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We present a simple native mass spectrometry method for 
determining the binding affi  nity (Kd) of ligands to proteins directly 
from biological tissues, without requiring knowledge of protein 
concentration. This dilution-based approach enables rapid, 
label-free analysis using minimal sample manipulation. The method 
is suitable for analysis of complex biological matrices and for review 
of competitive binding scenarios, facilitating drug screening and 
target validation under near-native conditions. The method is 
high-throughput, requires no protein purifi cation, and is compatible 
with other biophysical techniques for Kd estimation.
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method for measuring binding
affinities of ligands to proteins of unknown
concentration in biological tissues†

Bin Yan *a and Josephine Bunch *ab

The equilibrium dissociation constant (Kd) is a quantitative measure of the strength with which a drug binds

to its receptor. Methods for determining Kd typically require a priori knowledge of protein concentration or

mass. We report a simple dilutionmethod for estimation of Kd using native mass spectrometry which can be

applied to protein–ligand complexes involving proteins of unknown concentration, from complexmixtures,

including direct tissue sampling.
Introduction

Protein–ligand interactions play a pivotal role in many cellular
functions, including enzymatic reactions,1,2 immune protec-
tion,3,4 and signal transduction.5,6 Understanding mechanisms
of protein–ligand recognition and binding has important
implications for the study of protein signalling and function
and facilitates the development of novel therapeutics for chal-
lenging diseases.7,8 The efficacy of any drug depends largely on
its binding affinity to its target, e.g., receptor, and as such, it is
crucial to robustly measure the equilibrium dissociation
constant. To date, a variety of techniques including the
commonly used isothermal titration calorimetry (ITC),9,10

surface plasmon resonance (SPR),11,12 and uorescence spec-
troscopy,13,14 as well as emerging methods such as biolayer
interferometry15,16 have provided thermodynamic and kinetic
information of binding events. However, due to specic
requirements in terms of sample volume and pre-treatment
tasks required (e.g., immobilization, labelling, and purica-
tion) these robust methods are oen limited to modied simple
sample systems. Protein purication is a notoriously laborious
task, and efforts have been made to circumvent it for Kd deter-
minations.17 However, none of these approaches can be used to
provide information regarding target engagement under real
physiological conditions.18 There remains a need for comple-
mentary methods that study protein–ligand interactions from
a broad range of untreated complex biological samples in a high
throughput, label-free and sensitive manner.
pectrometry Imaging, National Physical

11 0LW, UK. E-mail: bin.yan@npl.co.uk

Reproduction, Imperial College London,

ndon, W12 0NN, UK. E-mail: josephine.

tion (ESI) available. See DOI:

