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ABSTRACT

Aminoacyl-tRNA synthetases are attractive targets
for the development of antibacterial, antifungal, an-
tiparasitic agents and for the treatment of other hu-
man diseases. Lysyl-tRNA synthetase (LysRS) from
this family has been validated as a promising target
for the development of antimalarial drugs. Here, we
developed a high-throughput compatible assay and
screened 1215 bioactive compounds to identify Plas-
modium falciparum cytoplasmic LysRS (PfLysRS) in-
hibitor. ASP3026, an anaplastic lymphoma kinase in-
hibitor that was used in clinical trials for the treatment
of B-cell lymphoma and solid tumors, was identified
as a novel PfLysRS inhibitor. ASP3026 suppresses
the enzymatic activity of PLysRS at nanomolar po-
tency, which is >380-fold more effective than inhibi-
tion of the human counterpart. In addition, the com-
pound suppressed blood-stage P. falciparum growth.
To understand the molecular mechanism of inhi-
bition by ASP3026, we further solved the cocrys-
tal structure of PALysRS-ASP3026 at a resolution of
2.49 A, providing clues for further optimization of
the compound. Finally, primary structure-activity re-
lationship analyses indicated that the inhibition of
PfLysRS by ASP3026 is highly structure specific.
This work not only provides a new chemical scaf-
fold with good druggability for antimalarial develop-
ment but also highlights the potential for repurpos-

ing kinase-inhibiting drugs to tRNA synthetase in-
hibitors to treat human diseases.

INTRODUCTION

Malaria is a parasitic infection caused by single-celled par-
asites of the genus Plasmodium, including P. falciparum, P.
knowlesi, P. vivax, P. malariae and P. ovale. Among them, P.

falciparum is the most prevalent malaria parasite in Africa,

accounting for 99.7% of estimated malaria cases in 2018
(1). Significant progress has been made in the last decade
in reducing malaria incidence and mortality globally (2).
However, half of the world’s population still lives at risk
from this disease. Approximately 3.1 billion people live in
malaria-endemic areas (tropical and subtropical). In 2018,
an estimated 228 million cases of malaria occurred world-
wide, killing ~405 000 people, mostly children (1). Impor-
tantly, drug-resistant P. falciparum and P. vivax parasites
have evolved in the Greater Mekong Subregion, the island
of Papua and South America, respectively (3). The growing
resistance to artemisinin-based combination therapies, the
first-line treatment of P. falciparum, threatens the sustain-
ability of recent gains in malaria control and the long-term
prospects for eliminating malaria. Drugs with new chemical
scaffolds are of high priority for the development of anti-
malarials.

Aminoacyl-tRNA synthetases (aaRSs) are essential en-
zymes for all cellular life, playing a central role in the trans-
lation of the genetic code (4,5). These enzymes catalyze the
transfer of amino acids to their cognate tRNAs as building
blocks for protein/peptide biosynthesis. AaRSs are proven
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to be attractive targets for developing antibacterial, anti-
fungal, antiparasitic agents and for treating other human
diseases (6-11). P. falciparum has 37 aaRS genes, which en-
codes 36 aaRS enzymes (12). Of the 36 aaRSs, 16 are exclu-
sively present in cytoplasm, 15 are exclusive to apicoplast,
and four are shared by cytoplasm and apicoplast (13). These
enzymes are all indispensable for parasite growth and sur-
vival.

In fact, there has been a long history of fighting malaria
by inhibiting the activity of aaRSs. The herb Dichroa
febrifuga was used to treat malaria more frequently in tra-
ditional Chinese medicine than the Artemisia annua, the ex-
tract of which contains artemisinin (14). The active ingre-
dient of D. febrifuga is febrifugine, which has antimalar-
ial activity (15) and is a specific proly-tRNA synthetase
(ProRS) inhibitor (16). In addition, the threonyl-tRNA syn-
thetase (ThrRS) inhibitor borrelidin was also reported to
have potent antimalarial activity (17,18). Borrelidin sup-
presses drug-sensitive FCR3 strain and drug resistant K1
strain of P. falciparum (17), and protects mice from lethal
malaria infection (19). These examples demonstrate that
aaRS inhibitors exhibit great potential to be developed as
antimalarial drugs.

It was recently discovered that a potent lysyl-tRNA
synthetase (LysRS) inhibitor cladosporin is active against
blood- and liver-stage P. falciparum (20). This chemical
shows high species specificity against P. falciparum cyto-
plasmic LysRS (PfLysRS) with a 1000-fold lower ICsy com-
pared to other eukaryotic LysRSs including human LysRS
(20), and inhibits PfLysRS with an ICsy of approximately
4 nM (21). This species specificity is not only related to
the active site binding residues, but is also connected to the
backbone plasticity of the PfLysRS (22,23). These impor-
tant findings provide very strong validations of LysRS as a
drug target for malaria. However, the poor oral bioavailabil-
ity and high metabolic instability prevent cladosporin from
becoming an antimalarial drug. Analogs and more ATP-
competitive inhibitors of PfLysRS are being actively devel-
oped (21,24-26). In particular, new chemical scaffolds with
good druggability are of great value.

