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Abstract: There is an urgent need for novel therapeutics to combat Plasmodium falciparum,
especially in light of increasing drug resistance. Here, we present a multiplexed native mass
spectrometry (MS) platform capable of simultaneously screening multiple protein targets
against chemically diverse crude extracts with minimal sample preparation. A mixture of
seven malarial proteins was analyzed under optimized native MS conditions, enabling
the detection of specific ligand binding events. Using this platform, lithospermate B from
Salvia miltiorrhiza (Danshen) was identified as a novel ligand for a malarial ubiquitin-
conjugating enzyme with moderate affinity (Kd = 30.5 ± 2.5 µM). This is the first report
linking lithospermate B to a malarial protein target, highlighting the potential of native
MS to uncover new bioactivities of known natural products. This approach significantly
enhances the throughput of protein–ligand screening and offers a powerful tool for early-
stage natural product-based drug discovery.

Keywords: native mass spectrometry; lithospermate B; ubiquitin-conjugating enzyme;
Salvia miltiorrhiza

1. Introduction
Malaria remains one of the most devastating infectious diseases worldwide, with

Plasmodium falciparum being the most lethal malaria parasite [1]. The emergence of drug-
resistant strains has underscored the urgent need for novel therapeutic strategies and the
identification of new drug targets [2]. Natural products have historically been a rich source
of bioactive compounds, and their potential to interact with malarial proteins offers a
promising avenue for drug discovery [3]. However, studying protein–ligand interactions
within complex natural product extracts remains highly challenging due to their chemical
complexity, low yields of active constituents, and the labor-intensive requirement for pre-
purification. These challenges highlight the need for an analytical technique capable of
precisely characterizing protein–ligand interactions with high sensitivity and resolution
without the need for extensive sample preparation.

Native mass spectrometry (native MS) has emerged as a powerful analytical technique
for studying intact protein complexes and their interactions with ligands under near-native
conditions [4]. Compared to conventional methods such as surface plasmon resonance
(SPR) [5], isothermal titration calorimetry (ITC) [6], and thermal shift assays (TSA) [7],
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this native MS-based screening technique offers several distinct advantages. First, it is
label-free, eliminating the need for chemical modifications that may interfere with binding.
Second, it preserves the native conformation of proteins in the gas phase, allowing for the
detection of transient or weak interactions that might be missed using other techniques.
Third, native MS provides immediate mass-based identification of ligands, enabling rapid
identification and downstream structural analysis. Finally, in the context of natural product
research, native MS is uniquely suited to handle chemically complex samples with minimal
sample preparation.

A typical native MS spectrum often displays multiple charge states (z), where fewer
charge states and lower charge states indicate that the protein is in its native state. Native
MS preserves non-covalent interactions, allowing for the direct detection of protein–ligand
complexes [8]. This technique is particularly well-suited for screening natural product
extracts, as it allows for the accurate identification of potential ligands by directly providing
their molecular weight, calculated as [m/z (protein–ligand complex) − m/z (protein)] × z [9].
By maintaining the native state of the protein, native MS provides insights into the sto-
ichiometry, specificity, and stability of protein–ligand interactions, which are critical for
understanding the molecular mechanisms underlying ligand binding [10].

With its high speed, sensitivity, and resolution, native MS has been widely applied
in library screenings to discover ligands binding to proteins [11,12]. Successful applica-
tions include screenings of pure compound libraries [13,14], natural product fragment
libraries [15,16], and natural product fraction mixtures [17]. In this study, we leverage the
high resolution and sensitivity of native MS to investigate a mixture of seven malarial
proteins against natural product extracts. This advancement allows for the simultaneous
identification of potential ligands across multiple protein targets, significantly enhancing
screening efficiency. By analyzing protein–ligand interactions in a multiplexed format, the
platform not only reduces the time and resources required for screening but also provides a
more comprehensive understanding of the binding preferences and specificities of natural
product ligands.

2. Materials and Methods
2.1. General Experimental Procedures

Nuclear magnetic resonance (NMR) spectra were acquired at 25 ◦C using a Bruker
Avance HDX 800 MHz spectrometer equipped with a TCI cryoprobe (Bruker, Billerica, MA,
USA), with chemical shifts referenced to residual DMSO-d6 signals (δH 2.50 and δC 39.5).

