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ABSTRACT: Native electrospray ionization mass spectrometry (ESI-MS) is a standard technique for drug−protein screening but
may be affected by nonspecific binding. To address this, a reference protein and ligand must be selected for each protein
investigated. We report a versatile, informative, high-throughput screening approach to differentiate specific and nonspecific
interactions based on charge state distribution (CSD) changes caused by ionization perturbations (e.g., methanol or heat) without
the need for a surrogate. We show that specific binding stabilizes the protein−ligand complex against perturbations, resulting in
narrower CSDs compared with the unbound protein. In contrast, no significant difference in CSDs is observed between nonspecific
complexes and the free protein. To introduce ion source perturbations without affecting protein−ligand incubation, we employed a
3D-printed open port probe (OPP) that is widely compatible with different instruments and sample introduction techniques. The
approach was validated with well-characterized protein−ligand pairs, confirming that cytidine phosphates, triacetylchitotriose, and
fluvastatin are specific ligands for ribonuclease A, lysozyme, and beta-lactoglobulin, respectively. Further, cytidine-5′-triphosphate
(CTP) was found to interact nonspecifically with lysozyme and beta-lactoglobulin. The approach was applied to screening assays of
two drug target proteins, thrombin and dihydrofolate reductase, revealing that for thrombin, fluvastatin may share the same binding
site as argatroban, which is supported by competition experiments and molecular docking results. These results provide new insights
into the anticoagulation effect of statins and show the potential of the approach in prioritizing candidates for target proteins.

■ INTRODUCTION
Metabolites, or drugs, produce effects through interactions
with biomacromolecules, usually proteins. Thus, investigation
of protein−metabolite interactions (PMIs) is essential for deep
understanding of the biological mechanism and shows promise
in drug discovery for screening hits for the target protein.1,2 A
variety of MS-based techniques have been reported to study
PMIs,3 and one widely used method is native electrospray
ionization mass spectrometry (ESI-MS),4 in which a
metabolite or ligand is mixed with the target protein in a
native-like solution, usually ammonium acetate (NH4Ac), and
the mixture is directly introduced to ESI-MS without
separation/purification while maintaining the PMIs during
ionization. Quantifying the interacting and unbound protein

fractions also reveals the stoichiometry and dissociation
constants.8−10 With the simplicity of sample preparation, low
sample consumption, high sensitivity, and high throughput,
native ESI-MS is common in drug screening.1,3 To optimize
native ESI-MS to explore PMIs, a variety of studies have been
reported, including the type of ion source,5,6 the size of ESI

Received: January 3, 2025
Revised: March 10, 2025
Accepted: March 11, 2025
Published: March 18, 2025

Articlepubs.acs.org/ac

© 2025 The Authors. Published by
American Chemical Society

6762
https://doi.org/10.1021/acs.analchem.5c00051

Anal. Chem. 2025, 97, 6762−6770

This article is licensed under CC-BY 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaobo+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+Mueller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Piotr+Sosnowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dongliang+Guan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charlotte+Jacquet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ge%CC%81rard+Hopfgartner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ge%CC%81rard+Hopfgartner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.5c00051&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00051?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00051?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00051?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00051?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00051?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00051?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00051?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00051?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancham/97/12?ref=pdf
https://pubs.acs.org/toc/ancham/97/12?ref=pdf
https://pubs.acs.org/toc/ancham/97/12?ref=pdf
https://pubs.acs.org/toc/ancham/97/12?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.5c00051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


tips,7 the buffer maintaining the native conditions,8,9 and
solvent additives.6,10−12 True interactions between proteins
and metabolites typically stabilize or lock the protein structure
and are the basis for metabolite-centric approaches that
identify bound proteins by comparing protein stability with
and without the target compound.13,14 This difference is even
more pronounced in the presence of perturbations, such as
heating15 and chemical denaturants.16