the Royal Society of Chemistry
Mass spectrometry (MS) has become a powerful and versatile
tool for analysing interactions between macromolecules and
small ligands, owing to its striking advantages of simplicity,
minimum amount of sample consumption, high sensitivity and
accuracy.19–22 Within drug discovery, MS is a well-established
method for early-stage high-throughput screening,23–25 and is
also commonly used for lead optimization studies. Mass spec-
trometry can be used for in-depth characterization of
compound binding including determination of the binding site
and binding induced structural changes, under native
conditions.26–28 Native MS uses gentle ionization methods to
transfer folded proteins and intact protein complexes with non-
covalent interactions from solution to the gas phase. It has been
widely used in the measurement of protein–ligand binding
affinity by either a single-point approach or via titration
methods.29–32 Recently, a novel method based on slow-mixing
dilution (a variation of the titration approach) has been devel-
oped to determine protein–glycan binding affinities indepen-
dent of ligand concentration through the tting of ligand
titration data.33 Dilution analysis is a well-established calibra-
tion method for accurate quantication.34–36 Isotope dilution
MS has been extensively used to determine the concentrations
of various analyte classes, including proteins.37–39 Nevertheless,
compared to the conventional titration tting model, incorpo-
rating a second unknown parameter related to ligand concen-
tration in the new method may lead to greater deviations and
increased uncertainty in the determined affinity value. Native
MS has also been applied to estimate protein–drug ligand
binding affinity from cell lysates without prior knowledge of
protein concentration, albeit with poor reproducibility
(approximately 100% standard deviation).40 Accurate affinity
measurements can be challenging for certain binding systems
due to inherent limitations of the technique. These include in-
source dissociation of labile protein complexes, particularly
those stabilized by hydrophobic interactions,41,42 interference
from nonspecic binding,43,44 and non-uniform response
Chem. Sci., 2025, 16, 8673–8681 | 8673
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factors between free and ligand-bound proteins.45,46 While
progress has been made to address these challenges—such as
using chemical additives,47,48 maintaining relatively low
sampling temperatures, minimizing collisional activation to
stabilize hydrophobically bound systems,49,50 employing refer-
ence proteins to correct for nonspecic binding,51,52 and
adopting titration methods with parameters that account for
dissociation or response factor discrepancies33,52—some
bottlenecks remain unresolved. Despite the potential draw-
backs, native MS measurements are independent of fast
binding kinetics and limited ligand solubility, which hinder
SPR and ITC, respectively. Surface sampling and imaging
methods using liquid extraction surface analysis (LESA),
desorption electrospray ionization (DESI), or nano-DESI and
native MS53–57 are gaining widespread attention for in situ
detection and imaging of proteins and protein complexes in
tissue. Proof-of-concept studies illustrating determination of
binding affinity from pre-mixed, surface deposited protein–
ligand mixtures have been reported.57,58 The adjustable
sampling time of ∼ tens of minutes within LESA-MS experi-
ments allows protein and ligand binding to reach equilibrium,
which is the prerequisite for reliable measurement of binding
affinity. However, even with controlled protein and ligand
concentrations, accurate determination of Kd during surface
analysis remains challenging.58 To date, accurate determination
of Kd from complex biological systems, with no sample treat-
ment, or protein purication, in which protein concentrations
are unknown, has not been reported.

Here we introduce a direct method, based upon a single
dilution and several fast infusion ESI measurements, which
extends the capability of native MS to the direct determination
of the binding affinity of ligands to proteins from a tissue
surface. In this work, we demonstrate that without the need for
prior knowledge of protein concentration or time-consuming
titration measurements, the dilution method for determining
binding can be applied to biological tissue samples, and can
also be used alongside native surface sampling routines.
Furthermore, we propose a model of determining Kd without
protein concentration can also be applied to titration MS and
other biophysical methods, such as uorescence intensity
titration, microscale thermophoresis.

Results and discussion

The pre-programmed, customized workow (Fig. 1a) consists of
surface sampling, protein–ligand mixing, protein dilution, and
infusion ESI-MS measurement (details provided in Methods,
ESI†). Briey, with the commercially available surface analysis
setup TriVersa NanoMate (Advion Interchim Scientic, Ithaca,
USA), a conductive pipette tip containing ligand-doped solvent is
positioned by a robotic arm approximately 0.5 mm above the
sample surface, where 2 mL of solvent is dispensed to form
a liquid microjunction between the pipette tip and the surface.
Aer a brief delay, the ligand-doped microjunction liquid, which
has extracted the target protein from the sample surface, is re-
aspirated into the pipette tip, transferred to a 384-well plate,
and serially diluted. Following a 30 minute incubation, the
8674 | Chem. Sci., 2025, 16, 8673–8681
solutions are infused through conductive pipette tips and ana-
lysed using nozzle array chip-based ESI MS. When the protein-
bound fraction remains constant upon dilution, our calculation
method—which does not require knowledge of protein concen-
tration—enables the accurate determination of binding affinities
for surface-deposited standard proteins and the rapid quanti-
cation of drug ligand binding to protein receptors in biological
tissues. We demonstrate the capability of this new method for
ligand screening using the same tissue sample.
Determination of protein–ligand binding affinity directly from
tissue

