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Abstract

Protein kinases have proven to be a very productive class of therapeutic targets, and over 90
inhibitors are currently in clinical use primarily for the treatment of cancer. Repurposing these
inhibitors as antimalarials could provide an accelerated path to drug development. In this study,
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we identified BI-2536, a known potent human polo-like kinase 1 inhibitor, with low nanomolar
antiplasmodial activity. Screening of additional PLK1 inhibitors revealed further antiplasmodial
candidates despite the lack of an obvious orthologue of PLKSs in Plasmodium. A subset of these
inhibitors was profiled for their in vitro killing profile, and commonalities between the killing rate
and inhibition of nuclear replication were noted. A kinase panel screen identified PFNEK3 as

a shared target of these PLKZ1 inhibitors; however, phosphoproteome analysis confirmed distinct
signaling pathways were disrupted by two structurally distinct inhibitors, suggesting PFNEK3
may not be the sole target. Genomic analysis of BI-2536-resistant parasites revealed mutations in
genes associated with the starvation-induced stress response, suggesting BI-2536 may also inhibit
an aminoacyl-tRNA synthetase.
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Malaria represents a global threat, with ~241 million cases and 627,000 deaths worldwide

in 2020.1 The Plasmodium parasite’s propensity for developing drug resistance has now
extended to frontline treatment with artemisinin combination therapy (ACT); ACT resistance
has been detected in both Asia and Africa, accelerating the need for new drugs.23 The

most lethal species, Plasmodium falciparum, displays a complex life cycle from mosquitoes
to host, where parasites mature first in the liver before entering into the symptomatic

blood stage and finally advancing to the retransmitted gametocyte stage. Protein kinases

are heavily involved in the regulation of each of these stages, making them a desirable

target for rational drug design. Additionally, the plasmodial kinome has been found to be
highly divergent from the human kinome, which offers the potential for high selectivity.*
The repurposing of existent kinase inhibitors offers a viable strategy to target these essential
enzymes in Plasmodium while accelerating the drug development timeline. The dissimilarity
between human and plasmodial kinomes presents both challenges and opportunities for
repurposing; while it hinders efforts to model plasmodial targets /in sifico based on human
orthologues, the pool of available inhibitors has been bolstered by over two decades of
kinase inhibitor research, predominantly in the cancer field.> Considerable progress has
been made toward advancing inhibitor scaffold design, target identification, and off-target
mitigation strategies, all of which may be leveraged for antimalarial drug development.
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Large-scale screening efforts of kinase inhibitor libraries have already successfully identified
compounds active against both blood and liver-stage parasites, further validating this
approach.b

In the following work, we screened a kinase inhibitor library curated by the Harvard Medical
School (HMS) Library of Integrated Network-based Cellular Signatures (LINCS) Center
(www.lincsproject.org). The LINCS program is a consortium-based project with the goal of
illuminating cellular response pathways by observing the impact of pathway perturbations.
The resulting data are publicly made available to assist in the development of therapeutics.
From these efforts, nine kinase inhibitors with antiplasmodial activity were identified,
including the potent and selective polo-like kinase 1 (PLK1) inhibitor BI-2536. Polo-

like kinases (PLKSs) are serine/threonine kinases that regulate various components of cell
division in mammals; however, no PLKs have currently been identified in Plasmodium.8°
Exploration of additional PLK1 inhibitors, comprised of both BI-2536 analogues and
structurally distinct chemical scaffolds, confirmed that the activity against the human PLK1
enzyme does not correlate with antiplasmodial activity. Furthermore, we identified the
plasmodial NIMA (never in mitosis gene A)-related kinase, PFNEK3, as a potential target
of BI1-2536 and other PLK1 inhibitors. Phosphoproteomic analysis of the two most potent
structurally distinct /FNEK3 inhibitors showed little overlap, however, highlighting the
complexity of these signaling pathways and the possibility of additional /n vitro targets.

In BI-2536-resistant parasites, we detected a series of mutations in genes related to the
starvation-induced stress response. A hallmark of activated stress response, increased elF2a
phosphorylation, was also observed in BI-2536-treated parasites, corroborating involvement
in this pathway and underscoring the likelihood of polypharmacology, potentially with an
aminoacyl-tRNA synthetase as a secondary target.

RESULTS AND DISCUSSION

Kinase Library Screening ldentifies Antiplasmodial Effects of Polo-Like Kinase Inhibitor

Bl-2536.

To identify Kinase inhibitors with antiplasmodial potential, we performed a fixed
concentration screen of 201 compounds from the HMS LINCS library against the multidrug-
resistant Plasmodium falciparum strain Dd2. We observed a range of inhibition at 1M,
with the majority of compounds showing <30% inhibition and an overall hit rate of

4.5% (Figure S1). Of the inhibitors tested, nine exhibited >90% inhibition, prompting

their EC5q determination (Table S1). Reflecting the diversity within the compound library,
these inhibitors were associated with a variety of human targets, including Akt1, PI3K,
P14K, HSP90, and mTOR. The most potent compound, torin2 (Dd2 ECsg =5.30 + 0.30
nM), has been previously explored as an antimalarial.19 Similarly, the HSP90 inhibitor
NVPAUY922,11 the c-Met inhibitors Crizotinib and PHA665752,12 the AKT inhibitor
A443654,13 and the PI3K/PI4K inhibitors INK128, PIK-93, and GSK212645814 have all
been evaluated in Plasmodium. However, the potent PLK1 inhibitor BI-2536 (hereafter
compound 1) displayed a low nanomolar activity in Dd2 (ECsp = 178 £ 12 nM) and had,
to our knowledge, not yet been characterized as an antiplasmodial compound. We therefore
chose to pursue this compound for further investigation.

ACS Infect Dis. Author manuscript; available in PMC 2024 April 14.
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Antiplasmodial Activity Has Little Correlation with the Human PLK1 Activity.