Here, we developed a high-throughput compatible as-
say and screened 1215 bioactive compounds to identify
PfLysRS inhibitors. Surprisingly, ASP3026, which was used
in clinical trials for the treatment of B-cell lymphoma and
solid tumors, was discovered to be a potent PfLysRS in-
hibitor. The safety, pharmacokinetic profile, and antitumor
activity of ASP3026 have been previously assessed through
an open-label, multicenter, first-in-human phase I study
(27). ASP3026 exhibits very good oral absorption and ideal
metabolic stability. It is well tolerated and has therapeutic
activity in patients with crizotinib-resistant ALK-positive
advanced tumors (27). It is also reported to be a novel in-
hibitor of erythrocyte cell membrane scrambling following
energy depletion and oxidative stress (28). In this study, we
show that ASP3026 suppresses the enzymatic activity of
PfLysRS at nanomolar concentrations. It inhibits blood-
stage P. falciparum 3D7 growth with an ICsy of 5.61 4+ 0.26
wM. We further reveal the molecular mechanism for the
inhibition of PfLysRS by ASP3026 by solving the cocrys-
tal structure of PfLysRS-ASP3026 at a resolution of 2.49
A. In addition, primary structure-activity relationship anal-
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yses show that the inhibition of PfLysRS by ASP3026 is
highly structure specific. Together, we report here the dis-
covery of a new aaRS inhibitor, which provides a promising
chemical scaffold for antimalarial development and high-
lights the potential of repurposing kinase-inhibiting drugs
as aaRS inhibitors to treat human diseases.

MATERIALS AND METHODS
Protein expression

PfLysRS (77-583) wabs constructed in the vector pET20b
with a C-terminal 6x His tag. The protein was expressed
in BL21 (DE3) strain with 0.2 mM isopropyl-beta-D-
thiogalactopyranoside (IPTG) for 20 h at 16°C. The cell pel-
let (from 4 to 8 1) was lysed in the wash buffer containing 500
mM NaCl, 20 mM Tris-HCl pH 8.0, and 15 mM imidazole.
Then, the supernatant of the lysate was loaded onto a Ni-
HiTrap column and washed with wash buffer. The protein
was eluted with the elution buffer containing 500 mM NacCl,
20 mM Tris—HCI pH 8.0, and 250 mM imidazole. Then the
protein was concentrated and further purified by gel filtra-
tion, using a Superdex 200 Increase size exclusion column
(GE Healthcare) with running buffer containing 20 mM
HEPES pH 7.5, and 150 mM NaCl (Supplementary Fig-
ure S1). The peak fractions were then concentrated for ther-
mal shift assays, surface plasmon resonance assays, ATP
hydrolysis assays or crystallization experiments. HsLysRS
(70-581) was constructed in the vector pET20b with a C-
terminal 6 x His tag, and purified similarly. The protein con-
centrations used in all the experiments were determined by
the Bradford method (29).

Thermal shift assay

For compound screening, PfLysRS protein was prepared
at 1 wM concentration in a buffer containing 20 mM Tris—
HCl pH 8.0,200 mM NacCl, 100 wM L-lysine, 100 .M AMP
and 1 x SYPRO Orange dye (Sigma). Aliquots (99 wl) of the
mixture were added into each well of a 96-well PCR plate.
Then 1 pl of compounds (10 mM stock) or DMSO con-
trol were added to the PCR plate. After complete mixing,
the final solutions were heated from 25 to 70°C at a rate of
0.015°C/s, and the fluorescence signals were monitored by
QuantStudio 3 (Applied Biosystems by Thermo Fisher Sci-
entific).

To validate the primary hits, PfLysRS protein was pre-
pared at 10 wM concentration in a buffer containing 20
mM Tris—-HCI pH 8.0, 200 mM NacCl, 500 M L-lysine, and
200 M compound. Aliquots (18 wl) were added to a 96-
well PCR plate and incubated at ambient temperature for
10 min. SYPRO Orange dye (Sigma) was diluted in the as-
say buffer containing 20 mM Tris—HCI pH 8.0 and 200 mM
NaCl to a 40x concentration, and 2 wl of the 40x dye so-
lution was added to the PCR plate to bring the final assay
volume to 20 pl. After complete mixing, the final solutions
were heated from 25 to 90°C at a rate of 0.015°C/s, and fluo-
rescence signals were monitored by QuantStudio 3 (Applied
Biosystems by Thermo Fisher Scientific).