To highlight the potential of this novel approach, we selected
mouse liver tissue—one of the most complex biological
systems—to investigate the binding affinity of therapeutic
target fatty acid binding protein (FABP) to several approved
drugs for metabolic and immune diseases. The native mass
spectrum presented in Fig. 1b from LESA sampled tissues is
dominated by peaks related to ions from three proteins, namely
Acyl-CoA binding protein, truncated ubiquitin, and FABP
between m/z 1600 and 2400. The surface sampling solvent was
doped with the drug ligand fenobric acid. Peaks correspond-
ing to ions of ligand bound FABP were also detected but no
signicant evidence was observed of the ligand binding to other
proteins (Fig. 1b, top panel). FABP was found to form complexes
with fenobric acid in the ratio of both 1 : 1 and 1 : 2, supported
by previous reports that liver-FABP has two ligand binding
pockets.59,60

By comparing the protein bound fractions of the surface
extracted and serially diluted protein–ligand mixture samples,
slightly larger values were measured from the latter and no
signicant difference was observed between 2-fold and 4-fold
dilutions. Using the simplied approach (eqn (S3), ESI†), the
binding affinity of fenobric acid to FABP, directly from tissue
was measured to be 44.0 ± 5.0 mM and 46.9 ± 6.8 mM for
dissociation constant Kd1 (PL # P + L) and Kd2 (PL2 # PL + L),
respectively (Table S1, ESI†). We also calculated the dissociation
constant (Kd) values for each charge state separately (Table S1,
ESI†). No signicant differences were observed between Kd

values obtained from different charge states, indicating that the
native MS conditions and parameters used in this study were
mild enough to retain most protein complex ions during ion
formation and transmission. In addition, the determined Kd

values align well with results obtained by conventional native
MS (Fig. 1c) relying on prior knowledge of protein concentration
(Table in Fig. 1d). Furthermore, reducing the methanol
proportion from 5% to 2% (due to the poor water solubility of
the ligand fenobric acid) did not result in a signicant
difference in Kd values (Table S1, ESI†).

While FABP was studied as a proof-of-concept experiment in
liver tissue using the surface sampling method, this does not
preclude the applicability of the approach to other proteins. The
feasibility of extending this method to additional tissue
proteins will depend on factors such as ionization efficiency and
sampling conditions. Extensive studies have shown that detec-
tion sensitivity, specicity, and coverage of proteins in tissue
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Method developed based on surface liquid sampling, protein-dilution, and native MS for the measurement of protein–ligand binding
affinity (b)–(d) from complex samples without prior knowledge of protein concentration and (e) ligand screening of target proteins directly from
biological samples. (a) Schematic diagram showing the method workflow consisting of (1) extraction of protein from a surface or tissue sections
into a binding-ligand-doped solvent in a conductive pipette through a liquid microjunction formed between the sample surface and the pipette
tip, (2) serial dilution of the protein–ligand mixture solution obtained from surface sampling using the same solvent, maintaining a fixed ligand
concentration, and (3) nozzle array chip-based nano-infusion ESI MS measurements of protein–ligand mixture solutions obtained from surface
sampling and serial dilutions. The binding affinity (dissociation constant Kd) can be determined using the simplified calculation method when the
protein bound fraction R (the intensity ratio of ligand-bound to free unbound protein ions) does not change with dilution. (b) Native mass spectra
of the mouse liver tissue section analysed by LESA (bottom panel) and with the fatty acid binding protein targeted drug ligand, fenofibric acid,
added to the sampling solvent (top panel). Detected proteins and protein complexes were putatively assigned and labelled:, acyl-CoA binding
protein;> truncated ubiquitin;B fatty acid binding protein (FABP); ligand bound FABPC P-L 1 : 1;C P-L 1 : 2. (c) Native mass spectrum of 5 mM
recombinant mouse liver FABP mixed with 15 mM fenofibric acid acquired by nano-infusion ESI analysis. (d) Comparison of determined Kd values
from tissue samples with unknown protein concentration using the developed method and from solution samples using the commonly used
single-point MS method. (e) Mass spectra of sufficiently diluted FABP extracted from different locations of the mouse liver tissue section mixed
with drug ligands. Binding affinities of FABP to fenofibric acid, prednisolone and gemfibrozil were 44.0, 353.3 and 225.8 mM, respectively, and the
binding stoichiometry was 1 : 2, 1 : 1, and 1 : 1.
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samples can be signicantly enhanced through strategies such
as modications to sample preparation protocols,61,62