Along with other members of the Apicomplexa phylum, Plasmodium parasites appear to
lack polo-like kinases.8 To probe the potential relationship between human PLK1 inhibition
and antiplasmodial activity of compound 1, we utilized a previously synthesized set of
compound 1 analogues with either 7,8-dihydropteridinone (compounds 2-6) or related
pyrimido-diazepine (compounds 7-10) core, and various substitution groups were tested for
both cellular antiplasmodial activity and human PLK1 enzymatic activity.1®> We evaluated
the antiplasmodial activity in both the Dd2 strain and the chloroquine-sensitive strain 3D7,
shown in Table 1. Interestingly, there was considerable variation in antiplasmodial activity
among these compounds regardless of scaffold, with some inhibitors showing no /n vitro
activity at the highest concentrations tested (5 ¢M). It is of interest to note that compound

2 while exhibiting good antiplasmodial activity was inactive against PLK1. Presumably, the
lack of cytotoxicity could be attributed to the loss of PLK1 activity of this compound.

Having discovered the antiplasmodial activity of human PLKZ1 inhibitors, we focused our
attention on additional PLK1 inhibitors. We compiled a set of seven commercially available
PLK1 inhibitors: BI-6727, a close analogue of BI1-2536 (compound 11), GSK461364
(compound 12), MLN0905 (compound 13), SBE 13 (compound 14), NMS-P937 (compound
15), ON-01910 (compound 16), and GW843682 (compound 17). While these compounds
are all very potent PLK1 inhibitors, displaying 1Csq values under 9.0 nM, only two
compounds demonstrated nanomolar antimalarial potency—compounds 11 and 12 (Table
2). Additionally, we evaluated a set of six potent PLK1 inhibitor analogues derived from a
2,4-diarylaminopyrimidine scaffold provided by the Deng Laboratory at Xiamen University
(compounds 18-23).16 Among these compounds, antiplasmodial potencies varied, with Dd2
ECsq values ranging from 336 nM to 2.78 ¢M (Table 2). In general, the antiplasmodial
activity varied widely among both compound 1 structural analogues and the known PLK1
inhibitors, as reflected in the broad range of ECsg values observed. Of all of the compounds
tested, compound 1 displayed the most potent antiplasmodial activity followed by its close
analogue compound 11 (Dd2 ECgp= 230 = 14 nM). Compound 2 although being less active
against Plasmodium exhibited the highest selectivity (Table 1). Of the inhibitors screened in
both the Dd2 and 3D7 parasite lines, no noteworthy difference in activity was noted, with
resistance indices (RI) ranging from 0.34 to 1.5. Additionally, evaluation in clinical isolates
displaying artemisinin and piperaquine resistance demonstrated that hit compounds such as
compound 1 maintain potency (Table S2).

To assess the therapeutic potential of these compounds, we also evaluated growth inhibition
in the human hepatocarcinoma line, HepG2. We found that these compounds displayed

a range of cytotoxicity, with HepG2 ECsgq values from 1.87 1M to greater than 25 1M

and parasite over human selectivity ranging from 1- to 58-fold (Tables 1 and 2). The

most active inhibitor, compound 1, showed a selectivity index (SI) of 21 (HepG2 ECgg =
3730 + 520 nM), making it the second most selective of the inhibitors tested. Based on

the /in vitro activity, there appeared to be no positive correlation between PLK1 inhibition
and antiplasmodial potency. This finding was validated through a two-tailed regression
coefficient #test, which confirmed no significant correlation (Figure 1A).However, there
was a positive correlation (p < 0.0001) between cytotoxicity and PLK1 inhibition among

ACS Infect Dis. Author manuscript; available in PMC 2024 April 14.
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compound 1 structural analogues, but this was not observed among the diverse PLK1
inhibitors (Figure S2). A relationship was not seen between cytotoxicity and inhibition in
Dd2 in compound 1 structural analogues (Figure 1B), and while the correlation among
PLK1 inhibitors is significant (p = 0.0104), there appears to be an additional source of
variation, supporting the separation between antiplasmodial potency and host-cell activity.
These findings also suggest that selectivity could theoretically be improved by reducing
affinity for PLK1 without sacrificing parasite inhibition.

PLK1 Inhibitors Show a Moderate Killing Profile with Early Life Cycle Arrest.

To further characterize the antiplasmodial impact of these PLK1 inhibitors, we assessed
their killing profile in Dd2. Included in the assay were compound 1, its close analogue,
compound 11, and compound 12, which has a distinct structure. Dd2 cultures were treated
with 10 x ECgg of compound or vehicle control for 12, 24, or 48 h before removal. Cultures
were then monitored for up to 96 h, or two asexual life cycles. Every 24 h, cultures were
evaluated for parasite survival by flow cytometry with SYBR Green | and MitoTracker
Deep Red FM staining to monitor the levels of viable parasites over time. Killing profiles
were compared to the vehicle, to a slow-acting compound, atovaquone, and to a fast-acting
compound, dihydroartemisinin (DHA). As shown in Figure 2A, all three inhibitors had an
initial impact to parasitemia after 12 h of exposure. Parasites treated with compound 1 and
compound 12 began to recover after 72 h, while compound 11 treated parasites showed

a shorter time to recovery, around 48 h. After 24 h of treatment, parasites treated with
compound 11 and compound 12 showed marked improvement at 72 and 96 h, respectively,
and compound 1 treated parasites remaining more in line with fast-acting DHA, failing to
recover within 4 days (Figure 2B). Upon 48 h of compound exposure, all cultures exposed
to the PLK1 inhibitors remained under 1% parasitemia for the duration of the assay (Figure
2C). These results suggest that while compound 1 kills more rapidly than compound 11

or compound 12, all three compounds show a moderate killing profile, with 24-48 h of
compound incubation required for a full killing effect.

We next sought to determine the stage at which these inhibitors exert their antiplasmodial
effects. To accomplish this, synchronized Dd2 parasites were treated at the early ring (6
HPI), late ring (18 HPI), late trophozoite (30 HPI), and schizont (42 HPI) stages with 5 x
ECsp of compound 1, 11, or 12. Samples were collected for flow cytometry and Giemsa
staining every 12 h until reinvasion and signs of new rings (~54 HPI). When applied during
the early ring stage (Figure 3), all three compounds appeared to induce arrest prior to DNA
replication based on YOYO-1 staining, although a clear increase in size was noted from
ring onward (Figure S3). A similar phenotype was observed when these inhibitors were
applied later in the ring stage. However, compound 11 treated parasites showed a delayed
increase in the YOYO-1 signal at 54 h, indicating some parasites were able to begin DNA
replication. With a 30 HPI addition of compound, parasites treated with all compounds
showed signs of entering into schizogony, reflected by an increase in both total DNA content
and DNA content per cell at 42 HPI. When applied after schizogony, the effect was much
less pronounced, and an increase in DNA content for all compounds was detected, albeit
less noticeably for compound 12. Together, this suggests the PLK1 inhibitors have a shared
impact on DNA replication when added early in the life cycle.