Targeted isolation of the natural product was guided by LC-MS analysis, performed
on an Ultimate 3000RS UHPLC system coupled to a Thermo Fisher Scientific MSQ Plus ESI
single quadrupole mass spectrometer.

High-resolution mass spectrometry (HRMS) data for compound characterization were
obtained using a Bruker maXis II ETD ESI-qTOF instrument (Bruker, Billerica, MA, USA).

Extraction steps were conducted using an Edwards Instrument Company Bioline
orbital shaker.

Preparative and semi-preparative HPLC separations were carried out on a Thermo
Ultimate 3000 system equipped with a photodiode array (PDA) detector (Thermo Fisher
Scientific, Waltham, MA, USA).

Analytical HPLC was performed using a Phenomenex C18 Monolithic column (5 µm,
4.6 × 100 mm), while semi-preparative purification employed Thermo Hypersil Gold C18
(5 µm, 10 × 250 mm) and Phenomenex Luna C18 (5 µm, 10 × 250 mm) columns.

Optical rotation measurements were recorded on a JASCO P-1020 polarimeter with a
10 cm cell (JASCO, Tokyo, Japan).
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All solvents used in extraction, chromatography, optical rotation, and mass spectrome-
try were of HPLC grade, and water was purified using a Milli-Q system (Millipore, Rahway,
NJ, USA).

2.2. Malarial Proteins

Seven P. falciparum proteins were expressed in Escherichia coli following previously
described procedures [18,19].

2.3. TCM Materials

Six TCMs, Huangqi (Astragalus mongholicus), Danshen (Salvia miltiorrhiza), Wuweizi
(Schisandra chinensis), Baibu (Stemona tuberosa), Tiandong (Asparagus cochinchinensis), and
Daji (Cirsium japonicum), were purchased from a Chinese medicine clinic in Brisbane,
Australia (Beijing Tong Ren Tang Australia–Brisbane store).

2.4. Extraction of the TCMs

The ground and freeze-dried TCMs (10 g each) were extracted with 95% ethanol
(3 × 300 mL) overnight at room temperature to obtain crude extracts. The resulting crude
extract yields were as follows: 1.45 g (Huangqi), 0.95 g (Danshen), 4.5 g (Wuweizi), 4.22 g
(Baibu), 1.53 g (Tiandong), and 0.98 g (Daji).

2.5. Compound Isolation from Danshen

A total of 0.95 g of crude Danshen extract was fractionated using a Sephadex LH-20
column (column volume: 200 mL). Sixty fractions (Fractions 1–60) were collected by eluting
with 100% methanol, with each fraction containing 10 mL of eluate. Every set of five
consecutive fractions was pooled and analyzed by LC-MS to identify pools containing the
target ligand with a molecular weight of 718 Da. Individual fractions within the identified
pools were subsequently analyzed by LC-MS to validate the presence of the target ligand.
Based on LC-MS and ¹H NMR profiles, fractions containing the target compound were
combined and further purified by HPLC.

2.6. Protein Preparation

For individual protein experiments, each protein was buffer-exchanged into 50 mM
ammonium acetate (pH 7.3) using size exclusion chromatography (Nalgene NAP-5, G25,
GE Healthcare, Waukesha, WI, USA) prior to native MS analysis. The final concentration of
each protein was 10 µM.

For protein mixture experiments, the seven proteins were first mixed and then buffer-
exchanged into ammonium acetate at selected concentrations (10 mM, 50 mM, 100 mM, or
200 mM) prior to native MS analysis. The final concentration of each protein in the mixture
was 5 µM.

Each TCM crude extract was dissolved in methanol at a concentration of 100 mg/mL.
For screening assays, 1 µL of crude extract was incubated with 49 µL of the protein mixture
for 1 h at room temperature, resulting in a final crude extract concentration of 2 mg/mL in
the assay. Samples were then analyzed by native MS under the conditions described below.

