and KRas%'2¢,
Similarly, BI-3406 (tested at 2.5 uM) acted as a KRas/SOS disrup-
tor (Figure 3g, middle panel) but could not disrupt the KRas®!2P/
SOS“* interaction (Figure 3g, lower panel) and was effective only
at 20 pM, 4000x its reported ICso. This study not only advanced
our understanding of KRas/SOS interactions, but also provided
key insights into the modes of action of known KRas/SOS disrup-
tors, none of which were effective in the presence of GTP-loaded
KRas. Overall, this report exemplifies the power of nMS in clarify-
ing drug modes of action, thereby providing a foundation for the
development of optimized modulators.

Bolla et al. elucidated the influence of chlorhexidine, a com-
mon antiseptic, on the oligomerization of the chlorhexidine
efflux pump Acel from Acinetobacter baumannii and on its tran-
scriptional rtegulator AceR.”' nMS experiments demonstrated
that Acel exists in a pH-dependent monomer—dimer equilibrium,
with the functional form being the dimeric Acel. Interestingly,
this equilibrium is altered by chlorhexidine, which increases Acel
dimer formation, thereby facilitating the functional form of the
efflux pump. Further nMS experiments revealed that the tran-
scriptional regulator AceR exists mostly as a dimer, although a

small fraction of tetramers is also present in solution. nMS data
also showed that A. baumannii RNA polymerase constitutively
binds the promoter region upstream of Acel. When AceR was
introduced into the system, its dimeric form competitively inter-
acted with the DNA fragment, inhibiting the RNA polymerase
promoter binding, thus impairing Acel transcription. Interest-
ingly, chlorhexidine addition increased the amount of tetrameric
AceR, which is unable to interact with DNA, thereby allowing
RNA polymerase to bind the promoter and start transcription.”"
Overall, by assessing the influence of small molecules on pro-
tein—protein and protein-nucleic acid interactions, nMS revealed
crucial insights into the mechanism of antibiotic drug resistance.
This approach could be expanded to the identification of small
molecules acting either as Acel dimerization disruptors or as
antagonists of the AceR-chlorhexidine interaction, therefore
contributing to the discovery of novel antibacterial agents for
the treatment of chlorhexidine-resistant bacteria infections.

Bellamy-Carter and coworkers recently used nMS to investi-
gate the influence of different small molecules acting as stabiliz-
ers of the interactions between the eukaryotic regulatory protein
14-3-3c and three of its binding partners: the tumor suppressor
pS53, the leucine-rich repeat kinase 2 (LRRK2), and the estrogen
receptor o (ERa).®' nMS experiments demonstrated that 14-3-
3o is a dimer with the highest affinity for ERa followed by LRRK2
and pS3 (Figure 4a—c, upper panels). The fungal diterpenoid gly-
coside fusicoccin A (Figure 4d), known to stabilize the interac-
tions between 14-3-3c and its partners to a different extent,®*
8% was shown to further increase the abundance of the 14-3-
3o/ERa complex. while having little or no effect in the case of
pS3 and LRRK2, respectively (Figure 4a-c). Interestingly, the
nMS spectra revealed that the fusicoccin A effect increased in
the presence of a higher ERa concentration, thereby suggesting
a cooperative binding mode, whereby fusicoccin A preferentially
interacts with the 14-3-3c6/ERo complex rather than with the sin-
gle subunits. Finally, the authors screened a drug cocktail of
potential 14-3-3c PPI stabilizers. Incubation of 14-3-3c/ERa with
a cocktail of seven different molecules indicated that the only
compound able to stabilize the interaction is fusicoccin A and,
to a lesser extent, its biosynthetic deacetoxy precursor fusicoccin
J. This work highlights the utility of nMS as a screening approach
for PPI stabilizers because it can not only provide a measurement
of their potency, but also enable elucidation of subtle aspects,
such as cooperative binding.

Recent work by Yen et al., resulting from a collaboration
between Oxford University and OMass Therapeutics scientists,
exemplified the ability of nMS to capture the effects of ligand
binding to the turkey B;-adrenergic receptor (tp;AR), which influ-
ence its coupling to different G proteins.®® Initial measurements
performed at a ligand:tf; AR 50:1 molar ratio enabled the deriva-
tion of significant SARs by demonstrating that isoprenaline could
induce 100% complex formation between tf;AR and an engi-
neered mini-G stimulatory (mini-Gs) protein, whereas com-
pounds lacking the essential moieties for receptor binding were
less effective (Figure 4e, upper panel). Among these derivatives,
orciprenaline, in which the para-hydroxy group of isoprenaline
is moved to the meta position, displayed a 60% reduction in
mini-G, coupling. Similarly, 1-phenyl-2-(2-propylamino)ethan-
1-ol, lacking both the catechol hydroxy groups, abolished 90%
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FIGURE 4