ionization/detection conditions,53,63 etc. By rening these
parameters, the method could be adapted to a wider range of
biological targets, extending its utility beyond the current scope.

Ligand screening from complex sample systems

Gembrozil and prednisolone were found to bind to FABP at
a ratio of 1 : 1 (Fig. 1e), compared to fenobric acid which
occupied two binding pockets. The Kd values for FABP and
ligands gembrozil and prednisolone measured by the
concentration-dilution method were 225.8 ± 29.9 mM and 353.3
± 67.0 mM, respectively. The affinity ranking determined by this
approach (fenobric acid > gembrozil > prednisolone) was in
agreement with the inhibitor affinity (Ki) ranking obtained from
the uorescence assay.60

Affinity measurement independent of protein concentration

We further evaluated our method by analysing several other well
characterised protein–ligand complexes, including lysozyme–
© 2025 The Author(s). Published by the Royal Society of Chemistry
NAG3, ribonuclease A (RNAse A)–CDP, human carbonic anhy-
drase I (hCA I)–acetazolamide, and hCA I-indapamide. First, we
investigated how protein concentration affects the accuracy of
binding affinity measurement using solution samples and
conventional methods. Our results showed that accurate Kd

measurement was achieved when the initial protein concen-
tration P0 is lower than the “true (theoretical)” dissociation
constant, in agreement with previous reports.42,64 while devia-
tion occurred and became larger with increasing P0 (Fig. S1,
ESI†).

To compare our approach with conventional methods, we
determined the binding dissociation constants of all studied
systems (Fig. S2, ESI†) at low protein concentrations, with
results summarized in Table S2, ESI.† Notably, removing P0
from the equation did not lead to signicant differences in the
obtained Kd values, demonstrating that our method is not only
robust but also independent of precise protein concentration
measurements. This independence arises because our
approach relies on intrinsic ligand binding equilibria rather
than absolute protein concentrations, making it particularly
Chem. Sci., 2025, 16, 8673–8681 | 8675
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advantageous when protein quantication is challenging in
biological samples. Surface sampling coupled with protein
dilution (Methods, ESI†) enables the rapid and accurate deter-
mination of binding affinities from complex sample systems,
without the need for prior knowledge of protein concentration.
This is based on the fact that the bound fraction no longer
changes signicantly as the protein concentration is sufficiently
diluted.
Method validation

Using our method, we determined Kd values of well-studied
protein–ligand binding models from surfaces (0.2 mL droplets
of standard sample mixtures deposited on glass slides and le to
air dry) and compared the results with those obtained from
solution samples using traditional methods. A narrow distribu-
tion of low charge states of free and ligand-bound protein ions
was observed (Fig. 2a–d), suggesting that the additional steps of
surface deposition and liquid sampling had no signicant effect
on the preservation of folded protein structures. The ratios of
bound to unbound protein are signicantly higher aer dilutions
of surface extractions while ligand concentrations were xed,
suggesting that the protein concentrations obtained from surface
sampling were too high to achieve accurate measurement of
corresponding binding affinities (Table S3, ESI†). Similar bound
Fig. 2 Measurement of protein–ligand binding affinities from standard sa
Nativemass spectra of surface-extracted and serially diluted proteins mix
I–indapamide; (d) hCA I–acetazolamide collected using themethod illust
constants through nonlinear curve fitting of titration MS data, i.e. bound f
ESI.† (f) Comparison of Kd values obtained from surface analysis using
conventional titration MS method. *Ion intensities of both 1 : 1 and 1 : 2
summed bound protein fraction F.