The dissociation constants (Kp) between PfLysRS and
inhibitors can be estimated from the increase in the pro-
tein’s mid-melting temperature (7},) induced by inhibitors
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through a previously established method (22,30). Briefly,
a nonlinear least squares fitting algorithm was used to
fit the fluorescence curve using the following expres-

ES _ yf—yu
sion: y (T) = yu+ 1+exp{—AHu/R[+ — 7= ]+ACpu/R[In( )+ 2 —1]}°

where y(7) is the fluorescence unfolding data; R is the
gas constant; and the five parameters, Ty,, AHu, ACpu,
yf, and yu, are obtained from curve fitting. AHu is the
protein unfolding enthalpy. ACpu is the heat capacity
change for protein unfolding. yf and yu are the pretransi-
tional and posttransitional fluorescence intensity levels, re-
spectively. Then, the dissociation constant at Tm (Kp™)
is calculated using the following expression: Kp™ =

[L]Tm 1
exp{—AHUT/R[;L — L]+ ACpu™/R]In(1)+ 01} where [L}mm is the

free ligand concentration at Tm, which can be estimated by
[Lltotar- TO is the midpoint for the protein unfolding tran-
sition in the absence of ligand. AHu™ is the enthalpy of
protein unfolding in the absence of ligand. ACpu™ is the
heat capacity change for protein unfolding in the absence
of ligand. Finally the Kp at 25°C/298 K can be estimated

by the expression: Kp = WRT[%%H’ where 62 760

(J-mol~') is an estimation of the ligand binding enthalpy
(30).

ATP hydrolysis assay

ATP hydrolysis activity of LysRS was assayed using the
Malachite Green Phosphate assay system (Sigma-Aldrich
catalog no. MAK307) in a BIOFIL 96-well tissue culture
plate. The assay was performed in an 80-pl volume con-
taining 100 nM PfLysRS or 500 nM HsLysRS in 40 mM
HEPES pH 7.5, 1 mM DTT, 8 mM MgCl,, 500 pM L-
lysine, 100 wM ATP, and indicated concentrations of the
inhibitor. Assay without the inhibitor was used as a nega-
tive control (NC), and assay without L-lysine was used as a
positive control (PC). The reagent mixture was vortexed at
1000 rpm for one min, followed by an incubation at 30°C
for 6 h. The enzymatic activity was terminated by the ad-
dition of 20 wl of Working Reagent from the kit according
to the manufacturer’s instructions. Then, the mixture was
vortexed at 1000 rpm for one min and left at room tempera-
ture for 30 min. The absorbance (OD 612 nm) was measured
on the Magellan plate reader (Tecan). The % inhibition was
calculated by (NC-absorbance) x 100/(NC-PC). Because
pyrophosphate could increase the absorbance by itself (Sup-
plementary Figure S2A), no pyrophosphatase was used in
the assay systems. Withdrawal of L-lysine or replacement of
L-lysine by noncognate amino acids, such as L-asparagine
and L-cysteine, failed to increase the absorbance confirming
that the increase in absorbance was tightly related to the L-
lysine activation activity of LysRS (Supplementary Figure
S2B).

Surface plasmon resonance (SPR) assay

PfLysRS was chemically immobilized on a Biacore CM5
sensorchip (immobilization level ~10691 resonance unit,
RU) at pH 5.5 according to the immobilization kit (GE
Healthcare). PfLysRS (33 nM) was captured for 90 s at
a flow of 30 wl-min~'. Affinity between PfLysRS and

ASP3026 was measured by SPR on a Biacore T200 (GE
Healthcare) at 25°C with a running buffer (0.02 M phos-
phate buffer pH 7.4, 2.7 mM KCI, 0.137 M NaCl, | mM
L-lysine, and 0.05% Surfactant P20). ASP3026 dilutions
were made to yield (dissolved in running buffer) at con-
centrations of 1000, 500, 250, 125 and 62.5 nM (associa-
tion time: 90 s, dissociation time: 120 s, flow: 30 wl-min~!).
To study the ATP competitive nature of ASP3026, 1 mM
ATP or 4 uM cladosporin analog 3-(cyclohexylmethyl)-6,8-
dihydroxy-1H-isochromen-1-one was included in the run-
ning buffer. Kinetic evaluation of the interaction between
LysRS and ASP3026 was performed by global fitting of the
data to a 1:1 interaction model using Biacore Evaluation
Software 3.1 (GE Healthcare).

Mammalian protein translation assay

The effects of compounds on the mammalian protein trans-
lation system were assayed in a rabbit reticulocyte lysate ac-
cording to the manufacturer’s instructions (Promega) with
the exceptions that no extra amino acid mix was added and
0.005 mg-ml~! of firefly luciferase mRNA was used in the
assays.