Assessment of protein-protein interaction (PPI) stabilizers. (a) Structure of fusicoccin A. (b-d) Deconvoluted mass spectra showing the interaction between
14-3-30 (monomer concentration 5 uM) and each interacting partner [p53 (b), leucine-rich repeat kinase 2 (LRRK2) (c), and estrogen receptor alpha (Ero) (d),
25 uM] in the absence or in the presence of 5 uM fusicoccin A. Bar charts show the stoichiometry of the PPIs detected by native mass spectrometry (nMS). (e)
Mass spectra showing the interaction between tB;AR (5 pM) and mini-G; (6 pM) in the presence of isoprenaline, orciprenaline, 1-phenyl-2-(2-
propylamino)ethan-1-ol, and isopropyldopamine (250 uM). (f-g) Mass spectra showing the interaction between tf3;AR (5 M) and mini-G; (f) or mini-Gys
(9) (6 uM) in the presence of the full agonists isoprenaline, norepinephrine, carmoterol, and the partial agonist dobutamine (25 nM). The peaks assigned
to tB;AR-mini-G4 complex, tB;AR, mini-G,, and tf3;AR-mini-G;s complex are depicted in orange, blue, gray, and magenta respectively. The structures of each
compound are indicated alongside each spectrum. Adapted, with permission, from ®' (b-d) and  (e-g).
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mini-G; coupling (Figure 4e, central panels). Moreover, isopropy-
ldopamine, lacking the B-hydroxy group, completely abolished
mini-Gs coupling (Figure 4e, lower panel). Further nMS experi-
ments performed at a ligand:tp;AR 5:1 molar ratio recapitulated
the effects of full agonists (isoprenaline, norepinephrine, and
carmoterol), partial agonists (dobutamine and salbutamol), and
antagonists (cyanopindolol, carazolol, and carvedilol) by show-
ing that full agonists are capable of inducing 100% tf; AR-mini-
G, complex formation, whereas partial agonists were less effec-
tive, and antagonists could not enable mini-Gs coupling (Fig-
ure 4f). In addition, experiments in the presence of mini-Gys
protein [in which the helix 5 motif of mini-G, was replaced with

the sequence of the G inhibitory (G;) protein] enabled the assess-
ment of agonist-biased signaling. nMS data showed that isopre-
naline could induce mini-Gj;s coupling, whereas carmoterol
was less effective and norepinephrine could not stimulate
mini-Gj;s coupling at all (Figure 4g). Competition experiments
in the presence of both mini-G; and mini-Gj;s further demon-
strated that isoprenaline preferentially induces mini-G, coupling.
Interestingly, the authors also showed that Zn* has a key role in
stabilizing the tf;AR-mini-G; complex formation. In line with
this, treatment with the divalent cation chelator ethylenedi-
aminetetraacetic acid (EDTA) abolished tf;AR-mini-G; interac-
tions, which were reinstated by treatment with ZnCl,.
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FIGURE 5

Evaluation of proteolysis-targeting chimeras (PROTACs). (a) Schematic of the protein degradation mechanism promoted by PROTACs. By interacting with an
E3 ligase and the protein of interest (POI), PROTACs physically bring the two proteins into proximity, thereby promoting POl ubiquitination and consequent
proteasomal degradation. (b) Structures of the VHL-recruiting PROTACs AT1 and MZ1. (c) Mass spectra showing the interaction between the VCB complex
(5 uM) and AT1 (10 uM) (upper panel); Brd4®°? (5 uM) and AT1 (10 uM) (central panel); and VHL/elongin-B/elongin-C (VCB) (5 uM), AT1 (10 uM), and Brd4®°2
(5 uM) (lower panel). Bar charts provide the quantification of the relative abundance of each species. (d) Mass spectra showing the interaction between VCB
(5 uM) and AT1 (10 uM) (upper panel); Brd4®®' (5 uM) and AT1 (10 uM) (central panel); and VCB (5 uM), AT1 (10 uM), and Brd4®°" (5 uM) (lower panel). Bar
charts provide the quantification of the relative abundance of each species. Adapted from ®’ (c,d).
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Molecular dynamics (MD) suggested that Zn** ions promote the
structural transition during the formation of complexes between
G-proteins and receptors, and subsequent site-directed mutagen-
esis studies showed that tB;AR mutants with decreased Zn**
binding were also characterized by reduced mini-Gs coupling.
In this study, no protein-drug interactions were detected because
the voltages used to enable the liberation of tf;AR from deter-
gent micelles led to dissociation of the small molecules.
Nonetheless, this study demonstrates the ability of nMS to guide
drug design by monitoring the effect of potential drugs on speci-
fic pharmacological pathways (e.g., GPCR-G-protein coupling)
rather than directly detecting protein-ligand interactions.