8676 | Chem. Sci., 2025, 16, 8673–8681
fractions are observed in samples diluted 10-fold and 100-fold
(Fig. 2a–c) and the binding constant was accurately determined
(Table S4, ESI†) following the scheme illustrated in Fig. 1a. For
the hCA I–acetazolamide complex (Fig. 2d), the sensitivity limi-
tations of the Q-TOF MS prevented measurement at protein
concentrations sufficiently below the system's Kd value to ensure
accurate determination of binding affinity. To overcome this,
a more sensitive Orbitrap MS was employed to measure up to
1000-fold protein dilution, yielding a Kd value of 0.368 ± 0.046
mM. Kd values were also determined at different charge states, and
similar results were observed across charge distributions, con-
rming the robustness of our method. In addition, using the
conventional titrationMSmethod, the bound fractions of protein
as a function of ligand concentrations were measured from
solution samples (scatter plots in Fig. 2e). Using eqn (S2) (ESI),†
the titration curve of each protein–ligand binding system was
tted with the parameter Kd obtained. Our method demonstrated
remarkable reliability and accuracy in measuring binding affini-
ties at unknown protein concentrations (Fig. 2f).
Negating the need for protein concentration in Kd

determinations from other methods

The determination of Kd without protein concentration can also
be achieved using titrationMS (see Table S2, ESI†). Very close Kd

values are obtained by tting the titrationMS data using routine
mples on surfaces with no prior knowledge of protein concentrations.
ed with binding ligands (a) lysozyme–NAG3; (b) RNAse–A-CDP; (c) hCA
rated in Fig. 1a. (e) Determination of protein–ligand binding dissociation
raction of protein as a function of ligand concentration, using eqn (S2),
the newly developed method and solution measurement using the
protein–ligand complexes were taken into account to calculate the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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eqn (S2) (ESI)† and simplied eqn (S4) (ESI).† Using data
available from published sources, we further evaluated this
method on other biophysical techniques and indeed found that
similar Kd values could be obtained without the need for protein
concentration (Table S5, ESI†). In studies employing uores-
cence spectroscopy titration,65,66 the measured Kd varied slightly
from 7.7 to 9.6 mM and from 4.3 to 4.9 mM for lysozyme–NAG3

and HusA–Haem complexes, respectively. Using microscale
thermophoresis,67,68 the Kd values for SAM-II riboswitch-SMA
and AhR-ARNT complex–1-hydroxyphenazine complexes
changed from 0.14 to 0.16 mM and from 0.88 to 1.03 mM,
respectively.

Compared with mass spectrometry, the deviation of Kd ob-
tained by other techniques without protein concentration is
slightly larger, i.e., 14–25% in uorescence and thermophoresis
measurements vs. less than 10% in MS single-point measure-
ment, titration measurement, as well as the dilution method
coupled to surface sampling and applied to tissue analysis.
Nevertheless, regardless of the technique, the deviation does
not exceed one order of magnitude, indicating that the method
of calculating Kd without protein concentration is a widely
applicable complementary tool for measuring binding affinity
in drug development and protein biochemical studies.
Affinity determination under binding competition

Many ligand binding studies are performed using complex
biological samples in which the protein of interest exists in
a mixture with other proteins. Therefore, the potential inter-
ference of off-target binding on Kd measurement from surfaces
was also assessed. Using the simplied approach (eqn (S6),
ESI†), from surfaces deposited with the mixture of lysozyme,
ubiquitin and myoglobin (Fig. S3, ESI†), the dissociation
constant of lysozyme–NAG3 was determined to be 18.1 ± 0.8
mM, which was very similar to that measured without interfer-
ence binding. This is unsurprising, as neither ubiquitin nor
myoglobin forms a specic interaction with the ligand NAG3,
which targets lysozyme.