In vitro Plasmodium growth assay

Parasites were cultured in human O+ erythrocytes accord-
ing to standard procedures. To prepare the >80% ring
stage parasites, asynchronous cultures of parasites were pre-
treated with 5% sorbitol, and P. falciparum strain 3D7 at
the mid-ring stage (6-10 h post-invasion) was used to test
antimalarial effects in 96-well plates. Parasites were incu-
bated in a 96-well plate with compound containing 1% par-
asitemia and 2% hematocrit for a total volume of 200 pl.
The compounds were diluted from the maximum concen-
tration of 10 wM with a 2-fold gradient dilution for total
11 points. A relevant DMSO concentration was used as a
negative control (NC), and cultured erythrocytes without
Plasmodium served as a positive control (PC). The para-
sites were allowed to grow for 72 h at 37°C with 5% CO,,
5% Oy, and 90% N,. After 72 h, 100 wl of lysis buffer (0.12
mg-ml~! Saponin, 0.12% Triton X-100, 30 mM Tris-HCI
pH 8.0, and 7.5 mM EDTA) with 5x SYBR Green I (In-
vitrogen; supplied in 10 000x concentration) was added to
each well of the plate. The plates were then incubated for 2
h in the dark prior to reading the fluorescence signal at 485
nm excitation and 535 nm emission. The % inhibition was
calculated by (NC-fluorescence) x 100/(NC-PC). To eval-
uate the effects of compound on the morphology of par-
asites, ring stage parasites was treated with compound at
a final concentration of 25 uM containing 1% parasitemia
and 2% hematocrit for a total volume of 10 ml, and DMSO
was used as control. Giemsa stain blood smears were made
at 0, 24, 48 and 72 h after treatment. Parasites morphology
was observed using a microscope.

Protein crystallization

All crystallizations were performed using the sitting drop
method. PfLysRS protein (30 mg-ml~!) was premixed with
1 mM of ASP3026 and 1 mM of L-lysine at 4°C and was



Table 1. Data collection and refinement statistics

PfLysRS-ASP3026

PDB code 7BTS
Data collection
Space group P2;2;2
Cell dimensions
a, b, c(A) 97.75, 166.40, 70.92
B,y () 90.00, 90.00, 90.00
Resolution (A) 50.00-2.49 (2.58-2.49)
Rgym 0r Rierge (0) 8.9 (68.4)
I/a(I) 12.7 (2.7)
Completeness (%0) 99.9 (100.0)
Redundancy 7.3(7.5)
Refinement
Resolution (A) 50.00-2.49 (2.58-2.49)
Total reflections 41114
Ryork/ Riree (V0) 21.4/24.0
No. atoms
Protein 7652
Ligand 102
Solvent 133
B-factors
Protein 68.25
Ligand 64.04
Solvent 57.26
R.m.s. deviations
Bond length (A) 0.005
Bond angle (°) 1.070
Ramachandran plot
Most favored (%) 96.85
Additional allowed (%) 3.15

Statistics for the highest-resolution shell are shown in parentheses.

crystallized by mixing 0.4 pl of protein solution with 0.4 pl
of precipitant solution, containing 0.1 M MES pH 6.0, and
15% PEG4000. After incubation at 18°C for 3—7 days, crys-
tals were flash-frozen in liquid nitrogen for data collection
with the cryo-solution containing 0.08 MES pH 6.0, 12%
PEG4000, 20% glycerol and 1 mM ASP3026.

Structure determination

The PfLysRS-ASP3026 complex crystal diffraction
datasets were obtained from beamline 17Ul at Shanghai
Synchrotron Radiation Facility (SSRF) (31). All datasets
were processed with Xia2 (32). The structures were solved
by molecular replacement using the PfLysRS structure
(PDB code: 4YCYV) with the program Molrep (33). Iterative
model building and refinement were performed using
Coot and Phenix (34,35). Data collection and refinement
statistics are given in Table 1.

RESULTS

High-throughput compatible thermal shift assay for develop-
ing PfLysRS inhibitors

Previous studies have shown that the thermal stability of
PfLysRS could be largely increased when the protein is
bound to small molecule inhibitors such as the natural
product cladosporin or its analogs (22,25,36). Based on
this information, we optimized a high-throughput com-
patible assay to screen for strong PfLysRS inhibitory
binders (Supplementary Figure S3). Because the synergis-
tic binding of inhibitors with substrate amino acids and
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adenosine was previously found in PfLysRS and ProRS
(10,22), we performed the screening in the presence of 100
wM L-lysine, and 100 wM adenosine. Dimethyl sulfoxide
(DMSO) and cladosporin analog 3-(cyclohexylmethyl)-6,8-
dihydroxy-1H-isochromen-1-one were used as negative and
positive controls, respectively (Supplementary Figure S3B)
(37).