A widely accepted ionization mechanism in native ESI-MS is
the charged residue model9,17 (CRM), which proposes that
charged ESI droplets shrink with solvent evaporation until all
solvent molecules are gone. In this process, the concentration
of ligands and protein continues to increase, which increases
the risk of nonspecific binding compared to physiological
conditions.8,10,11 Nonspecific binding is structure-independent
and usually occurs on the solvent-exposed protein surface,
which is consistent with the observed increase with the ligand
concentration.6,7 Thus, it is likely to be more problematic
when measuring weak PMIs, especially since potential hit
compounds in early drug screening typically exhibit only
medium to low affinities. An excess of ligands is usually
required to generate detectable amounts of PMIs, which
inadvertently promotes the occurrence of nonspecific binding
within ESI. As highlighted in recent reviews on the application
of native MS in drug discovery,2,4 addressing nonspecific
protein ligand binding still largely depends on the reference
protein method10,11 proposed by Klassen and co-workers in
2006. This approach involves the use of an additional protein
(P-ref) that ideally does not interact with the tested protein
and ligands as an internal reference, and the fractions of the
ligand-bound reference protein are used to correct the true
PMIs. However, in practice, it is challenging to select a P-ref
that does not have specific interactions with the protein or
ligand of interest, particularly in discovery research. Confirm-
ing this prerequisite requires validating that the proposed
protein indeed exhibits no specific interactions with either the
studied protein or the ligand before applying it as a P-ref,
which causes additional issues and complexity. The approach
also introduces bias due to nonspecific binding between
different proteins and ligands, which may vary from case to
case. However, no alternative approaches have since been
proposed. Only a few studies have dealt with the issue of
nonspecific binding between the target protein and the small
molecules tested.6,10,11 Ye and co-workers6 reported differ-
entiating true PMIs from nonspecific binding by acetonitrile-
induced changes of the dissociation constant (Kd) and found
that Kd decreased with more acetonitrile in ESI for true PMIs
and vice versa for nonspecific binding.
The open port probe (OPP) was first proposed by Van

Berkel and Kertesz,18 and its application has been explored in
various areas.19 The core structure of the OPP is based on two
coaxial tubes: the outer one receives solvents from a pump, and
the inner one aspirates the liquid into the electrospray ion
source due to the nebulizing gas forming a liquid cone where
the sample can be introduced.18,20 Samples can be
independently introduced by a pipet, a syringe pump, or an
autosampler onto the OPP and are instantly aspirated into the
ion source. To simplify OPP integration with different
instruments and reduce costs (∼3 euros per piece of OPP),
we produced devices with 3D printers and used them for
qualitative and quantitative studies.19,20

In this study, we report a method that can distinguish true
PMIs from the nonspecific binding that is usually observed in

native ESI-MS analysis. The method exploits the advantage of
the OPP that the solvent can be easily and continuously
changed from native (e.g., NH4Ac solution) to denaturing
(e.g., 50% MeOH solution) conditions without disturbing
sample introduction. With this approach, we observed the
important phenomenon that stabilization induced by PMIs
causes the protein−metabolite complex to show reduced
intensity of high charge state ions compared to the unbound
protein, which allowed us to identify true PMIs based on
alterations in the charge state distribution (CSD). To show the
proof-of-concept, we investigated well-studied protein−ligand
pairs, such as ribonuclease A−cytidine phosphates, and further
applied the approach to assays of the real drug target proteins,
thrombin and dihydrofolate reductase (DHFR). This study
revealed that in contrast to true PMIs, nonspecific binding
between target protein and ligands does not change the CSD
compared to the free protein. This approach may serve as a
quick second-round check to exclude nonspecific binding after
the first-round native-MS assays, thus refining potential
candidates to the target protein.

■ EXPERIMENTAL SECTION
The details of chemicals and materials and the parameters for
OPP-ESI-MS are provided in the Supporting Information.
Studies of Protein−Metabolite Interaction under the

Native Condition or in the Presence of Perturbations.
For infusion experiments, proteins (RNase A, lysozyme, or
beta-lactoglobulin) were dissolved in 25 mM NH4Ac to a
concentration of 100 μM and the corresponding ligands
(cytidine phosphates, NTAC, or fluvastatin) were added to a
concentration of 1 mM. The mixtures were shaken at room
temperature for 5 min before analysis and infused onto the
OPP at a rate of 3 μL per min with a syringe pump. For the
native condition, the OPP received the same solution of 10
mM NH4Ac from an LC pump. For the non-native condition,
the OPP received the solutions via an LC gradient: 0−5 min,
constant at 10 mM NH4Ac; 5−10 min, change from 100% 10
mM NH4Ac to 100% H2O containing 0.1% FA; 10−20 min,
change from 0 to 90% MeOH; 20−25 min, equilibrate at 100%
10 mM NH4Ac. For the triplicate analyses, fresh protein−
ligand samples were prepared just before the infusion
experiment, with a 10 min time interval between each
replicate. For stepped OPP-ESI experiments, thrombin and
DHFR samples were buffer-exchanged with a cutoff filter (3
kDa) to a concentration of 5 μM in 100 mM NH4Ac, followed
by screening a set of ligands including Met, Ami, Tri, Pyr, Dab,
Arg, Biv, CTP, Flu, and Nor. The ligands were added to 100
μM, and the incubated protein−ligand mixtures were
introduced manually by a pipet onto the OPP under 10 mM
NH4AC, 0.1% FA, or different source temperature conditions
(see Table S1 for details).
Data Analysis. The intensity ratio (IR) for a single charge