Notably, when considering the much weaker, non-specic
binding pair myoglobin–NAG3 (Kd ∼345.6 mM, determined in
solution using the conventional native MS method) as the
system of interest, our method was still able to determine its
binding affinity (Kd ∼355.2 mM), even in the presence of a much
stronger binding competitor (i.e., lysozyme). This indicates that
strong off-target interactions did not substantially impact Kd
Table 1 Comparison of methods using native MS for the determination o
20 kDa and ligand molecular weight is 300 Da

Dilution-based MS Titrati

Suitable for surface analysis 3 7

Protein concentration required 7 3

Protein consumption* 1.11 mg (5, 0.5, 0.05 mM, 10 mL) 10 mg
Ligand concentration required 3 3

Ligand consumption* 90 ng (10 mM, 30 mL) 700 ng
Sample preparation time (min) 5 20
Data acquisition & analysis (min) 8–10 30

© 2025 The Author(s). Published by the Royal Society of Chemistry
measurements for the intended protein–ligand pair. However, it
is important to note that sufficient dilution is required to
minimize protein concentration-dependent ligand depletion,
ensuring accurate Kd determination.
Summary and conclusions

It is disappointing that many promising compounds generated
in early stages of drug development programmes show limited
success in preclinical and clinical trials. One of the important
reasons may be the signicant difference in the buffer envi-
ronment, which leads to a large deviation in the binding affinity
between the potential drug ligand and the therapeutic target
protein from laboratory screening to biological research.
Therefore, methods which can be used to determine protein–
ligand binding affinity for proteins sampled directly from their
native environment would prove highly benecial, providing
more accurate guidance for the selection of effective drug
candidates. Our dilution-based method has the advantages of
low sample consumption, high measurement throughput, and
simple data analysis. More importantly, it eliminates the need
for labour-intensive steps such as protein extraction, purica-
tion, and quantication, which are oen challenging in
complex biological matrices. With minimal sample manipula-
tion, this method can be directly applied to in situ or surface
analysis of complex systems (Table 1), such as tissue sections,
extracts, or cell lysates. It is also well-suited for ligand screening
from these heterogeneous samples.

To evaluate the method for binding affinity measurement,
we compared the dissociation constant (Kd) values of FABP with
various ligands obtained in our work with inhibitor constant
(Ki) values reported in previous competitive uorescence
displacement assays. While the rank order of ligand binding
affinities determined by our approach (fenobric acid > gem-
brozil > prednisolone) aligns with that of uorescence-based Ki

values, we observed notable absolute differences between Kd

and Ki values. A thorough literature review and database search
did not identify previously reported Kd values for FABP and its
related ligands, making a direct comparison unavailable.
Instead, we referenced Ki values from uorescence displace-
ment assays, which provide an indirect measure of binding
strength. However, it is essential to recognize that Kd and Ki

represent fundamentally different parameters:
� Kd reects the equilibrium dissociation constant, solely

determined by the binding affinity of the paired system.
f protein–ligand binding affinity. *Assuming proteinmolecular weight is

on MS Single-point MS Slow-mixing MS

7 7

3 3

(5 mM, 10 titrations, 10 mL) 1 mg 1 mg
3 7

(1–100 mM, 10 mL) 30 ng (10 mM, 10 mL) 30 ng (10 mM, 10 mL)
3–5 3–5
5 30–60
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� Ki represents the inhibitory potency of a ligand, inuenced
by both binding affinity and its ability to disrupt protein func-
tion, oen measured in the presence of competing molecules.