We screened a library of 1215 bioactive compounds from
Selleck Chemicals (Figure 1A, Supplementary Table S1). A
total of 14 plates were used for this assay (Figure 1B). As in-
dicated from the positive and negative control scatterplots,
the entire screen demonstrated an excellent Z’ factor (0.77
+ 0.07) (Figure 1B). Finally, eighteen compounds showed
an apparent increase in the mid-melting temperature (7},)
of the PfLysRS of >4°C. These compounds were subjected
to enzymatic assays.

ASP3026 is a novel PfLysRS inhibitor

ASP3026, a recently developed anaplastic lymphoma
kinase (ALK) inhibitor (38), is among the lead hits
(Figure 1A). ASP3026 contains an (N?,N*-diphenyl-
1,3,5-triazine-2,4-diamine, Ph-Az-Ph) core structure, an
isopropylsulfonyl- substituent on the first phenyl moiety,
and 2-methoxy-4-(4-methylpiperazinyl)piperidinyl- sub-
stituents on the second phenyl moiety (Figure 2A). The
ASP3026-mediated increase in the thermal stability of
PfLysRS is very well repeated (Figure 2B, Supplementary
Figure S4). The compound significantly increased the Tm
of PfLysRS by 10.0°C without the presence of the amino
acid L-lysine and by 8.0°C in the presence of L-lysine
(Figure 2B, C). This finding indicated that the binding of
ASP3026 to PfLysRS was independent of L-lysine. This
characteristic is distinct to cladosporin, which binds to
PfLysRS via a mechanism that is strongly dependent on
the presence of L-lysine (22). The Kp of PfLysRS-ASP3026
complex was estimated to be approximately 238 nM based
on the AT, of 10.0°C in the presence of L-lysine (see
Materials and Methods). We also performed surface plas-
mon resonance (SPR) experiments and calculated the Kp
kinetically using the ratio of the dissociation rate constant
(ko) to the association rate constant (ko) (Figure 2D).
Sensorgram analysis for the interactions of ASP3026 with
immobilized PfLysRS resulted in ko, 2.64E04 £+ 4.50E02
M~l.s7! and kor 6.30E-0344.20E-05 s~! with Kp 239
nM. To further confirm the inhibition activity of ASP3026
against PfLysRS, we performed an ATP-hydrolysis assay,
which is the first step of the aminoacylation reaction cat-
alyzed by aaRSs. ASP3026 demonstrated potent inhibition
of PfLysRS with an ICsy of 657 £+ 195 nM (Figure 2E,
Supplementary Figure S5), which is at the same order of
magnitude of the Kp of the PfLysRS-ASP3026 complex.
These results indicate that ASP3026 is a novel inhibitor of
PfLysRS.

ASP3026 inhibited Plasmodium growth but not mammalian
protein translation

To determine the inhibitory effect of ASP3026 on Plas-
modium growth, P. falciparum 3D7 parasites were synchro-
nized to the ring stage and treated with ASP3026, and par-
asite maturation was monitored over 72 h. The parasites
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treated with solvent control could reproduce asexually, and
the transition from trophozoite to schizont was observed
in the Giemsa-stained blood smears (39). However, para-
sites treated with ASP3026 stopped growing completely un-
til they eventually died (Figure 3A). We further evaluated
the inhibitory potency of ASP3026 on P, falciparum strain
3D7 in the red stage. In this experiment, parasite growth
is determined by using SYBR Green I, a dye with marked
fluorescence enhancement upon contact with Plasmodium
DNA (40). The ICsp was 5.61 £+ 0.26 uM (Figure 3B), con-
firming the antimalarial activity of ASP3026.

To study the species selectivity of ASP3026, we examined
the inhibition of ATP-hydrolysis of HsLysRs by ASP3026.
As a result, no significant inhibition was observed at all as-
sayed concentrations of ASP3026, and the ICs is greater
than 250 wM, which is over 380-fold less potent than the
1Csp of the ATP hydrolysis activity of PfLysRS (Figure 3C).
Consistently, ASP3026 could not increase the thermal sta-
bility of HsLysRS in the presence or absence of L-lysine
(Figure 3D). Further, we used a rabbit reticulocyte lysate
based in vitro protein translation assay to evaluate the in-
hibitory effect of ASP3026 on mammalian protein trans-
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Figure 3. ASP3026 suppressed the growth of erythrocytic-stage parasites but not mammalian protein translation. (A) The specific time of action for
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lation. As a result, ASP3026 only suppressed the mam-
malian protein translation at a high concentration with an
1Csq of greater than 1 mM (Figure 3E). Together, these re-
sults show that ASP3026 can effectively inhibit PfLysRS
activity and parasite growth but minimally suppresses
mammalian LysRS, and these findings are consistent with
previous research that ASP3026 is a largely nontoxic
compound (27).