ACS Infect Dis. Author manuscript; available in PMC 2024 April 14.
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Having characterized the effect of compound 1 in the plasmodial intraerythrocytic stage,
we performed a liver-stage assay to assess compound activity against parasite infection of
hepatocytes. HepG2 were pretreated with a serial dilution of compound 1 for 18 h and
subsequently infected with luciferase-expressing Plasmodium berghei sporozoites. After 48
h, viable exoerythrocytic parasites, indicative of successful establishment of liver-stage
infection, were quantified via bioluminescence. We found that compound 1 displayed
nanomolar liver-stage activity, with an ECgq of 367 + 52 nM (Figure S4), though further
investigation would be necessary to confirm that this activity extends to human malaria.
Potent activity in both liver and intraerythrocytic stages is a particularly desirable trait in
developing antimalarials as these compounds can impart both prophylactic and therapeutic
effects.

PLK1 Inhibitors Exhibit Plasmodial Kinase PfNEK3 Inhibition.

Given the similarities between the /n vitro profile of the PLK1 inhibitors tested and the

lack of apparent correlation with PLK1 activity, we attempted to probe for other possible
antiplasmodial protein kinase targets. As Plasmodium lacks polo-like kinases, we began

by employing a kinase panel screening assay that utilizes a three-hybrid split-luciferase
competitive binding assayl’ utilizing a panel of 11 jn vitrotranslated plasmodial kinases.
With this assay, we evaluated six of the most potent PLK1 inhibitors identified at a fixed

2.5 1M concentration. We noted that one commonality observed in all compounds was the
strong inhibition of PFNEK3 (PF3D7_1201600), a plasmodial NIMA (never in mitosis gene
A)-related kinase (NEK) (Table 3). Compound 1 exhibited the greatest inhibition, with only
4.7% enzyme activity remaining, followed by compound 12 with 9.7%. Of the analogues
with the 7,8-dihydropteridinone core, compound 11 retained strong AfNEKS3 inhibition
(11.1% activity remaining) yet was less selective than compound 1, while compound 2
displayed the most pan-kinase inhibition, as well as markedly reduced PfNEKS3 inhibition
(39.6% activity remaining). The two 2,4-diarylaminopyrimidine compounds 18 and 19
demonstrated pan-kinase inhibition with a similar pattern in addition to notable /FNEK3
inhibition with just 15.4 and 18.5% activity remaining, respectively. All targets with percent
activity remaining lower than 40% were tested for ICgq using the same assay; these values
are shown in nanomolars in parentheses in Table 3.

Interestingly, while compounds 1 and 12 are touted for their PLK1 inhibitory potency, both
compounds have been shown to inhibit multiple human NEKs among their off targets in
the KINOMEscan competitive binding assay, with compound 12 displaying more broad
activity (NEK1 Ky = 1.8 M, NEK2 Ky = 260 nM, NEK5 Ky = 1.1 M, NEK9 Ky

= 1.1 4M) than compound 1 (NEK2 Ky =2.0 M, NEK3 Ky = 720 nM, NEK7 Ky =

6.1 £M).18 In humans, there are 11 NEK paralogues involved in the cell cycle though 2
falciparum contains only four (PFNEK1-4). PFNEK1 (PF3D7_1228300) is essential to the
asexual blood stage and is expressed in male gametocytes.1® PFNEK2 (PF3D7_0525900)
is implicated in the sexual stage of the parasite, particularly the development of the
plasmodial zygote, the ookinete.20 AFNEK4 (PF3D7_0719200), while not essential for
schizogony or gametocytogenesis, is associated with sexual commitment.2! A/FNEK3 had
been shown to be expressed late in the asexual blood stage and in gametocytes; however,

it is believed to be nonessential for £ falcjparum asexual stage development and instead

ACS Infect Dis. Author manuscript; available in PMC 2024 April 14.
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plays a larger role in gametogenesis.?2-24 AFNEKS3 is unusual when compared to other
plasmodial NEKs and human NEKs. A homology search with protein—protein BLAST
(https://blast.ncbi.nlm.nih.gov/) reveals that the kinase domain of /FNEK3 is most similar to
human NEK®9, though only at 35% identity. Additionally, the highly conserved glycine-rich
loop (GXxGxxG) in the ATP-binding site is completely absent in A#FNEK3.22 PFNEK3
displays a dual kinase function, autophosphorylating serine, threonine, and tyrosine residues,
with the tyrosine autophosphorylation playing the largest role in the modulating activity.2>
PFNEKS has been demonstrated to phosphorylate PFMAP2 (PF3D7_1113900) /n vitro,

in addition to myelin basic protein (MBP), a commonly used substrate for experimental
kinase assays.22 The exact roles of P#FNEK3 and AfMAP2 in relation to a broader
phosphosignaling cascade is unknown, and inferences based on eukaryotic MAPK pathway
provided limited insight as Plasmodium lacks the canonical MAPK signaling module.26
However, the fact that /FNEK3 does phosphorylate PFMAP2 highlights the variability in
PFNEKS functionality and hints at roles aside from mitosis. If the inhibition of PFNEK3

is to some degree responsible for antiplasmodial activity, these other roles may be more
influential, as /FMAP?2 appears not to be essential to the asexual stage.2” Aside from
potential therapeutic applications, the discovery of selective inhibitors of P#FNEK3 may also
allow chemical interrogation of this atypical kinase and deepen the understanding of the
plasmodial kinome.