state in a specific spectrum was calculated by dividing its
intensity by the summed intensity of all charge states, IR = In+/
Itotal. The collection of ratios for all charges indicates the CSD.
The intensity ratios of all charges were plotted versus the
gradient, or the CSDs of all charges were displayed in bar
graphs against stepped OPP solutions. The binding ratio (BR)
was determined by dividing the total intensity (all charge
states) of the protein−metabolite by the total intensity of the
protein−metabolite [PL] and unbound protein [P], BR =
[PL]/([PL] + [P]). For the Kd evaluation of CTP and CDP to
RNase A, the ratio, R, of the ligand-bound protein to the free
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protein was calculated based on intact masses in the
deconvoluted spectra that were reconstructed by the
embedded Bio Tool Kit in PeakView Software (version 2.2).

■ RESULTS AND DISCUSSION
Design and Principle of the Gradient OPP-ESI-MS

Approach. CSD is widely used to study protein structure
changes since an unfolded protein usually has more high
charge state ions than its folded forms.21 Thus, we reasoned
that incorporating denaturing perturbations into native ESI-
MS could aid in the identification of metabolites truly
interacting with the target protein.22 Specifically, we
hypothesized that if the perturbations, such as the concen-
tration of MeOH or formic acid (FA) in ESI, were increased,
the protein−metabolite complex would show a significant CSD
difference compared to the free protein. In contrast, non-
specific interactions are usually on the surface of proteins and
should have less influence on structure and hence less effect on
the CSD. Here, we describe the gradient OPP-ESI-MS (gOPP-
ESI-MS) approach, which differs from conventional native ESI-
MS because the OPP allows the ESI solvent to be changed
without affecting the protein/protein−metabolite complex
incubations. As shown in Figure 1, the protein with and
without the ligand is introduced dropwise onto the OPP and
instantly aspirated into the ESI source. Increasing the
proportion of MeOH/FA in the OPP solvent gradually
increases the denaturing effect of the solvent. As a result,

proteins will unfold stepwise, and the CSD of the protein will
broaden and shift to higher charge states. In addition, due to
the stabilization brought by the PMIs, the protein−metabolite
complex is expected to be more resistant and show lower
intensities in high charge states compared to the unbound
protein. Although increasing MeOH/FA could break some
PMIs, the intensities of the protein−metabolite ions do not
necessarily decrease since the ESI response increases in the
presence of MeOH or FA.23 Notably, our approach to
screening PMIs based on CSDs is not affected by the peak
intensities.
Protein−Metabolite Interaction under Constant Na-

tive Conditions with the Open Port Probe.We first tested
the performance of the gOPP-ESI-MS approach to measure
protein metabolite complexes under the native conditions of
10 mM NH4Ac. We selected the well-characterized proteins5,6

ribonuclease A (RNase A), lysozyme, and beta-lactoglobulin.
For RNase A, three known binding ligands, CTP, CDP, and
CMP (cytidine triphosphate, diphosphate, and monophos-
phate), and a nonbinding ligand (cytidine) were separately
incubated with RNase A and dispensed dropwise onto the
OPP by a syringe pump. As shown in Figure 2A,B, both the
unbound RNase A and the three complexes of RNase A with
cytidine phosphates exhibited narrow CSDs centered on
charges of 7+ and 8+, indicating that they are in the folded
state. To simplify the R calculation, the ratio of the ligand-
bound protein to the unbound protein, charge state

Figure 1. Schematic showing the gOPP-ESI-MS approach for identifying metabolites interacting with a target protein. The system includes an LC
pump, the OPP, and an ESI-QqTOF MS. Protein samples with and without ligands are introduced by a pipet or a syringe pump onto the OPP
where solutions with native conditions or perturbations, such as MeOH or FA, are delivered by the LC pump. Perturbation with heat is controlled
by the ion source temperature. Under different denaturing strengths, the protein and protein−metabolite complex show CSD differences that reveal
specific binding.