Assessment of PROTAC efficacy
PROTAC: are heterobifunctional molecules constituted by an E3
ligase-recruiting moiety connected via a linker to a warhead that
binds the protein of interest (POI). PROTACs bring an E3 ligase
and a POI into proximity, thus promoting POI poly-
ubiquitination and proteasomal-mediated degradation, and are
then released and recycled to induce the degradation of a new
POI (Figure 5a), displaying a catalytic mode of action.®® Com-
pared with classical inhibitors, they usually show higher potency
and selectivity, prolonged pharmacodynamic effects, and the
ability to evade most resistance mechanisms based on target
mutations. The most targeted E3 ligases are Cereblon, usually tar-
geted by thalidomide and derivatives, and the Von Hippel-Lin-
dau protein (VHL), usually targeted by the small-molecule
VHO032 and related compounds.®®

Over the years, specialized protocols in biochemical and bio-
physical methods have been devised to characterize the forma-
tion of the POI-PROTAC-E3 ligase ternary complex to assess
in vitro the potential of PROTACs. These include ITC and SPR,
which provide key information on the thermodynamics and
kinetics of PROTAC binding. More recently, nMS has been indi-
cated as a powerful tool to capture POI-PROTAC-E3 ligase tern-
ary complex formation. Through nMS, Beveridge et al. captured
the interaction between the E3 ligase complex VHL/elongin-B/
elongin-C (VCB), a bromodomain and extra-terminal domain
(BET) protein (Brd3®P?, Brd4®"!, or Brd4®P?) and the PROTACs
AT1 and MZ1 [the POI ligand of which is the pan-BET inhibitor
(+)-JQ1] (Figure 5b).%” Native mass spectra indicated that both
AT1 and MZ1 preferentially form a ternary complex with Brd4®P2
(Figure 5c,d show the ATl-induced VCB-Brd4®°? and VCB-
Brd4®P! complex formation, respectively), with AT1 being more
selective than MZ1, in line with published data.®® Optimal bind-
ing was reached when the E3 ligase:PROTAC:POI molar ratio was
1:2:1 (5 pM:10 uM:5 uM), whereas a 20 uM PROTAC concentra-
tion led to the so-called ‘Hook effect’, comprising a decrease in
ternary complex formation in the presence of high PROTAC con-
centrations, which promote binary interactions. Moreover, by
comparing the ternary complex formation with a highly cooper-
ative POI (Brd4®P?, o = 4.7) and a less cooperative one (Brd4""’,
a = 0.2), nMS experiments captured cooperative PROTAC bind-
ing (i.e., binding of the PROTAC to the first protein complex
enhances the affinity for the second one, thereby facilitating
ternary complex formation over the binary ones; compare Fig-
ure 5c and d). Specifically, when AT1 (10 uM) was mixed with
5 uM VCB, the ternary complex fraction was 0.2, whereas it

was ~0.5 for both Brd4®"? and Brd4®"! at the same concentra-
tions. Notably, when the three components were incubated
together at a ligase:PROTAC:POI 1:2:1 molar ratio, the ternary
complex was observed to a much higher extent with Brd4®P?
(0.82) than with Brd4®P! (0.65), thus confirming what had previ-
ously been observed in other experiments (Figure 5c,d).*® Finally,
competition experiments in the presence of three (Brd3®"?,
Brd4®P!, and Brd45P?) or five (Brd35P%, Brd48P!, Brd4BP?
Brd2PP?, and BrdT) BET family members simultaneously, con-
firmed both the preferential binding of AT1 and MZ1 toward
Brd4®P? and the higher selectivity of AT1.%”