Along with NEKSs, Aurora-related kinases (ARKS) also play an essential role in the
regulation of the plasmodial life cycle.29 Furthermore, it has been reported that mutations in
either PFNEK1 or PFARK1 confer resistance to a human Aurora kinase inhibitor, suggesting
a relationship between the two kinases.?8 Due to the potential biological connection between
PFNEKS and Aurora-related kinases (ARKSs), compounds 1 and 12 were also tested against
the three known PARKSs.29 PFARK1 and PFARK3 were included in the KinaseSeeker assay,
and no significant inhibition was seen (Table 3). Activity against P/ARK?2, found to be
essential to the asexual blood stage, was assessed with a radioactive kinase assay (Figure
S5A); however, neither compound displayed inhibitory effects in PFARK2 at the highest
concentrations tested (2 1M).2* An ADP-Glo assay confirmed this lack of activity in both
PARK2 and the human Aurora kinase, AurA, up to 5 @M (Figure S5B).

To confirm the split-luciferase assay results, a radioactive kinase assay was performed with
purified recombinant PFNEK3 and MBP as a substrate. When assessed at a concentration
up to 2 1M, the analogues with the greatest antiplasmodial potency, compounds 1 and

12, showed a clear dose-dependent response to PFNEK3 phosphorylation (Figure S6).

We then evaluated a subset of compound 1 structural analogues, representing a range

of antiplasmodial potencies, at a fixed 1 4M using the same assay (Figure 4A). As

shown in Figure 4B, compound 1 and two analogues with the 7,8-dihydropteridinone

core, compounds 3 and 4, inhibited /ANEK3 more strongly than the pan-kinase inhibitor
staurosporine. When the percent of PFNEKS3 activity remaining is plotted against the Dd2
ECsq, only 6/8 of the analogues show a correlation between enzyme inhibition and /n vitro
inhibition, and compounds 3 and 4 appear as outliers (Figure 4C). This persisted when the
PFNEKS IC5q was determined using the same assay, with a significant correlation calculated
for 7/8 compounds tested only when values for compound 4 were removed (Table S3).

ACS Infect Dis. Author manuscript; available in PMC 2024 April 14.
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Given these findings, the inhibition of PFNEKS is unlikely the sole predictor of /n vitro
inhibition for these repurposed PLK1 inhibitors. Some of the compounds, such as compound
4, may show a greater proclivity for other targets in a whole cell environment. Furthermore,
considering the nonessentiality of PFNEKS3 to the asexual blood stage, there are likely
alternate or additional targets.

Compound 1 is known to potently inhibit the human bromodomain-containing protein
BRD4 in addition to PLK1.30:31 |n fact, along with tubulin, bromodomains are common
nonkinase targets of kinase inhibitors.32 In 2016, an open access data set was released by
the Structural Genomics Consortium (SGC) that contained the crystal structure of compound
1 cocrystalized with P/FBDP4 (PDB ID: 4PY6) and explored the antiplasmodial effects and
binding kinetics.33 They identified the PFBP4 Ky for compound 1 to be ~100 nM, and

the 3D7 ECs recorded was comparable to our findings (~200 nM).33 The aforementioned
crystal structure was later the basis of an /n silico docking-based screen of compounds

with the bromodomains of #/BDP1 and AfGCNS5.34 However, when tested i vitro

with Dd2 culture, the antiplasmodial effects were modest, with the most potent compound
demonstrating an 1Csq of 3.2 1M.34 The additional target of a bromodomain alongside Pf
NEK3 is intriguing, as bromodomain protein inhibitors are under consideration as emerging
antimalarials.3®

In Vitro Evolution of Resistance for Target Identification.

In addition to kinase panel screening, we also sought to identify a target through the creation
of parasite lines resistant to compound 1. With increased drug pressure applied over ~8
months, resistant parasites were generated in the A falciparum strains Dd2, 3D7, and Dd2-
Polé, a strain with a DNA polymerase 6 mutation that confers hypermutability (Figure 5A).
36 Whole genome sequencing (WGS) was conducted with Dd2 and 3D7 selections. Clonal
parasites were obtained from two independent Dd2-Pol § selections, and two clones from
each were sequenced: AE9, AG8, BB5, and BE11. Sequencing revealed that, compared to
the respective parental strain, resistant parasites from all selections in 3D7 possessed single
nucleotide polymorphisms (SNPs) in A#FMDR1 (PF3D7_0523000), an ATP-binding cassette
transporter implicated in resistance to multiple antimalarial drugs,3’ and amplification of
transporter PFABCI3 (PF3D7_0319700), which has also been associated with resistance

to numerous antiplasmodial scaffolds (Supporting Files 1 and 2).38 Among resistant Dd2
cultures, SNPs within P/FMDR1 were observed in two of the three selections. In most
Dd2-Pol & clones, PFMDR1 amplification was noted, though BB5 lacked this feature.
Interestingly, all four of the Dd2-Pol & clones possessed SNP-induced missense mutations
in genes associated with the starvation-induced stress response. In both AE9 and AGS,
there were mutations in the methionyl-tRNA synthetase #fMRS2Pi (PF3D7_1005000), the
autophagy-related E1 activating enzyme PATG7 (PF3D7_1126100), and an elF2a kinase,
PfPK4 (PF3D7_0628200). BE11 possessed a mutation in PfVVPS15 (PF3D7_0823000),

a kinase that assists in early autophagosome assembly, while BB5 contains a mutation in
PFSYNL17 (PF3D7_0210700), a homologue of syntaxin 17 that facilitates fusion of the
autophagosome to the lysosome.3? The prevalence of mutations in genes involved in tRNA
maturation and aminoacylation and in the starvation response suggested that an additional
target of compound 1 may be an aminoacyl-tRNA synthetase (aaRS).
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To determine whether compound 1 does indeed activate the stress response pathway, we
investigated increases in elF2a phosphorylation as an indicator of an activated stress
response. The elF2a subunit plays an important role in post-transcriptional control of
protein expression; phosphorylation prohibits the recycling of elF2a-GDP to elF2a-GTP,
leading to the inability to form the ternary complex, a component of the preinitiation
complex, and to a global reduction of translation and a prioritization of translation