Figure 2. Probing PMIs under the constant native condition. The proteins and ligands are freshly mixed and incubated for 5 min and then
dispensed dropwise onto OPP. Incubation of RNase A (100 μM): (A) with CTP (1 mM) and (B) with CMP (1 mM) and incubation of lysozyme
(100 μM): (C) with NTAC (1 mM) and (D) with CTP (1 mM). The blue square, green circle, and red circle indicate the unbound protein, the
true-positive ligand, and the false-positive ligand, respectively.
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deconvolution was performed and R was calculated based on
intact masses (Figure S1). For CTP, CDP, and CMP, the R
values are 1.48, 0.60, and 0.31, respectively, which is consistent
with the affinity orders reported previously.5 No complex was
observed for cytidine. The affinity orders were further
investigated in competitive and noncompetitive experiments
(Figure S2), and the measured orders are consistent with each
other. Furthermore, the Kd of CTP and CDP were measured in
titration assays according to the method reported by Daniel et
al.,24 where the concentration of RNase A was constant and
the ligand was measured at a series of concentrations from low
to high (Figure S3). The measured Kd for CTP and CDP were
10.89 and 38.61 μM, respectively, which are slightly higher
than the value reported in an earlier study.5

To illustrate the issues of nonspecific binding, we selected a
true-positive ligand (N,N′,N″-triacetylchitotriose, NTAC) and
a false-positive ligand (CTP) for lysozyme.6 In Figure 2C,D,
the free lysozyme and the complexes with NTAC and CTP are
centered on a charge of 8+. The R value of NTAC is 0.59,
which denotes a relatively strong binding to lysozyme, while
the false-positive ligand, CTP, shows low but reliable peaks at
the m/z of lysozyme-CTP, with a R value around 0.05 (Figure
2D). Further, we investigated the nonspecific binding of CTP
and beta-lactoglobulin and compared it with fluvastatin, which
was reported to specifically bind to beta-lactoglobulin25

(Figure S1G,H). From these data, it is clear that based solely
on the mass shifts, we can not exclude CTP as a real ligand for
lysozyme and beta-lactoglobulin, and additional methods are
needed.
Charge State Distribution Changes with Open Port

Probe Solvent Composition. The core finding in this work
is that we can differentiate true PMIs from nonspecific binding
by comparing changes in the CSD of the free protein and
protein−metabolite complex versus the increasing amount of
MeOH/FA. To modulate CSD from native to unfolded state,
solutions of RNase A and myoglobin were continuously

infused onto the OPP while the OPP solvent was changed
from 100% NH4Ac to 100% H2O containing 0.1% FA,
followed by a MeOH gradient (final value 90%) with an LC
pump. Overall, the intensities of protein peaks increased more
than 5-fold over the gradient as shown by the base peak
chromatographs (BPCs) in Figures S4 and S5A. The CSD of
native RNase A was centered on charges of 7+ and 8+ under
100% 10 mM NH4Ac (Figure 3A), while charges of 9+ and
10+ appeared around 5% MeOH (Figure 3B), followed by the
higher charge states (10+ to 14+), which became more intense
with increasing MeOH (Figure 3C,D). To show the CSD
changes induced by ligand binding, the complex of RNase A
with CTP was investigated under the same conditions (Figure
3E−H). In 10 mM NH4Ac, the charge states remained
centered on charges of 7+ and 8+ (Figure 3E), while with the
higher proportion of MeOH, the complex of RNase A with
CTP showed changes in intensity ratios for charges 10+, 11+,
and 12+ (Figure 3H). An interesting phenomenon was the
formation of phosphate adducts on RNase A with higher
MeOH, which was also reported in a previous work.26 Further,
we investigated another model protein, myoglobin, that
naturally contains the ligand heme.6 In 10 mM NH4Ac, the
CSD of the heme-bound myoglobin centered on charges 8+
and 9+ and almost no free heme was observed (Figure S5B).
With the solvent changed to 100% H2O containing 0.1% FA,
heme-bound myoglobin and unbound myoglobin were
observed, and we estimated that more than 50% of the
complexes are already dissociated by the presence of FA
(Figure S5C). However, the free heme did not obviously
increase, and we speculate that this is because the 100%
aqueous solution of the OPP is not appropriate for the
ionization of heme (Figure S5 B vs C). In contrast, with higher
levels of MeOH (Figure S5D,E), the intensity of heme
increased significantly (Figure S5 C vs E). The appearance of a
broad CSD and high charge states reveals the unfolding of the