Crystal structure of PfLysRS—-ASP3026 complex

To understand how ASP3026 is recognized by PfLysRS, we
sought to determine the crystal structure of the PfLysRS—
ASP3026 complex. We cocrystallized the protein-inhibitor
complex and solved the structure using the molecular re-
placement method. The structure was ultimately refined
to a resolution of 2.49 A (Table 1, Supplementary Figure
S6). There are two PfLysRS monomers forming a typi-
cal class II synthetase dimer within one asymmetric unit
(ASU), and clear electron densities of ASP3026 are ob-
served in each of the activity centers of the two monomers
(Figure 4A, B). The Ph-Az-Ph core structure of ASP3026
occupied the adenine binding site (Figure 4C). The tri-
azine moiety formed stacking interactions with the class
IT aaRS conserved Phe342 residue (Figure 4C and Sup-
plementary Figure S7A). The sulfonyl moiety bound to
the site that is normally bound by the ribose moiety of
the substrate ATP (Figures 4C and Supplementary Figure
S7B). The last methylpiperazine moiety extended out of the

pocket (Figure 4C), and the electron density for this moi-
ety is slightly weaker than the remainder of the compound
(Figure 4B), suggesting that the methylpiperazine moiety
is less important for the compound’s potency in PfLysRS
inhibition. In total, 20 residues from PfLysRS formed 235
atomic contacts with 32 nonhydrogen atoms of ASP3026
within 4.5 A (Supplementary Table S2). These residues in-
clude Ala287, Arg330, Glu332, Gly330, Asp335, Thr337,
His338, Asn339, Pro340, Phe342, Glu500, Val501, Leu502,
Asn503, Gly554, Leu555, Gly556, Asp558, ArgS59 and
[1e570. Most of these interactions are hydrophobic inter-
actions, and only the main chain atoms of Asn339 formed
two hydrogen (H-) bonds with two nitrogen atoms of the
azine and imine groups (Supplementary Table S2, Figure
4D). The structure indicated that ASP3026 competes with
ATP for the PfLysRS binding. Consistently, when we per-
formed the SPR experiment in the presence of ATP, the sen-
sorgram is significantly changed from that noted in the ab-
sence of ATP, and the binding kinetics can no longer be re-
liably calculated under this condition (Supplementary Fig-
ure S7C). Nonetheless, apparent decreases in the resonance
units (RU) for all concentrations of ASP3026 are observed,
which might be attributed to the competition between ATP
and ASP3026. In addition, adding the cladosporin ana-
log 3-(cyclohexylmethyl)-6,8-dihydroxy-1H-isochromen-1-
one, which exhibits higher activity against PfLysRS (25,37),
completely suppressed the resonance (Supplementary Fig-
ure S7C), confirming that ASP3026 binds to the ATP
pocket of PfLysRS.
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Figure 4. Recognition of ASP3026 by PfLysRS. (A) Overview of
PfLysRS-ASP3026 structure determined at a resolution of 2.49 A. A
PfLysRS dimer is shown in the cartoon and transparent surface. ASP3026
molecules are depicted as sticks. (B) The 2F, — F; electron densities maps
(black meshes) of ASP3026 are contoured at 1.0 o. (C) Zoom-in view
of ASP3026 localization in the conserved ATP binding site of PfLysRS.
ASP3026 and residues within 4.5 A are depicted as sticks. (D) Two-
dimensional presentation of ASP3026 binding in PfLysRS. ASP3026 and
hydrogen-bonding residues are shown in stick representations, and other
residues within 4.5 A of ASP3026 are shown in green.

Interestingly, ASP3026 did not block the substrate L-
lysine binding site in the PfLysRS active center, and it is
located 3.6 A away from the oxygen atom of L-lysine (Sup-
plementary Figure S7D). In addition, extending out of the
ATP binding subsite, the 4—methylpiperazinyl—piperidinyl
part of ASP3026 clashed with the C74C75 of modeled
tRNA (Supplementary Figure S7E). Therefore, ASP3026
competes with ATP and tRNA but not L-lysine for PfLysRS
binding.