of stress response-related proteins.40 In vertebrate cells, four kinases are capable of
phosphorylating elF2a, each responding to a different cellular stressor.® In Plasmodium,
elF2a phosphorylation is conducted by three kinases, PRIK1 (PF3D7_1444500), PRIK2
(PF3D7_0107600), and PFPK4 (PF3D7_0628200), the latter of which is essential to the
asexual life cycle.*1-43 To evaluate the effect of compound 1 on elF2a phosphorylation,
Dd2 cultures in the primarily late ring stage were treated for 3 h at three concentrations:
10, 1, and 0.1 zM. Two known antiplasmodial compounds served as controls for elF2a
phosphorylation; borrelidin, a threonyl-tRNA synthetase inhibitor,** and halofuginone, a
prolyl-tRNA synthetase inhibitor,%> were used at 200 nM each. Western blot analysis
revealed that phosphorylation of elF2a was notably increased upon compound 1 treatment,
though not to the extent caused by treatment with the confirmed aaRS inhibitors, despite the
high concentration of compound used (Figure 5B). Since elF2a phosphorylation can result
from activation of disparate stress response pathways, the upstream target of compound

1 eliciting the stress response may be difficult to identify. Since the observed missense
mutation in /FMRS@! alters a conserved residue in one of the enzyme’s two methiony!/
leucyl-tRNA synthetase domains (InterPro entry: IPR015413) (Figure 5C), it becomes an
intriguing potential target, in addition to A/FNEKS3, though further investigation is needed.

PLK1 Inhibitors Compound 1 and Compound 12 Show Divergent Phosphoproteomes.

To explore the signaling pathways disrupted by these inhibitors, we performed a
comparative phosphoproteomics evaluation. Asynchronous intraerythrocytic Dd2 cultures
were incubated for 3 h with 5 XECsq of compound 1, compound 12, or DMSO as a
control. The protein lysate was digested with LysC and trypsin and labeled with isobaric
tandem mass tags (TMTpro)*® as a 16-plex assay with two other compounds in biological
triplicate, as well as a single replicate with a fifth compound; however, these compounds
originate from a separate library and will be discussed further in subsequent publications.
To quantify proteins and phosphorylation sites, peptides underwent IMAC enrichment to
separate phosphorylated and nonphosphorylated peptides before analyzing both peptide
populations via quantitative mass spectrometry for comparison to Plasmodium and human
databases. The analysis of honphosphorylated peptides resulted in identification of 3515
unique Plasmodium proteins, all supported by two or more distinct peptides. While a small
number of human proteins were observed, all were single-peptide identifications and were
thus discarded. The analysis of the phospho-enriched eluate resulted in the identification
of 1593 unique phosphorylation sites; 1494 were identified from £ falcijparumand 99
from Homo sapiens (Table S4). Differential expression compared to the corresponding
control was determined for both proteins and phosphosites. The most differential proteins/
phosphosites were ranked by ratio-based paired Z-score, and the top 10% were examined
further. The full list of detected proteins with more than one peptide and phosphosites can
be found in Supporting Files 3 and 4, and the top differential proteins are detailed in Tables
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S5 and S6. As seen in Figure 6A and B, when comparing the top differentially expressed
phosphosites (|log 2(7c)| > 0.585), there was limited consensus between compounds 1 and
12, though both compounds induce more extensive downregulation of phosphorylation
than upregulation (Tables S7 and S8). Despite differences, there were still several
downregulated phosphosites shared between the two treatment conditions, including Pf
HECT1 site S9833 (PF3D7_0628100), DCP1 site S765 (PF3D7_1032100), PfPAIP1 site
S390 (PF3D7_1107300), and PFBTP2 (PF3D7_0704100) site S912.

To view these differential phosphorylation sites in a network context, we identified those
proteins bearing one or more of the 10% most differential phosphorylation sites and
extracted their corresponding subnetwork from the STRING database (Figure 7A).47 Pf
NEK3 was included as well to visualize its connection to the network. Two clusters

appear, one containing PFHECT1, PfBTP2, and PfKIC8, and another containing Pf
PAIP1. PFHECT (PF3D7_0628100), downregulated at site S9833 upon treatment with both
compounds, is a HECT family E3 ubiquitin ligase linked to the plasmodial phosphorylation
network through direct regulation by PfPP1 (PF3D7_1414400), a phosphatase involved

in erythrocyte development and egress.#8 PFBTP2 (PF3D7_0704100), basal complex
transmembrane protein 2, has been implicated in late stages of blood stage schizogony,
specifically the formation of the basal complex that mitigates cytokinesis, and its
phosphorylation is also downregulated by both compounds at site $912.49 Interestingly,
phosphorylation of PFKIC8 (PF3D7_1014900), a speculated Kelch13 interaction partner,>0
was upregulated at site S1500 in the presence of compound 1 but downregulated at

site S104 by exposure to compound 12. PFPAIP1 (PF3D7_1107300), central to the

other observed cluster, was also downregulated at site S390 by both compounds. Pf

PAIP1 is a putative polyadenylate-binding protein-interacting protein thought to facilitate
translation by mediating interaction of translational machinery components, specifically
RNA helicase elF4A and polyadenylate-binding proteins.®! Similarly, phosphorylation of
PFDCP1 (PF3D7_1032100) at site S765 is downregulated by both compounds. Like
PFPAIPL, PFDCP1 is also involved in translation regulation, as it is a subunit of an

m’G 5’decapping enzyme that facilitates MRNA decay.52 Finally, an uncharacterized
protein, PF3D7_1036900, was downregulated upon treatment at two sites; treatment with
compound 1 led to decreased phosphorylation at site T1037, while compound 12 decreased
phosphorylation at both site T1037 and site S805. While the function of this protein

is unknown, immunoprecipitation experiments suggest association with the A6-adenosine-
methyltransferase MT-A70, which plays a role in post-transcriptional control by influencing
mRNA stability.53

To better assess the similarities and differences between the exposure to compounds 1

and 12, GO enrichment analysis was performed via PlasmoDB (https://plasmodb.org)>*
using the gene identifiers of the proteins bearing the top differential phosphosites as the
foreground data set and the 2 falciparum 3D7 genome as the background. Terms from

top differentially phosphorylated proteins were grouped into simplified categories based
on commonalities (Figure 7B-D). We found that both treatments shared biological process
terms related to RNA decapping, while compound 1 was enriched in transport as well
(Figure 7B). Shared cellular component terms were related to the basal component and
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eukaryotic initiation factor 4F (elF4F) (Figure 7C), and compound 1 was enriched in terms
related to the P-body and RNA AB-methyladenosine methyltransferase complex, both of
which are involved in translational regulation. Shared molecular function terms were related
to mRNA binding (Figure 7D). Taken together, while there are similarities to be found
between the interactomes of these two inhibitors, it is clear that in addition to PFNEKS3,
they likely affect disparate signaling pathways. Compound 1 in particular impacts processes
related to translational regulation and repression, consistent with downstream effects of the
observed elF2a phosphorylation.