Figure 3. Changing CSD of RNase A due to the gradient of the OPP solvent. Spectra of RNase A at various proportions of MeOH: (A) 100% 10
mM NH4Ac, (B) 5% MeOH, (C) 10% MeOH, and (D) 80% MeOH. Spectra of CTP-bound RNase A and/or unbound RNase A at various
proportions of MeOH: (E) 100% 10 mM NH4Ac, (F) 5% MeOH, (G) 10% MeOH, and (H) 80% MeOH. The “double peak” in panels (C) and
(D) are adducts with phosphate (m/z shift of 98.3). The blue squares and green circles represent the unbound protein and CTP binding,
respectively.
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protein that makes more ionization sites accessible and results
in a gradual increase in spectrum intensity.
Repeatability Evaluation and CSD Differences be-

tween the Unbound and CDP-Bound RNase A. To
evaluate the repeatability of the gOPP-ESI-MS approach,
triplicate analyses of the interaction between CDP and RNase
A were investigated under two conditions: constant 10 mM
NH4Ac (native conditions) and a gradient ranging from native
to non-native conditions. Around 38% of RNase A was bound
with CDP and the ratios remained unchanged in 10 mM
NH4Ac for more than 25 min, which implies that the sample
introduction by syringe and OPP-ESI ionization are reprodu-
cible enough for further analysis (Figure S6). In addition, the
intensity ratios of all charge states remained unchanged under
native conditions (Figure S7). For analyses under the gradient
(Figure S8), the binding ratio started to decrease around 8 min
(at 40% 10 mM NH4Ac and 60% H2O containing 0.1% FA)
and stayed unchanged even with 90% MeOH. The three
replicates overlapped each other, indicating that changing the
OPP solution does not influence reproducibility.
Unlike the binding ratio, the intensity ratios of most charge

states did not change significantly before 10 min. This suggests
the need for stronger perturbations to reveal the CSD
difference and is supported by the appearance of charge states
11+ to 14+ after 10 min with maxima of ca. 17 min (Figure
S9). The antidenaturing effect of PMIs is exemplified by the
spectrum taken at 70% MeOH, which shows the induced CSD

difference between RNase A & CDP complex and unbound-
RNase A (Figure 4). To distinguish the CSD differences
caused by PMIs, we named the RNase A in the control sample
without CDP as “control-RNase A” and the unbound RNase A
in the experimental sample containing both RNase A and CDP
as “unbound-RNase A”. The CSD of control-RNase A and
unbound-RNase A almost exactly overlap during the gradient,
indicating that the excess free ligand (CDP) in the
experimental sample did not affect the CSD of RNase A
(Figure S9). Consequently, we can confidently infer that
changes in the CSD of the RNase A & CDP complex are due
to their interactions, which may tighten/lock the structure of
RNase A and alter the accessibility of ionization sites. As we
expected, the RNase A & CDP complex did show significant
differences in CSD compared to the unbound-RNase A. In
particular, the distinction is most pronounced for charge states
12+ and 13+, which appear approximately 3 min later in the
complex and have lower intensity ratios than for unbound-
RNase A.
Differentiating True PMIs and Nonspecific Binding.

To demonstrate the effectiveness of the gOPP-ESI-MS
approach in differentiating between true PMIs and nonspecific
binding, we studied lysozyme and beta-lactoglobulin with
known true-positive and false-positive ligands. Consistent with
a previous report,6 the true PMIs of lysozyme−NTAC and
beta-lactoglobulin−fluvastatin showed a downward trend for
binding ratios with higher concentration of MeOH (Figures

Figure 4. CSD calculation example. The MS spectrum was taken at a point around 70% MeOH. The RNase A−CDP complex and unbound-RNase
A showed broad but different CSDs.