Conformational changes of PfLysRS Induced by ASP3026

The complex structure of PfLysRS-ASP3026 was largely
consistent with the structure of PfLysRS complexing with
cladosporin and cladosporin analogs (22,36,37,41). The
room-mean-square deviation (RMSD) between PfLysRs-
ASP3026 and PfLysRs-cladosporin was 0.733 A for 449 su-
perimposed Ca atoms (36,41) (Figure 5A). However, the
outer side of the active site cleft, including residues 410—
460, showed a larger shift, which was up to 2 A (Figure 5B).
The PfLysRS-ATP structure is not currently available. Su-
perimposition of the human LysRS-ATP structure with the
PfLysRS-ASP3026 structure revealed an even greater con-
formational change (up to 5 A shift) at this region (Fig-
ure 5C,D), which was significantly larger than the over-
all RMSD (0.833 A) between human LysRS and PfLysRS
structures (Figure 5C). These comparisons recalled our pre-

vious discovery that the natural compound borrelidin in-
duced a 14° and 10 A-opening of the outer active site of
ThrRS (18). These analyses suggest that class IT aaRSs
share some common flexibility of the active site pocket,
which should be taken into account in future structure-
based drug development.

Glu332 plays important roles in ATP and cladosporin
recognition. It formed H-bond interactions with the amino
group of ATP or the phenol group of cladosporin (36,41)
(Supplementary Figure S8A,B). However, ASP3026 pushed
the side chain of this residue to the outer direction by 57.5°
and 3.3 A (Figure SE). In addition, the residue Glu500
held the phosphates of ATP through cobound metal ions
or interacted with the methyltetrahydropyran moiety of cla-
dosporin (36,41) (Supplementary Figure S8C,D). Its con-
formation was changed by the sulfonylphenyl moiety of
ASP3026 with a rotation of 54.8° and a movement of 3.2
A (Figure 5F). Finally, ASP3026 also triggered conforma-
tional changes to the residues Arg330 and His338, which are
two other important residues for ATP recognition (Figure
5G). Therefore, ASP3026 induced more robust conforma-
tional changes than previously reported LysRS inhibitors.

In the thermal shift assay, we did not observe any syner-
gistic effect between L-lysine and ASP3026 (Figure 2B,C).
In our PfLysRS-ASP3026 structure, the electron density
for the substrate L-lysine is relatively weaker than the
active site residues and ASP3026 (Supplementary Figure
S9A). Bound L-lysine is slightly shallower than that in the
PfLysRS-cladosporin-L-lysine cocrystal structure (Supple-
mentary Figure S9B) (36,41). This difference is possibly at-
tributed to the smaller isopropyl group of ASP3026 than
the methyltetrahydropyran moiety of cladosporin (Supple-
mentary Figure S9B). This notion suggests that the syner-
gistic effect of cladosporin and L-lysine is not only depen-
dent on the co-occupation of the ATP and L-lysine pockets
but also relies on the van der Waals interaction between the
inhibitor and L-lysine. Therefore, a potential strategy to im-
prove the potency of ASP3026 against PfLysRS is to sub-
stitute the isopropylsulfonyl- moiety with a larger moiety,
for example, a cyclohexyl- moiety (Supplementary Figure
S9C). This substitution may mimic the van der Waals inter-
action between cladosporin and L-lysine and cause the new
compound to synergistically bind with L-lysine to further
increase the potency (Supplementary Figure S9D).

Structure-activity profile of ASP3026 substructure and
analogs for PfLysRS inhibition

We further tested the analogs and substructures of ASP3026
for binding with PfLysRS using the thermal shift assay to
explore the structure-activity relationship (Figure 6A,B).
None of the substructural fragments a, b, ¢, and be exhib-
ited an effect on the thermal stability of PfLysRS (Figure
6B), which is consistent with our observation that the ma-
jor portion of ASP3026 formed interactions with PfLysRS
(Figure 4C, D) and that the potency of ASP3026 required
the entire structure. Of the six tested analogs, NVP-TAE684
exhibits minimal change from ASP3026. The only differ-
ence between NVP-TAE684 and ASP3026 is that in NVP-
TAEG684, a phenylchloride substituted one azine in the Ph-
Az-Ph core scaffold of ASP3026 (Figure 6A). Interestingly,
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Figure 5. Conformational changes of PfLysRS induced by ASP3026. (A) Superimposition of the structures of PfLysRS-ASP3026 (this study) and
PfLysRS-cladosporin (PDB ID: 4PG3). ASP3026 and cladosporin are depicted as sticks. (B) The outer side of the active site cleft including residues 410
460 exhibited an up to 2 A shift. (C) Superimposition of the structures of PfLysRS-ASP3026 (this study) and HsLysRS-ATP (PDB ID: 3BJU). ASP3026
and ATP are depicted as sticks. (D) The outer side of the active site cleft of P/LysRS-ASP3026 structure exhibited greater conformational changes (up to
5 A shift) when superimposed with the HsLysRS-ATP structure. (E) ASP3026 pushed the side chain of residue Glu332 to the outer direction by 57.5° and
3.3 A. ASP3026 and Glu332 are depicted as sticks. (F) The sulfonylphenyl moiety of ASP3026 changed the residue Glu500 conformation with a rotation
of 54.8° and a movement of 3.2 A. ASP3026 and Glu500 are depicted as sticks. (G) ASP3026 triggered conformational changes to the important ATP
recognition residues Arg330 and His338. ASP3026, Arg330 and His338 are depicted as sticks.