Additionally, differences in experimental conditions—such
as solvent composition, presence of competitors, and assay
format—can contribute to discrepancies between Kd and Ki

values. In our study, the presence of 5% methanol in the native
MS systemmay have inuenced themeasured Kd values, though
we found no signicant variation when reducing methanol to
2%. However, 10 mM ammonium acetate in 5 : 95 methanol/
water was used in our study while 10% (v/v) DMSO in the
buffer of 20 mM MES, pH 5.5, 100 mM NaCl, 1 mM DTT, and
0.5 mM EDTA was used in the literature uorescence
displacement assays. These solvent effects, along with differ-
ences in assay principles, likely explain the observed deviations
from Ki values reported in the literature. Similar discrepancies
have been noted in previous studies comparing Kd with Ki-based
affinity measurements.69

While our method offers a rapid, straightforward, and label-
free strategy for determining Kd values directly from complex
biological samples, a number of challenges remain. The detec-
tion sensitivity of native MS for folded proteins and intact protein
complexes typically ranges from nanomolar to low micromolar,
making it challenging to accurately measure ultra-high-affinity
interactions (Kd in the sub-nanomolar range). Nonetheless, esti-
mation based on sensitivity of MS indicates that our method is
applicable to more than 80% of protein–small molecule
complexes recorded in the BindingDB database,70,71 making it
broadly useful for studying biologically relevant binding
affinities.

However, tissue complexity poses additional challenges,
including interference from lipids and salts, which may impact
the efficiency of protein extraction, ionization, and detection. To
enhance the applicability of our approach, future work should
focus on rening ionization strategies, optimizing sample treat-
ments, and assessing the method's performance across various
tissue proteins and conditions. By integrating established MS-
based enhancement techniques to improve sensitivity and spec-
icity, such as advanced ionization/detection strategies and
modied solvent systems, our approach could be extended to
a broader range of biological targets. This would pave the way for
more comprehensive applications in tissue-based drug screening
and biomolecular interaction studies.
Data availability

Data for this article are available at Open Science Framework at
https://doi.org/10.17605/OSF.IO/TBY45.
Author contributions

B. Y. – conceptualization, formal analysis, investigation, meth-
odology, validation, visualization, writing – original dra,
writing – review & editing; J. B. – conceptualization, method-
ology, funding acquisition, supervision, writing – review &
editing.
8678 | Chem. Sci., 2025, 16, 8673–8681
Conflicts of interest

There are no conicts of interest.
Acknowledgements

We acknowledge the funding support from UK's National
Measurement System programs and Cancer Research UK
Rosetta Grand Challenge (A24034).
References

1 M. Kokkinidis, N. Glykos and V. Fadouloglou, Protein
exibility and enzymatic catalysis, Adv. Protein Chem.
Struct. Biol., 2012, 87, 181–218.

2 J. P. Richard, Protein exibility and stiffness enable efficient
enzymatic catalysis, J. Am. Chem. Soc., 2019, 141, 3320–3331.

3 D. R. Green and T. A. Ferguson, The role of FAS ligand in
immune privilege, Nat. Rev. Mol. Cell Biol., 2001, 2, 917–924.

4 M. F. Mackey, J. R. Gunn, P. P. Ting, H. Kikutani, G. Dranoff,
R. J. Noelle and R. J. Barth Jr, Protective immunity induced by
tumor vaccines requires interaction between CD40 and its
ligand, CD154, Cancer Res., 1997, 57, 2569–2574.

5 A. H. Brivanlou and J. E. Darnell Jr, Signal transduction and
the control of gene expression, Science, 2002, 295, 813–818.

6 K. E. Gottschalk and H. Kessler, The structures of integrins
and integrin–ligand complexes: implications for drug
design and signal transduction, Angew. Chem., Int. Ed.,
2002, 41, 3767–3774.

7 H. S. Chan, Y. Li, T. Dahoun, H. Vogel and S. Yuan, New
binding sites, new opportunities for GPCR drug discovery,
Trends Biochem. Sci., 2019, 44, 312–330.