Figure 5. Differentiations between the true PMIs and nonspecific bindings. The comparison of CSDs for lysozyme−NTAC with lysozyme−CTP
and beta-lactoglobulin−fluvastatin with beta-lactoglobulin−CTP.
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S10 and S11). In contrast, the nonspecific binding of
lysozyme−CTP and beta-lactoglobulin−CTP were unchanged
or even slightly increased. In addition, we noted that the true
PMIs show distinct changes in CSD compared to the unbound
protein, e.g., the comparison of raw spectra taken at 10 mM
NH4Ac and 50% MeOH of OPP solutions (Figure S12).
Additional CSD comparisons at six OPP solutions are shown
for lysozyme in Figure S13 and for beta-lactoglobulin in Figure
S14. Under native conditions (10 mM NH4Ac), Figure 5, the
CSDs of unbound protein and protein and ligand complex are
similar, which is attributed to the folded status of the protein.
This indicates that perturbation is needed to reveal the
differences; since the denaturing strength increases with

increasing FA and/or MeOH concentration, the protein
should gradually unfold and produce more intense high charge
state ions. In Figure 5, both the unbound proteins and the
nonspecific binding with CTP showed broader CSDs under
50% MeOH, while the specific binding between lysozyme &
NTAC and beta-lactoglobulin and fluvastatin maintained
narrower CSDs owing to tightening of the protein structure.
Plots for specific charge states (Figures S15 and S16) show
that for low charge states, e.g., 9+ for lysozyme and 10+ for
beta-lactoglobulin, true PMIs and nonspecific binding have
similar patterns, while the intensity ratio differences are greatly
pronounced for high charge states, such as 11+ and 12+ for
lysozyme and 12+ and 17+ for beta-lactoglobulin. Compared

Figure 6. Screening thrombin and DHFR with gOPP-ESI-MS under conditions 1 to 6 (see conditions in Table S1). (A) Raw mass spectra of free
thrombin, thrombin and dabigatran, thrombin and argatroban, and thrombin and bivalirudin of screenings under condition 1 (left) and condition 2
(right); (B) CSDs of thrombin with argatroban, bivalirudin, and fluvastatin under condition 3; (C) docking model of thrombin binding with
argatroban and fluvastatin. Key residues involved in the interactions with the ligand are shown as stick models. (D) Raw mass spectra of free dehis-
DHFR, dehis-DHFR-methotrexate, dehis-DHFR-aminopterin, and dehis-DHFR-trimethoprim from screening under conditions 4 and 6; (E) the
CSDs of free dehis-DHFR, dehis-DHFR-methotrexate, dehis-DHFR-aminopterin, and unbound dehis-DHFR under OPP condition 5.
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to nonspecific binding, high charge states of true PMIs require
high proportions of MeOH and are less intense. An interesting
phenomenon was observed for beta-lactoglobulin where
charges 11+ to 13+ appeared at 10 min (100% H2O containing
0.1% FA) while 14+ to 18+ appeared at 15 min (45% MeOH)
(Figure S16). The distinct changes suggest that there are two
unfolding stages and might be useful for structural biology
research.
Screening of Thrombin Interactions. Thrombin, a

serine protease, influences the blood coagulation cascade in
various ways and is a target for anticoagulant medications, such
as bivalent (bivalirudin) and direct small molecule inhibitors
(dabigatran and argatroban). Studying thrombin−ligand
interactions may provide insights into developing new
inhibitors with fewer bleeding-related adverse effects. Throm-
bin was screened against 10 compounds (Figure S17) under 3
different OPP conditions (Table S1, conditions 1−3). Under
the 10 mM NH4AC and 300 °C condition, (Figure S18A),
three thrombin inhibitors dabigatran, argatroban, and bivalir-
udin showed good binding ratios. Free thrombin showed a
narrow CSD centered on charges 11+, 12+, and 13+ (Figure
6A), respectively, while argatroban and bivalirudin showed
100% binding with thrombin and generated CSDs mainly
centered on charges 12+ and 13+, respectively. Thrombin &
dabigatran showed 91% binding, but with additional peaks
corresponding to free thrombin with a different CSD, i.e., the
absence of charge 13+ and a different ratio for charges 11+ and
12+, which were hypothesized to arise from dissociation
induced by heating in the ion source. This was confirmed by
screening at 500 °C (Figure 6A right panel), where dabigatran
and argatroban showed peaks for 11+ and 12+ free thrombin
without protein−ligand peaks, while bivalirudin lacked these
dissociation peaks, probably due to the bivalent inhibitor
binding at the active site and exosite I simultaneously.
Accordingly, we rank the heat susceptibility as dabigatran >
argatroban > bivalirudin. Even through dissociation was
unexpected at 500 °C, binding with dabigatran and argatroban
had already induced significant CSD changes from the free
thrombin. Thrombin was further screened under the 10 mM
NH4AC, 0.1% FA (50/50%), 300 °C condition, where
complexes of argatroban and bivalirudin partially dissociated
but the remaining complexes showed different CSD to free
thrombin (CSD in Figure 6B, raw spectra in Figure S19).
These observations authenticated argatroban and bivalirudin as
specific inhibitors to thrombin. Similarly, with the 10 mM
NH4AC and 500 °C condition, more than 98% of the
dabigatran complex dissociated under 50% H2O containing
0.1% FA, but the FA-dissociated thrombin showed the same
CSD as the free protein (Figure S20). This may suggest that
the dissociation induced by heat and acid is different and
highlights that perturbations applied to different proteins
should be carefully tailored. Further, we observed that the
complexes of argatroban and bivalirudin showed different
CSD, which could result from different binding mechanisms
and may allow allosteric binders for a specific target protein to
be explored.
However, the more interesting finding is that fluvastatin