More recently, Sternicki and colleagues used nMS to assess the
complex formation between VCB and either Brd4®*"' or Brd4®">
induced by GNE-987,%° a recently developed VHL-recruiting
Brd4-targeting PROTAC.’”°! The authors showed that GNE-987
targets Brd4®P! preferentially, with a complex ratio of 0.70 when
GNE-987 (7.81 pM) was mixed with equimolar amounts of VCB
and Brd4®P! (9 uM). At the same concentrations, the complex
ratio for Brd4®? was 0.34, with maxima reached when GNE-
987 was increased up to 15.625 and 31.25 pM (0.44 and 0.45,
respectively). Conversely, when GNE-987 was tested at these
concentrations in the presence of Brd4®"!, the ‘hook effect’
was apparent, and the ternary complex ratio decreased to
~0.55.%% These data are in accordance with SPR measurements,
which indicate a much higher ternary complex half-life (t;,)
for Brd4®P!, although the magnitude of the difference between
the amount of ternary complex formed for Brd4®"! compared
with Brd4®P? as measured by nMS is not as large as the window
of difference in SPR t;,, measurements, in which Brd4BP!? ty2 is
100-fold longer than that of Brd4®P2.°! Nevertheless, nMS pro-
vided a steady-state equilibrium measurement, whereas SPR mea-
sured a real-time Kinetic event; thus, each measurement is
unique and influenced by different factors.

A subsequent study by Song and colleagues described nMS
experiments on the VCB-MZ1-Brd4"? complex on a Fourier-
transform ion cyclotron resonance (FT-ICR) mass spectrometer
and demonstrated that the VCB-MZ1-Brd4®"? ternary complex
dissociates following application of increasing CID voltages,
which cause ejection of MZ1, whereas the VCB-Brd4*"? com-
plex, not observed in solution in the absence of MZ1, is retained.
Further increases in CID voltages induced the release of the
peripheral subunit Brd4"P2.°? IM-MS experiments performed on
a quadrupole/ion mobility separation/time-of-flight (Q-IMS-
ToF) instrument suggested that the 13+ and 12+ charge states
observed in the initial experiments assume a more compact con-
formation, compared with the 15+ charge state, which exists as
an extended conformer, whereas the 14+ charge state is a mix-
ture of the two. In line with this, the application of increasing
collision voltages caused the preferential dissociation of MZ1
from the more compact conformers and the preferential ejection
of BRD4®"? from the more extended ones. These data demon-
strate that higher charge states are characterized by greater
Coulombic repulsions and PPIs, whereas the low charge states
assume a native-like conformation. To this end, the evidence
that VCB and Brd4®°? maintain their interactions even after
MZ1 ejection supports the presence of specific intermolecular
interactions between VCB and Brd4®P2, as described in the corre-
sponding crystal structure.®® The specific non-covalent interac-
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tions between the two proteins during the CID experiments
might vary from those found in the gas phase. Therefore,
although these studies provide a valuable starting point, they
need to be validated with orthogonal experiments. Nonetheless,
these three studies demonstrate that PROTAC efficacy can be suc-
cessfully probed via nMS, and the integration of different
approaches and instruments could provide insights into both
binding affinities and structural features.

Concluding remarks
The progress that has been achieved in the technology of mass
spectrometers has paved the way for nMS to evolve into a
remarkably flexible tool for analyzing protein—protein and pro-
tein—small molecule interactions. Its great sensitivity, ease of
use, speed, broad dynamic range, and minimal sample consump-
tion make it an essential component of the biophysical toolbox
widely used for early drug screening campaigns. As the numbers
of research groups and studies using nMS for drug discovery
applications expand and, consequently, more researchers are
trained in this area, the investigation of protein-ligand interac-
tions by nMS will become increasingly regular in drug discovery.
nMS will become progressively integrated with other methods,
such as ITC, SPR, and structural techniques, such as X-ray crystal-
lography and cryo-EM, offering unparalleled insights into pro-
tein-ligand binding and PPI modulation, which will have a
substantial influence on future drug development processes.
The increased use of nMS in drug discovery should take place
with an understanding of the underlying origins of possible
experimental false negatives (gas-phase breakdown of hydropho-
bic interactions) and false positives (nonspecific binding). To this
end, future developments in sample preparation, ionization
techniques, and equipment should help to successfully over-
come these limitations. Nonetheless, nMS analysis is unique in
capturing the effects that ligand binding has in solution, such
as impacts on protein complex formation,®* oligomerization,®’
or enzyme-substrate/co-substrate binding.”’ Moreover, by either
monitoring direct ligand binding or the effect of protein-ligand
interactions, nMS-based competitive-binding assays can also
easily define the specificity of a potential drug for a given binding
site. Furthermore, binding sites can be distinguished using the
right experimental parameters, showing complicated allosteric
processes.””’%8593 In addition, the use of nonvolatile buffers or
salts, buffer additives such as charge-reducing agents, and the
development of innovative detergents and membrane mimetics
in the case of membrane proteins, should help to preserve labile
native-like protein-small molecule complexes for nMS detection.
In line with this, recent studies demonstrated the feasibility of
analyzing both soluble and membrane proteins directly from cell
lysates,®””* or membrane vesicles,”>?° respectively, thus prevent-
ing potential artifacts that might arise from sample preparation.
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