2.7. Mass Spectrometry Instrument Control and Acquisition

All native MS experiments were performed on a Bruker SolariX XR 12T Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer (Bruker Daltonics Inc.,
Billerica, MA, USA). The ESI source was operated in direct injection mode using a 500 µL
Hamilton syringe on the built-in syringe pump at a flow rate of 120 µL/h. The capillary
voltage was set to 4000 V, and the end-plate offset voltage was set to −500 V. The dry gas
flow rate was maintained at 4 L/min, and the dry gas temperature was 200 ◦C.
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The source optics voltages were set as follows: capillary exit, 200 V; deflector plate,
220 V; funnel 1, 150 V; and skimmer 1, 30 V. Mass spectra were acquired in positive
ion mode using profile acquisition across an m/z range of 50–6000. Each spectrum was
generated by summing 16 transients (scans), with each transient composed of 1 million
data points. All pulse sequence control and data acquisition were managed using Solarix
control software (DataAnalysis Version 5.2) running under a Windows operating system.

2.8. Lithospermate B

Yellow powder, [α]25
D +28 (c 0.4, MeOH); 1H NMR (800 MHz, DMSO-d6) δH 7.43

(1H, d, J = 15.8 Hz, H-25), 7.22 (1H, d, J = 8.5 Hz, H-5), 6.82 (1H, d, J = 8.5 Hz, H-6), 6.74
(1H, d, J = 2.0 Hz, H-32), 6.73 (1H, d, J = 8.0 Hz, H-11), 6.70 (1H, d, J = 2.0 Hz, H-14),
6.56 (1H, d, J = 2.0 Hz, H-20), 6.55 (1H, dd, J = 8.5, 2.0 Hz, H-10), 6.54 (1H, d, J = 8.0 Hz,
H-23), 6.49 (1H, dd, J = 8.0, 2.0 Hz, H-24), 6.29 (1H, dd, J = 8.0, 2.0 Hz, H-36), 6.25 (1H,
d, J = 15.8 Hz, H-26), 6.60 (1H, d, J = 8.0 Hz, H-35), 5.65 (1H, d, J = 4.5 Hz, H-1), 5.00 (1H,
dd, J = 9.4, 3.8 Hz, H-16), 4.97 (1H, dd, J = 8.8, 4.1 Hz, H-28), 4.35 (1H, d, J = 4.5 Hz, H-2),
2.95 (1H, m, H-18a), 2.95 (1H, m, H-30a), 2.87 (1H, dd, J = 14.4, 8.8 Hz, H-30b), 2.77 (1H,
dd, J = 14.4, 9.4 Hz, H-18b); 13C NMR data (200 MHz, DMSO-d6) δC 171.5 (C, C-29), 170.8
(C, C-17), 170.4 (C, C-15), 165.9 (C, C-27), 147.3 (C, C-8), 145.7 (C, C-12), 145.5 (C, C-13),
145.1 (C, C-33), 145.0 (C, C-34), 144.0 (C, C-22), 143.9 (C, C-7), 143.9 (C, C-21), 141.6 (CH,
C-25), 131.4 (C, C-9), 128.1 (C, C-31), 127.8 (C, C-19), 125.0 (C, C-3), 122.8 (C, C-4), 121.2 (CH,
C-5), 119.9 (C, C-36). 119.9 (CH, C-24), 117.3 (CH, C-6), 117.0 (CH, C-10), 116.9 (CH, C-32),
116.5 (CH, C-20), 116.0 (CH, C-26), 115.6 (CH, C-23), 115.6 (CH, C-11), 115.4 (CH, C-35),
112.6 (CH, C-14), 86.1 (CH, C-1), 75.0 (CH, C-16), 74.2 (CH, C-28), 55.6 (CH, C-2), 36.5 (CH2,
C-30), 36.3 (CH2, C-18), HRMS m/z 717.1463 [M − H]−, calcd. for C36H29O16

−, 717.1461.

2.9. Kd Determination

Lithospermate B solutions were prepared in DMSO through serial dilutions to achieve
the following concentrations: 0.1, 0.3, 1, 3, 10, 30, 100, 200, and 300 µM. For each concen-
tration, 1 µL was added to individual wells of a V-bottom microtiter plate (BioCentrix,
Carlsbad, CA, USA). DMSO was removed from each well using a freeze dryer (Christ,
Osterode am Harz, Germany), followed by the addition of 1 µL of methanol.