showed around 10% binding under the 10 mM NH4AC and
300 °C OPP condition (Figure S18A), dissociation under the
10 mM NH4AC and 500 °C OPP condition (Figure S17), and
a distinct CSD to the free thrombin under the 10 mM NH4AC,
0.1% FA (50/50%), 300 °C OPP condition (Figure 6B), which
suggests that fluvastatin may also bind specifically with

thrombin. To investigate further, competition binding assays
were performed where dabigatran and argatroban were added
separately and together to the incubation of fluvastatin and
thrombin under the 10 mM NH4AC and 300 °C condition.
Fluvastatin showed around 10% binding with thrombin, which
completely disappeared after adding dabigatran, argatroban, or
both (Figure S18B). Further, in all competitive experiments,
only the complexes of “one ligand to one protein” were found,
which confirmed that fluvastatin, dabigatran, and argatroban
bind with thrombin at the same active site and that fluvastatin
is replaced with dabigatran or argatroban from the initial
fluvastatin and thrombin complex. To obtain a direct three-
dimensional view of the binding between thrombin and
fluvastatin, we conducted molecular docking of argatroban
(positive control) and fluvastatin with thrombin (PDB ID:
3VXF)27 (Figure 6C). The results indicated that argatroban
could bind to the active site of thrombin, forming hydrogen
bonds with surrounding residues His57, Ser195, Gly216, and
Gly219 and hydrophobic interactions with Trp60D, Leu99,
Ile174, and Trp215, thus maintaining good binding. Similarly,
fluvastatin could also bind to the active site of thrombin,
forming hydrogen bonds with Asp189, Ala190, Glu192, and
Gly219 and hydrophobic interactions with Trp60D, Leu99,
and Trp215 (Figure S21). These findings support our
hypothesis that fluvastatin binds with thrombin at the same
active site as argatroban but has less affinity and may provide
insights into understanding how statins work in anti-
coagulation.28