CONCLUSIONS

In this paper, we screened a series of human kinase inhibitors for potential drug repurposing
to discover malaria therapeutics. This effort identified compound 1, a potent inhibitor

of the human kinase PLK1. As P, falciparum lacks polo-like kinases, we explored

compound 1, structural analogues of compound 1 possessing either a 7,8-dihydropteridinone
or a pyrimido-diazepine core, and other PLK1 inhibitors for a potential antiplasmodial
mechanism. Through these efforts, we found a majority of the PLK1 inhibitors tested
displayed inhibition against the plasmodial homologue of NEK3. For some of the inhibitors,
the relationship between PFNEKS inhibition and antiplasmodial potency was more complex,
suggesting additional causative targets. When evaluating the effect of these PLK1 inhibitors
in vitro, we found that they exerted their greatest effect early in the asexual life cycle;

if applied in ring or early trophozoite stages, they appear to affect DNA replication.
Additionally, the compounds displayed a moderate killing profile, in general, requiring
24-48 h for a full killing effect. As a probative look at the /n7 vivo activity of compound 1,
we treated mice with 50 mg/kg for 4 days. The treatment was found to be inconclusive, and
additional work in needed (Figure S7). However, caution is warranted when using P. berghei
models: while the murine-infective strain is a useful tool, there are some genes that have
been reported to be essential in 2 berghei and dispensable in 2 falciparum or vice versa,
and NEK3 is one such example. While NEK3 is essential for schizogony in 2 berghei, it
appears to be refractory in £, falciparum.235° This is certainly something to keep in mind
when evaluating data from models using £~ berghei.

The connection between PLKs and NEKSs has been well-established in eukaryotic cells,
where mitosis is a coordinated effort utilizing PLKs, Aurora kinase, cyclin-dependent
kinases, and NEKSs. These mitotic kinases are all involved in the duplication, maturation,
and separation of centrosomes through the cell cycle.5® In addition to its function

in centrosomal coordination, PLK1 regulates entry from G2 into mitosis, chromosome
segregation, cytokinesis, and ciliary assembly.>’ Since Plasmodium lacks PLKs, the question
arises which kinase (or kinases) executes these functions instead. It has been noted that

the paucity of cell-cycle-related kinases in Plasmodium suggests that these kinases perform
multiple functions, perhaps also as cell cycle checkpoints.>8 PFNEK3 possesses an N-
terminal hydrophobic region, which has been omitted when generating recombinant proteins
due to issues it poses in solubility.22 The region is also suspected to contain a localization
signal and a transmembrane portion.22:59 Perhaps this region is involved in anchoring to

the nuclear membrane, facilitating proximity to the centriolar plaques, the centrosomal
equivalent in Plasmodium that likely exerts local control of cell division.®? It is intriguing to
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consider whether PFNEK3 is a kinase involved in the localized control of nuclear division in
schizogony as part of a complex, perhaps with other cell cycle kinases. In lieu of PLK1, it is
possible that P/FNEK3 may fulfill some of the cell cycle duties.

While PFNEKS3 can be inhibited /in situ by these PLK1 inhibitors, a full deconvolution of
their mechanism of action would require further efforts, and the possibility of action via
inhibition of a host kinase cannot be excluded. Targeting multiple kinases can in fact be
desirable as it raises the hurdle for resistance and increase efficacy, though promiscuity
must be balanced to mitigate off-target effects.61 In addition to kinase targets, certain PLK1
inhibitors like compound 1 may also target aaRSs, triggering the cell to initiate a starvation-
induced stress response. Since Plasmodium possesses aaRSs that reside in the apicoplast,

a parasite-exclusive organelle, there is a great potential for development of selectivity, and
plasmodial aaRSs have been validated as targets for innovative antimalarial compounds with
unique mechanisms of action.%2:63 In fact, repurposing human kinase inhibitors that target
plasmodial aaRSs has been recently explored as a source of novel antimalarials.54 Overall,
the results of this study indicate that kinase inhibitors designed to target human PLK1 have
potential as antimalarials and as PFNEK3 probes. Since little of the function of PFNEK3
has been elucidated, compound 1 and other such PLK1 inhibitors may be used to interrogate
the role of PFNEKS in the life cycle of Plasmodium, in addition to being a chemical starting
point for antiplasmodial medicinal chemistry efforts.

METHODS

Chemistry.

Unless otherwise noted, reagents and solvents were obtained from commercial suppliers
and were used without further purification. 1H NMR spectra were recorded on a 500

MHz NMR (Bruker-500), and chemical shifts are reported in parts per million (ppm, &)
downfield from tetramethylsilane (TMS). Coupling constants (J) are reported in Hz. Spin
multiplicities are described as s (singlet), d (doublet), t (triplet), and m (multiplet). Mass
spectra were obtained on a Waters Micromass ZQ instrument (Milford, MA). Preparative
high-performance liquid chromatography (HPLC) was performed on a Waters Symmetry
C18 column (19 mm x 50 mm, 5 M) using a gradient of 5-95% methanol in water
containing 0.05% trifluoacetic acid (TFA) over 8 min (10 min run time) at a flow rate of 30
mL/min. Purities of assayed compounds were in all cases greater than 95%, as determined
by LC-MS analysis. Detailed compound characterization was given in the Supporting
Information. Structure graphics were generated by ChemDraw 21.0.0.

Culture Conditions.