The ubiquitin-conjugating enzyme was buffer-exchanged into 50 mM ammonium
acetate (pH 7.3) using a Nalgene NAP-5 size exclusion column prior to native MS analysis.
Subsequently, 49 µL of protein solution was added to each well containing lithospermate
B. Samples were incubated for 60 min at room temperature, and then directly infused
into the mass spectrometer using electrospray ionization (ESI). All experiments were
performed in triplicate.

The relative abundances of the protein–ligand complex compared to the total protein
in the mass spectra were used to determine the equilibrium binding. The dissociation
constant (Kd) was calculated using the following equations:

∑ I(P − L)n+/n

∑ I(P)n+/n + ∑ I(P − L)n+/n
=

[P − L]
[P]t

(1)

∑ I(P − L)n+/n

∑ I(P)n+/n + ∑ I(P − L)n+/n
=

[P]t + [L]t + Kd −
√
([P] t + [L]t + Kd)2 − 4[P]t[L]t

2[P]t
(2)

where [P − L]n+ is the intensity of the protein−ligand complex at charge state n, and
[P]n+ is the intensity of the apo-protein at charge state n. Summation was performed
across all observed charge states [20]. A binding curve was generated by plotting the
ligand concentration against the percentage of ligand-bound protein, and the Kd was
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determined by fitting the data using non-linear regression in GraphPad Prism 10.2.0,
according to the equation:

Y = Bmax × X/(Kd + X) (3)

3. Results
3.1. Malarial Proteins

In this study, we selected seven malarial proteins as targets for ligand discovery using
native mass spectrometry (MS). These proteins were chosen based on their essential roles in
the Plasmodium life cycle and their potential as drug targets. The selected proteins include
adenosine deaminase (ADA, PVX_111245), dUTPase (PF3D7_1127100), eukaryotic transla-
tion initiation factor 5A (eIF5A, PF3D7_1204300), tryptophan tRNA ligase (PF3D7_1336900),
ubiquitin carboxyl-terminal hydrolase (PF3D7_1460400), ubiquitin conjugating enzyme
(PF3D7_1203900), and HU homolog (PF3D7_0904700).

Adenosine deaminase (ADA) plays a key role in purine metabolism, a pathway
essential for parasite survival, as Plasmodium species lack the ability to synthesize purines
de novo and must rely on purine salvage [21]. Inhibitors of ADA have demonstrated
antimalarial potential, highlighting this enzyme as a promising target for antimalarial
drug discovery [22]. Protein dUTPase is essential in both eukaryotes and prokaryotes,
playing a critical role in nucleotide metabolism by preventing the misincorporation of
uracil into DNA, an essential process for parasite replication [23]. The Pf dUTPase shares
relatively low sequence identity (28.4%) with its human ortholog, making it an attractive
target for selective drug development [24]. Several inhibitors of Pf dUTPase have been
reported to exhibit antimalarial activity, further supporting its potential as a therapeutic
target [25]. Protein eIF5A is conserved across all three kingdoms and is involved in post-
translational protein modification through the formation of hypusine, a unique amino
acid critical for its function [26]. Although the exact mechanism of eIF5A activity is not
fully understood, it has been shown to be essential for cell proliferation and apoptosis,
highlighting its potential as a drug target [27]. Tryptophan tRNA ligase is a member of the
minoacyl-tRNA synthetases (aaRSs), which have been proven as potent antimalarial drug
targets owing to their pivotal role in protein synthesis [28]. The inhibition of this protein
results in the decimation of protein synthesis and subsequent cell death [29]. Ubiquitin
carboxyl-terminal hydrolase and ubiquitin-conjugating enzyme are key players in the
parasite’s ubiquitin-proteasome system, which is vital for protein degradation and parasite
development [30]. Small molecular inhibitors of the UPS system in malaria demonstrated
their high efficacy against asexual P. falciparum blood stages [31,32]. HU homolog is a
DNA-binding protein implicated in nucleoid organization, potentially influencing gene
expression and replication in Plasmodium [33].

These targets were selected not only for their biological significance but also for their
diverse biochemical properties, making them ideal candidates for a broad-spectrum ligand
screening approach.