this minor change significantly reduced the ability of NVP-
TAEG684 to bind PfLysRS (Figure 6B). In the PfLysRS-
ASP3026 structure, the azine made one H-bond with a co-
bound water, and the water further formed H-bond in-
teractions with the main chain of residues Asp558 and
Arg559, capping the adjacent a-helix (Supplementary Fig-
ure S10A). The phenylchloride substitution of this azine
will cause the loss of these H-bond interactions and may
also clash with the Arg559 (Supplementary Figure S10B).
As a result, NVP-TAEG684 increased the Tm of PfLysRS by

2.92°C in the presence of L-lysine and 1.78°C without L-
lysine (Supplementary Figure S10C,D). Consistently, NVP-
TAEG684 inhibited PfLysRS with an ICsy of greater than
50 wM in the ATP hydrolysis assay (Supplementary Figure
S10E). In addition, changes to the sulfonylphenyl group and
the methoxylphenyl group further decreased the potency.
The substitution of the isopropyl in compounds Briga-
tinib and ALK-IN-1 reduce the interaction with Gly556
(Figure 4C). Finally, changing the methoxyl into an iso-
propanoxyl group created a clash with Glu332 (Figures 4C
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Figure 6. Structure-Activity Profile of ASP3026 for Binding of PfLysRS. (A) The chemical structures of compound ASP3026 substructures and analogs.
(B) Diagram of the ATms of PfLysRS in the presence of ASP3026 substructures or analogs without L-lysine. Error bars represent SD of four technical

replicates.

and 5E). Together, these results indicate that the interac-
tion of ASP3026 with PfLysRS exhibits a strong structural
specificity.

DISCUSSION

In this study, we identified that the clinical trial antitumor
drug ASP3026 is a potent PfLysRS inhibitor. It showed sig-
nificant inhibition of blood-stage P. falciparum growth. Re-
vealed by a high-resolution crystal structure, ASP3026 com-
petes with substrate ATP for PfLysRS binding. It also po-
tentially blocks the 3’end of tRNA to enter the active site
of PfLysRS. However, it does not interfere with the binding
of L-lysine nor show any synergistic binding effect with L-
lysine. These characteristics are not observed in previously
reported LysRS inhibitors.

It is exciting that the newly finished phase I clinical trial
have demonstrated that ASP3026 exhibits very good oral
absorption and ideal metabolic stability with a median half-
life of 35 h (range, 22-85 h). In addition, the compound
is highly tolerable, and the mean of the peak plasma con-

centration could reach greater than 2.6 uM (1600 ng-ml~")
(27). Therefore, ASP3026 already meets several key require-
ments for an antimalarial agent. Although it is less feasible
to use ASP3026 directly as an antimalarial drug, it provides
a promising chemical scaffold with good druggability for
further development of antimalarials.

The discovery that ASP3026 is a dual inhibitor for
aaRS and kinase is surprising but also inherently plausible.
AaRSs and kinases are both enzymes that use ATP as sub-
strates. For the recognition and binding of ATP, their active
sites must share certain similarities. Consequently, among
all drugs, ATP-competitive kinase inhibitors should have an
increased chance of binding to the active site of aaRSs.

AaRSs are attractive targets for drug development for
treating infectious diseases, parasitic diseases, and tumors
(6-11). However, to date, only three aaRS inhibitors have
been approved for use in humans or animals: the isoleucyl-
tRNA synthetase (IleRS) inhibitor mupirocin (6,42), prolyl-
tRNA synthetase (ProRS) inhibitor halofuginone (10),
and leucyl-tRNA synthetase (LeuRS) inhibitor AN2690
(7). One loose explanation for the difficulty of developing



druggable aaRS inhibitors was that the enzymatic pock-
ets of aaRSs have evolved to bind highly polar substrate
molecules (amino acids, ATP, or tRNAs); thus, the in-
hibitors of aaRSs are often too polar to exhibit good drug-
gability. Interestingly, we observed that in the PfLysRS-
ASP3026 structure, residues involved in polar interactions
with substrates, such as Glu332 and Glu500, could change
conformations to form hydrophobic interactions with in-
hibitors through their aliphatic chains (Figure SE,F). On
the other side, there have been ~50 approved drugs and
>175 oral effective inhibitors in clinical trials targeting pro-
tein kinases that share the same substrate, ATP (43). The
current research and development of aaRS-inhibiting drugs
lag behind that of kinase-targeting drugs (43,44). This study
highlights a promising strategy to develop aaRS-targeting
drugs by repurposing and modifying compounds from the
relatively well-developed kinase inhibitor pool.
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