P, falciparum Dd2 and 3D7 parasites were cultured with an adapted Trager and Jansen
protocol .55 Cultures were maintained at 37 °C in 5% CO, or in 95% N5/5% CO, in RPMI
1640 medium (25 mM HEPES, 26 mM sodium bicarbonate, 15 mg/L hypoxanthine, 25
mg/L gentamycin, 2% dextrose), 0.5% AIbuMAX Il (Thermo Fisher, Waltham, MA), and L-
glutamine as needed. Human A+ erythrocytes were used to maintain 4% hematocrit. HepG2
human hepatocytes were maintained at 37 °C in 5% CO, in Eagle’s Minimal Essential
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Medium supplemented with 10% fetal bovine serum and 1% antibiotic—antimycotic solution
(Gemini Bio, West Sacramento, CA).

SYBR Green | Proliferation Assay.

This assay was performed as described previously.56 Asynchronous blood stage 2
falciparum cultures were plated at 1% parasitemia and 1% hematocrit in a 96-well plate

and incubated with serial dilutions of compound for 72 h at 37 °C in 5% CO,. DMSO
concentrations were kept at a sublethal percentage (<0.2%). As a negative parasite growth
control, 5 M chloroquine was used. Plates were then frozen at =80 °C, thawed, and wells
were given 100 4L of SYBR Green I-containing lysis buffer (20 mM Tris-HCI, 5 mM
EDTA, 0.8% Triton X-100, 0.08% saponin, and 0.0001% SYBR Green I) (Thermo Fisher,
Waltham, MA). After incubation for 45 min at room temperature protected from light,
fluorescence emission was read with a multimode microplate reader (BioTek Synergy Neo2,
Winooski, VT) at 485 nm excitation and 530 nm emission. The results were normalized
using untreated and chloroquine-treated controls, and ECsg was determined with CDD Vault
(www.collaborativedrug.com, Burlingame, CA).

Cytotoxicity Assay.
HepG2 cells were seeded at 2250 cells per well in a flat-bottomed black 384-well
plate with a clear bottom and incubated at 37 °C with 5% CO,. After 24 h, a
serial dilution of compound was applied, and the plate was incubated further for 48
h. Negative control wells were treated with 5% Triton X-100 for 10 min, and 10 /L
of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-
tetrazolium) reagent (CellTiter 96 AQueous One Solution Reagent, Promega, Madison,
WI) was added per well. After 3 h, the plate was read in a microplate reader (BioTek
Synergy Neo2, Winooski, VT) at an absorbance of 490 nm. The results were normalized
with untreated cells and Triton X-100-treated cells. ECsy was determined with a CDD Vault
(Burlingame, CA).

Rate of Killing.

A flow-cytometry-based rate of killing assay was performed as described previously.5
Asynchronous £ falciparum Dd2 cultures were plated at 1% parasitemia and 4% hematocrit
into a 24-well plate. Wells were treated with 10 x ECsq of compound for 12, 24, or 48

h before the compound was removed. Every 24 h thereafter for 4 days in total, culture
samples were washed in 0.5% bovine serum albumin (BSA) and stained with 1x SYBR
Green | (Thermo Fisher, Waltham, MA) and 60 ©/M MitoTracker Deep Red FM (Thermo
Fisher, Waltham, MA) for 20 min at 37 °C. After another wash in 0.5% BSA, samples were
resuspended in phosphate-buffered saline (PBS) and analyzed via flow cytometry with a
CytoFLEX S (Beckman Coulter, Brea, CA), with 100,000 events recorded per sample. For
gating, the following controls were used: uninfected RBCs, untreated culture, DHA-treated
culture, and untreated culture without MitoTracker stain. Viable parasite percentage was
determined by finding the fraction of SYBR Green/MitoTracker double-positive cells from
the total events. The analysis was performed with FlowJo software Version 10 (Ashland,
OR).
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Stage-Specific Assay.

The stage-specific assay was performed as previously described.® Asexual stage 2
falciparum cultures were first synchronized by a MACS magnetic column (Miltenyi Biotec,
Bergisch Gladbach, Germany), followed 3 h later by treatment with 5% sorbitol to select
for rings.69.70 Six hours after invasion, parasites were plated onto a 96-well plate at 1%
parasitemia and 1% hematocrit, and the compound was added at 5 x ECg to the 6 HPI
wells. Every 12 h, until reinvaded rings (54 HPI), thin blood smear slides for Giemsa stain
were taken, and samples were washed and fixed in 4% paraformaldehyde in PBS with
0.04% glutaraldehyde. At the conclusion of the timepoints, all samples were permeabilized
with 0.25% Triton X-100 before being treated with 50 g/mL RNase A and stained with
500 nM YOYO-1 (Thermo Fisher, Waltham, MA). Samples were then washed, and flow
cytometric analysis was performed with a CytoFLEX S (Beckman Coulter, Brea, CA),
collecting 100,000 events per sample. The analysis was performed with FlowJo software
Version 10.

Liver-Stage Activity Assay.

Assessment of activity in the liver stage was done as previously described. 71 Briefly,

3 x 102 of HepG2-A16-CD81 cells were seeded in 1536-well plates (Greiner Bio,
Frickenhausen, Germany). Then, 50 nL of the test and control compounds were added in
a 12-point 1:3 serial dilution. After 18 h, the cells are infected with 1 x 103 2 berghei
sporozoites expressing luciferase. After 48 h post infection, 2 gL of luciferin reagent
(BrightGlo, Promega, Madison, WI) was added to each well, and luciferase activity was
detected using a PerkinElmer Envision plate reader. ICsq values were determined in CDD
Vault (Burlingame, CA) normalized to maximum and minimum inhibition levels for the
positive (Atovaquone 0.25 ¢M) and negative (DMSO) control wells.

ADP-Glo Kinase Assay.