3.2. Native Mass Spectrometry Platform

Native MS has been widely applied to study protein–ligand interactions in various
contexts, with most applications focusing on individual proteins tested against ligands
of varying complexity. By integrating a fast size exclusion chromatography step, native
MS has been adapted to rapidly identify ligands from complex natural product extracts
that bind to a single protein [34]. Its high sensitivity enables the detection of weak-binding
ligands even at low concentrations within complex mixtures, while its high resolution
allows for effective differentiation between ligands with closely related masses.
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Building on a previous study in which a mixture of five proteins ranging from
12 to 42 kDa was successfully analyzed simultaneously for ligand binding under vari-
ous instrument conditions [35], this work seeks to extend the native MS screening platform
to accommodate a larger set of proteins for simultaneous screening.

The selected seven malarial proteins were individually analyzed by native MS to
assess their ionization and native-state conformations (Figure 1). At a concentration
of 10 µM, each protein exhibited characteristic native MS spectra, displaying narrow
charge state distributions, consistent with folded conformations in the gas phase. Specif-
ically, ADA showed a dominant charge state of 12+ (m/z 3569), with minor species at
13+ (m/z 3295) and 11+ (m/z 3894), corresponding to a calculated molecular weight (MW)
of 42,824 Da. Protein dUTPase exhibited a major 8+ charge state (m/z 2543), along with
7+ (m/z 2906) and 9+ (m/z 2268), yielding a MW of 20,334 Da. The eIF5A showed a primary
8+ charge state (m/z 2317), with additional peaks at 7+ (m/z 2647) and 9+ (m/z 2059), corre-
sponding to a MW of 18,524 Da. Tryptophan tRNA ligase presented a dominant 14+ charge
state (m/z 3641), along with 15+ (m/z 3398) and 13+ (m/z 3921), giving a MW of 50,960 Da.
Ubiquitin carboxyl-terminal hydrolase showed a major 10+ charge state (m/z 2780), with
11+ (m/z 2527) and 9+ (m/z 3089), corresponding to a MW of 27,792 Da. The HU homolog dis-
played a dominant 12+ charge state (m/z 2901), along with 13+ (m/z 2678) and 11+ (m/z 3170),
corresponding to a MW of 34,803 Da. Lastly, the ubiquitin-conjugating enzyme showed a
major 9+ charge state (m/z 1953), consistent with a calculated MW of 17,570 Da.
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The m/z values of all seven proteins ranged from 1900 to 3900, with the closest signals
observed for ADA and tryptophan tRNA ligase at m/z 3575 and 3641, respectively. This
narrow m/z distribution suggests that these proteins can be analyzed simultaneously in
a mixed-protein native MS experiment without significant spectral overlap. To evaluate
this, the seven proteins were combined and subjected to native MS analysis. The previous
study has shown that protein signal intensities in mixed samples can be strongly influenced
by both the concentration and pH of the ammonium acetate buffer, as well as by MS
instrument parameters [35]. Based on these findings, and to maintain a physiologically
relevant pH around 7.3, we focused on optimizing buffer concentration while keeping the
pH constant. A total of four ammonium acetate concentrations, 10 mM, 50 mM, 100 mM,
and 200 mM, were evaluated for their effect on the spectral quality of the protein mixture.

Across the four tested buffer concentrations, signal intensities for the seven malarial
proteins demonstrated notable variation, reflecting both buffer-dependent and protein-
specific differences in ionization efficiency (Figure 2). The protein dUTPase exhibited its
strongest signal at 10 mM, with intensities sharply decreasing at 50 mM and further at
100 mM, suggesting a preference for lower ionic strength. The HU homolog showed a
similar trend of gradual signal reduction with increasing buffer concentration, indicating
sensitivity to higher ionic strength. In contrast, the ubiquitin-conjugating enzyme main-
tained consistently high intensities across all four concentrations, with a slight increase
at 50 mM buffer, indicating robustness to buffer conditions. Notably, both eIF5A and
ubiquitin carboxyl-terminal hydrolase showed a clear preference for 50 mM buffer, with
their signal intensities dramatically decreasing under the other three tested conditions.
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Figure 2. Native MS protein signal intensities of the protein mixture (each protein at 5 µM) under
different ammonium acetate concentrations. Measurements were performed in triplicate.