8 R. L. Smathers and D. R. Petersen, The human fatty acid-
binding protein family: evolutionary divergences and
functions, Hum. Genomics, 2011, 5, 1–22.

9 D. Prozeller, S. Morsbach and K. Landfester, Isothermal
titration calorimetry as a complementary method for
investigating nanoparticle–protein interactions, Nanoscale,
2019, 11, 19265–19273.

10 S. Leavitt and E. Freire, Direct measurement of protein
binding energetics by isothermal titration calorimetry,
Curr. Opin. Struct. Biol., 2001, 11, 560–566.

11 E. A. Smith, W. D. Thomas, L. L. Kiessling and R. M. Corn,
Surface plasmon resonance imaging studies of protein–
carbohydrate interactions, J. Am. Chem. Soc., 2003, 125,
6140–6148.

12 D. Capelli, C. Parravicini, G. Pochetti, R. Montanari,
C. Temporini, M. Rabuffetti, M. L. Trincavelli, S. Daniele,
M. Fumagalli and S. Saporiti, Surface plasmon resonance
as a tool for ligand binding investigation of engineered
GPR17 receptor, a G protein coupled receptor involved in
myelination, Front. Chem., 2020, 7, 910.

13 T. Duysak, A. R. Afzal and C.-H. Jung, Determination of
glutathione-binding to proteins by uorescence
spectroscopy, Biochem. Biophys. Res. Commun., 2021, 557,
329–333.
© 2025 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.17605/OSF.IO/TBY45
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02460a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 1
2:

17
:3

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
14 C. J. Wienken, P. Baaske, U. Rothbauer, D. Braun and
S. Duhr, Protein-binding assays in biological liquids using
microscale thermophoresis, Nat. Commun., 2010, 1, 100.

15 A. Sultana and J. E. Lee, Measuring protein-protein and
protein-nucleic acid interactions by biolayer
interferometry, Curr. Protoc. Protein Sci., 2015, 79, 11–26.

16 H. Müller-Esparza, M. Osorio-Valeriano, N. Steube,
M. Thanbichler and L. Randau, Bio-layer interferometry
analysis of the target binding activity of CRISPR-cas
effector complexes, Front. Mol. Biosci., 2020, 7, 98.

17 L. Khavrutskii, J. Yeh, O. Timofeeva, S. G. Tarasov, S. Pritt,
K. Stefanisko and N. Tarasova, Protein purication-free
method of binding affinity determination by microscale
thermophoresis, J. Vis. Exp., 2013, e50541.

18 J.-P. Renaud, C.-w. Chung, U. H. Danielson, U. Egner,
M. Hennig, R. E. Hubbard and H. Nar, Biophysics in drug
discovery: impact, challenges and opportunities, Nat. Rev.
Drug Discovery, 2016, 15, 679–698.

19 M. M. Zhu, D. L. Rempel, Z. Du and M. L. Gross,
Quantication of protein–ligand interactions by mass
spectrometry, titration, and H/D exchange: PLIMSTEX, J.
Am. Chem. Soc., 2003, 125, 5252–5253.

20 K. D. Powell, S. Ghaemmaghami, M. Z. Wang, L. Ma,
T. G. Oas and M. C. Fitzgerald, A general mass
spectrometry-based assay for the quantitation of protein–
ligand binding interactions in solution, J. Am. Chem. Soc.,
2002, 124, 10256–10257.

21 G. T. Nguyen, J. L. Bennett, S. Liu, S. E. Hancock,
D. L. Winter, D. J. Glover and W. A. Donald, Multiplexed
screening of thousands of natural products for protein–
ligand binding in native mass spectrometry, J. Am. Chem.
Soc., 2021, 143, 21379–21387.

22 R. P. Simon, M. Winter, C. Kleiner, L. Wehrle, M. Karnath,
R. Ries, M. Zeeb, G. Schnapp, D. Fiegen and T. T. Häbe,
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