Screening of Dihydrofolate Reductase (DHFR) Inter-
actions. Human DHFR is a target for cancer treatment as
inhibition of DHFR can limit production of tetrahydrofolate
that is essential for the growth and proliferation of tumor cells.
Recombinant human DHFR was screened against 10 ligands
under two OPP solvent conditions (Table S1, conditions 4−5)
selected based on rapid assessment of OPP solutions with a
gradient (Figure S22). Only the human DHFR inhibitors
methotrexate and aminopterin showed 100% DHFR binding
(Figure S23); no other ligands, not even the bacterial DHFR
inhibitors trimethoprim and pyrimethamine, bound to human
DHFR. In the measurements of DHFR with argatroban and
bivalirudin, no protein signal was observed due to ionization
suppression (Figure S24). Although we observed free DHFR
and the complexes with methotrexate and aminopterin (Figure
S25), all peaks appeared as pairs, which reduced the S/N ratio
and complicated data analysis. The splitting was determined to
arise from a gluconoyl modification (178 Da) on the his-tag,
which commonly occurs on his-tagged recombinant proteins
expressed in Escherichia coli.29 Unexpectedly, in addition to the
added ligand, we observed two small molecules that form a
binary or ternary complex with DHFR in the presence of the
corresponding ligand, which further complicated spectra.
These small molecules were not removed during the buffer
exchange with a cutoff filter, indicating that they had interacted
with DHFR. One was determined to be the cofactor
NADPH30 (744 Da), and the other is unknown and has a
mass of 1472 Da. Interestingly, we found that the amino acid
sequence of recombinant human DHFR includes a thrombin
cleavage site (-LVPRGS-) before the his-tag site (Figure S26).
To simplify spectra, the his-tag on the recombinant human
DHFR was enzymatically cleaved with thrombin, and the loss
was efficiently and specifically finished in 5 h, generating dehis-
DHFR (Figure S27). As shown in the top part of Figure 6D,
the peak splitting disappeared, leaving two clear charge peaks
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in the spectrum of free dehis-DHFR. However, the peak
intensity did not double as expected, which could be explained
by a reduction of DHFR ionization sensitivity due to loss of
the his-tag. This issue was more serious for the complex of
dehis-DHFR with methotrexate and aminopterin since the
peak intensity dropped severely or disappeared compared to
the same experiments with DHFR (Figure S25). We speculate
that methotrexate and aminopterin still have good binding with
dehis-DHFR, but structure tightening induced by ligand
binding depressed accessible ionization sites. This is shown
in the bottom panel of Figure 6D, screenings under 10 mM
NH4AC, and 0.1% FA (50/50%) at 400 °C, in which both
dehis-DHFR complexes with methotrexate and aminopterin
showed clear binding as ternary (dehis-DHFR & NADPAH &
ligand) or binary (dehis-DHFR and ligand) complexes. These
findings indicate that the his-tag does not affect ligand binding,
and the presence of FA in OPP solution significantly enhances
ionization, albeit while slightly disrupting binding.
The complexes of dehis-DHFR with ligands were further

screened under the OPP solvent condition 100% H2O
containing 0.1% FA. In Figure 6E, free and unbound dehis-
DHFR showed more intensity for high charges (15+ to 27+).
In contrast, the complexes with methotrexate and aminopterin
produced narrow CSDs centered on charges 9+ to 13+,
indicating their specific interactions with dehis-DHFR. In the
comparison between DHFR and dehis-DHFR binding with
aminopterin (Figure S28), we noticed that the unknown
binder with mass 1472 Da also counteracted unfolding to some
extent (Figure S28 left panels). Further, we found that
methotrexate and aminopterin facilitate the association of
DHFR-NADPH and antagonize the unknown binder with a
mass of 1472 Da. From the assays of dehis-DHFR, it is notable
that 100% NH4Ac buffer is not always the ideal solution to
discover binding partners for a specific protein. Introducing
perturbations, such as FA or MeOH, not only improves mass
spectra quality but also makes the ligand-induced alteration
more pronounced to discern specific ligands.

■ CONCLUSIONS
In summary, prompted by the need to distinguish nonspecific
protein−ligand binding, we propose introducing perturbations
such as organic solvents, chemical denaturants, acids, bases, or
temperature into the study of PMIs by native ESI-MS. We
verified that true PMIs preserve the structure in the presence of
perturbations, manifesting as the delayed occurrence and/or
reduced intensity of higher charge states compared to free
protein or nonspecific complexes. The approach was
implemented with a 3D-printed OPP system coupled with
ESI-MS, and we found that true PMIs and nonspecific binding
have distinctive CSD behavior under conditions changing from
native to non-native allowing us to screen the true PMIs. The
differentiation between true-positive and false-positive ligands
was exemplified with well-studied protein−ligand pairs,
including RNase A, lysozyme, and beta-lactoglobulin and the
corresponding ligands. The approach was further demon-
strated with screening assays against 10 ligands of drug target
proteins, thrombin, and DHFR. Notably, fluvastatin may bind
at the same active site of thrombin as argatroban, and this
finding is supported by the competition experiments and
confirmed by molecular docking results. The gOPP-ESI-MS
approach can be used as a quick second-round assay to exclude
nonspecific binding after conventional native ESI-MS experi-
ments, and we believe that this approach holds the promise of

avoiding false-positive ligands, thus further narrowing the range
of drug candidates for the target proteins. Our gOPP-ESI-MS
approach allows for the optimization of perturbation
conditions in just minutes using micrograms of protein.
Moreover, while a syringe pump and pipet were used for
sample introduction in this work, 3D-printed OPP can be
readily integrated with fully automated sample introduction
devices, such as CTC sample injector and Echo MS,31 to
enable middle- to high-throughput analysis.
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