Interestingly, despite a general decrease in total signal intensity for most proteins at
200 mM buffer, ADA exhibited its highest signal under this condition, suggesting that
high ionic strength may enhance ionization efficiency for certain proteins. However, this
came at the cost of reduced visibility for others, such as eIF5A and ubiquitin carboxyl-
terminal hydrolase. Taken together, while individual proteins responded differently to
buffer concentration, 50 mM ammonium acetate emerged as the most balanced condition,
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supporting strong and consistent detection across the full protein mixture. This concen-
tration was therefore selected for simultaneous native MS analysis of the seven malarial
proteins (Figure 3A).
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3.3. Native MS Screening

To evaluate the applicability of the screening strategy, six ethanolic extracts derived
from traditional Chinese medicines (TCMs) were tested against the seven-protein mix-
ture. The selected TCMs, Astragalus mongholicus (Huangqi), Salvia miltiorrhiza (Danshen),
Schisandra chinensis (Wuweizi), Stemona tuberosa (Baibu), Asparagus cochinchinensis (Tiandong),
and Cirsium japonicum (Daji), were chosen for their reported richness in diverse secondary
metabolites and their various biological activities and potential in antimalarial applications.

Native MS experiments were conducted using the seven-protein mixture (each at
5 µM), incubated individually with each TCM extract (1 mg/mL). Although a general
reduction in signal intensity was observed upon addition of the crude extracts compared
to the protein-only control, distinct signals corresponding to all seven proteins remained
detectable. Among them, the two largest proteins, ADA and tryptophan tRNA ligase,
exhibited the most pronounced signal suppression (Figure 3B).

Notably, an additional peak at m/z 2033.11492 was observed in the Danshen-treated
sample. Its isotope distribution indicated a 9+ charge state. Given that the only protein
in the mixture with a lower m/z than this peak was the ubiquitin-conjugating enzyme
(m/z 1953.43017, 9+), the new signal likely corresponds to a ligand bound to this protein.



Chemosensors 2025, 13, 166 9 of 13

This interaction was subsequently confirmed in a separate validation experiment using
the ubiquitin-conjugating enzyme incubated with the Danshen extract, where the same
protein–ligand complex was observed (Figure 3C). The estimated mass of the ligand was
calculated as (2033.11487 − 1953.43007) × 9 = 717.2 Da.

3.4. Ligand Purification, Identification, and Evaluation

Guided by the calculated molecular weight of the ligand, the compound was rapidly
isolated using chromatographic techniques. Comparison of the nuclear magnetic resonance
(NMR) (Figures S1–S5, Table S1), high-resolution MS (Figure S6), and optical rotation
data with reported values [36,37] confirmed the structure of the isolated compound as
lithospermate B (Figure 4A), a known polyphenolic compound previously reported from
Salvia miltiorrhiza (Danshen) [38]. This compound is characterized by a caffeic acid tetramer
structure with multiple carboxylic acid and hydroxyl groups, contributing to its high
polarity and strong metal-chelating and antioxidant properties [39]. It has been extensively
studied for its cardiovascular and anti-inflammatory effects [40], and its identification here
highlights its previously unreported potential interaction with the ubiquitin-conjugating
enzyme in a malarial context.
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Figure 4. (A). Chemical structure of lithospermate B. (B) Overlay of the 9 mass spectra of the
ubiquitin-conjugating enzyme at a concentration of 5 µM mixed with increasing concentrations
of pure lithospermate B (0.1−300 µM). (C) Plot of [P-L]/[P] + [P-L] versus ligand concentrations
for the titration of ubiquitin-conjugating enzyme with lithospermate B. The Kd was calculated as
30.55 ± 2.48 µM. The experiment was performed in triplicate.

A titration experiment was performed to evaluate the binding affinity between lithos-
permate B and the ubiquitin-conjugating enzyme. The protein concentration was held
constant at 10 µM, while the concentration of lithospermate B was gradually increased
from 0.1 µM to 300 µM until saturation of protein binding was observed. The ratio of
the intensity of the protein–ligand complex peak to the total intensity (sum of the free
protein peak and the protein–ligand complex peak) was plotted against the concentration
of lithospermate B (Figure 4B). Using these data and Equations (1) and (2), the binding
affinity Kd, defined as the ligand concentration corresponding to 50% protein binding, was
determined to be 30.5 ± 2.48 µM for lithospermate B binding to the ubiquitin-conjugating
enzyme (Figure 4C).
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4. Discussion
Infectious diseases such as malaria continue to pose a serious global health challenge,

with the rapid emergence of drug-resistant strains demanding the development of innova-
tive therapeutic strategies. Native MS has already established itself as a powerful, label-free
technique capable of preserving non-covalent interactions and providing direct mass read-
outs for protein–ligand complexes. However, its application has typically been confined
to one protein target at a time. In this study, we report an advancement of native MS as a
screening platform capable of simultaneously analyzing protein–ligand interactions across
multiple protein targets in a single experiment.

The platform represents a notable step forward by demonstrating the feasibility of ana-
lyzing protein–ligand interactions in a seven-protein multiplexed format. This was achieved
by the careful optimization of the buffer conditions (e.g., 50 mM ammonium acetate at
pH 7.3), allowing consistent detection of all proteins in the mixture while maintaining
sensitivity to ligand binding. While spectral overlap is a potential concern in multi-protein
analysis, our results show that proteins with non-overlapping m/z distributions can be
effectively distinguished, even in the presence of complex ligand mixtures.

The utility of this platform was validated using crude extracts from TCMs. Despite
general signal suppression due to extract complexity, clear protein–ligand binding events
remained detectable. Notably, a ligand lithospermate B with a molecular weight of 718 Da
was identified from Salvia miltiorrhiza (Danshen) as specifically binding to the ubiquitin-
conjugating enzyme and confirmed to bind with moderate affinity (Kd = 30.5 ± 2.5 µM)
using a titration-based native MS binding assay.

Although no previous studies have reported natural products binding to malarial
ubiquitin-conjugating enzymes, several natural products have been identified to inter-
act with E2 enzymes in other organisms [41]. For example, leucettamol A inhibited
the Ubc13–Uev1A interaction with an IC50 of 106 µM [42], while its fully hydrogenated
derivative showed improved potency with an IC50 of 8 µM [43]. Moreover, manados-
terols A and B exhibited even stronger inhibition with IC50 values of 0.09 and 0.13 µM,
respectively [44]. Variabine B also inhibited Ubc13–Uev1A interaction with IC50 values
between 16 and 20 µM [45]. Compared to these values, the Kd of lithospermate B binding
to the malarial ubiquitin-conjugating enzyme (30.5 ± 2.5 µM) falls within the moderate
affinity range, suggesting that lithospermate B represents a promising starting point for
further optimization.

Looking forward, further developments could include the expansion of the protein
panel beyond seven targets, the integration with automated sample handling, and the use
of ion mobility MS for improved resolution of overlapping species. From a drug discovery
perspective, this platform may be particularly impactful for natural product-based screen-
ing, phenotypic deconvolution, and target identification, where speed, sensitivity, and the
ability to work with complex mixtures are crucial.

In conclusion, the multiplexed native MS screening platform described here to si-
multaneously screen multiple targets expands the throughput and information content of
early-stage drug discovery. By enabling simultaneous detection of protein–ligand interac-
tions across multiple targets with minimal sample preparation, it represents a powerful
addition to the drug discovery toolbox, with broad applications in both infectious disease
research and beyond.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/chemosensors13050166/s1, Figure S1. 1H NMR spectrum (800 MHz) of
lithospermate B measured in DMSO-d6. Figure S2. 13C NMR spectrum (200 MHz) of lithospermate
B measured in DMSO-d6. Figure S3. COSY spectrum of lithospermate B measured in DMSO-d6.

https://www.mdpi.com/article/10.3390/chemosensors13050166/s1
https://www.mdpi.com/article/10.3390/chemosensors13050166/s1
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Figure S4. HSQC spectrum of lithospermate B measured in DMSO-d6. Figure S5. HMBC spectrum
of lithospermate B measured in DMSO-d6. Figure S6. HRMS spectrum of lithospermate B. Table S1.
NMR data comparison for lithospermate B. Reference [37] is cited in the Supplementary Materials.
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