Activities of compounds 1, 11, and 12 were evaluated in recombinant PFARK2-GST and
human AurA-GST, which is a kind gift from the laboratory of Dr. Ratha Chakrabarti. Assays
were performed in 384-well white round-bottom plates, with a final reaction volume of 10
4L. For both kinases, reactions were comprised of 1x Kinase Buffer (Cell Signaling) and 10
LM ATP (Thermo Fisher, Waltham, MA), with 2 /g of the substrate and 0.4 g of kinase.
For PIARK2, the substrate is dephosphorylated MBP (#31314, ActiveMotif, Carlsbad,

CA), and for human AurA, the substrate is cofilin (a gift from the Dr. R. Chakrabarti
Laboratory). Inhibitors were added as a serial dilution of 1:3 beginning with 5 /M final
concentration, followed by the buffer and enzyme. After 10 min of room-temperature
incubation, the ATP and substrate were added, and the reactions were left to incubate

for 45 min at 25 °C. Next, 10 4L of ADP-Glo Reagent per well was added to stop the
reaction, and the plate was incubated at room temperature for 40 min. Next, 20 L of Kinase
Detection Reagent per well was added, and luminescence was evaluated with a multimode
microplate reader (BioTek Synergy Neo2, Winooski, VT). All reactions were performed

in duplicate. Per kinase, reactions without inhibitor served as a 100% activity control, and
reactions without kinase served as 0% activity controls. The known human AurA inhibitor,
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VX680 (#HY-10161, MedChemExpress, Monmouth Junction, NJ), was a control for AurA
inhibition. Analysis and graphing were generated with GraphPad Prism 9 (San Diego, CA).

Resistance Line Generation and Genomic Analysis.

Resistant parasites were selected with three parental clones: 3D7 clone A10, Dd2 clone B2,
and Dd2-pol delta clone H11. For each selection, three independent flasks containing 107
parasites were exposed to BI-2536 for 3-5 days at ECg concentrations for each parasite
clone (288 nM for 3D7, 371 nM for Dd2, and 256 nM for Dd2-pol delta). BI-2536 was
removed from the culture media once parasite replication stopped and was started again
after parasites resumed to replicate well. The drug off-drug on cycles were continued

for 8 months of culturing. During this time, the concentration of BI1-2536 was gradually
increased (in ~10% steps) until a concentration of 1.8 4. For each of the different three
parental parasite lines, all three flasks yielded compound-resistant parasites. Two flasks
originating from 3D7-A10 and three flasks originating from Dd2-B2 were subjected to
WGS, while clonal parasites were obtaining from two independent selections with Dd2-

pol delta parasites. For Dd2-pol delta parasites, two clones each from two independent
selections were sequenced. Genomic DNA (gDNA) was obtained from parasite samples by
washing infected RBCs with 0.05% saponin and isolating using the DNeasy Blood and
Tissue Kit (Qiagen) following standard protocols. Sequencing libraries were prepared by the
UCSD Institute for Genomic Medicine (IGM) Genomics Center using the Nextera XT kit
(#FC-131-1024, 1llumina, San Diego, CA) and were sequenced on lllumina NovaSeq. 6000
(S4 200, PE100). Sequencing reads were aligned to the P, falciparum 3D7 reference genome
(PlasmoDB v13.0) and preprocessed following standard GATK version 3.5 protocols.’273
SNVs and INDELSs were called with GATK HaplotypeCaller and filtered to retain high-
quality variants as previously described.” CNVs were detected by the GATK 4 workflow?2
adapted for 2. falciparum as described in Summers et al.”® Briefly, read counts were
collected across the genic regions of the 2 falciparum core genome’® and denoised log

2 copy ratios were calculated against a panel of normals constructed from nondrug-selected
3D7 and Dd2 samples. CNVs were retained if at least four sequential genes showed a
denoised log 2 copy ratio greater than or equal to 0.5 (copy number increase).

Western Blot Analysis of elF2a Phosphorylation.

Flasks of P falciparum Dd2 cultures at 4% hematocrit were sorbitol-synchronized as
described above, and cultures were predominantly ring to early trophozoite stages and
~10% parasitemia were treated for 3 h with compound 1 at three concentrations: 10, 1, and
0.1 ¢M. Borrelidin (SC-200379, Santa Cruz Biotechnology, Dallas, TX) and halofuginone
(#55837-20-2, MedChemExpress, Monmouth Junction, NJ) at 200 nM each served as
positive controls for elF2a phosphorylation, and DMSO at 0.1% served as a vehicle
control. After incubation, RBCs were lysed with 0.1% saponin and washed three times
with Dulbecco’s phosphate buffer (DPBS). Pellets were frozen at —80 °C, thawed on ice, and
resuspended in Pierce RIPA buffer (#89900, Thermo Fisher, Waltham, MA) supplemented
with 1x Halt Protease & Phosphatase Inhibitor Cocktail (#78443, Thermo Fisher, Waltham,
MA). Pellets were incubated on ice for 30 min with periodic vortexing, and lysate cleared
with centrifugation at 4 °C at 15 000g for 10 min. After quantification with the Pierce

BCA Protein Assay (#23227, Thermo Fisher, Waltham, MA), 30 /g protein per sample was
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given 1x NuPAGE loading dye (Invitrogen, Waltham, MA) and boiled for 7 min at 80°

and loaded onto a 12% Bis—Tris sodium dodecy!l sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel. After electrophoresis, the proteins were blotted onto a poly-(vinylidene
fluoride) (PVDF) membrane via the BioRad TransBlot Turbo system and blocked at room
temperature for 1 h with 5% milk in tris-buffered saline with 0.1% Tween 20 (TBST).
Primary antibody incubations were performed overnight at 4 °C, and secondary antibody
incubations were performed at room temperature for 1 h. Between incubations, membranes
were washed with TBST 3 x 5 min at room temperature. Rabbit antiphospho-elF2 (Ser51)
primary antibodies (#3597, Cell Signaling) were diluted 1:1000 in 5% BSA in TBST,

and anti-rabbit HRP-conjugated secondary antibodies (#7074, Cell Signaling) were diluted
1:20,000 in 5% milk in TBST. Rat anti-BiP primary antibodies (BEl, MRA-1247) were
diluted 1:10,000 in 5% milk in TBST and anti-rat HRP-conjugated secondary antibodies
(#AP136P, MilliporeSigma, Burlington, MA). Development was performed using the
SuperSignal West PLUS Chemiluminescent Substrate (Thermo Fisher, Waltham, MA) and
the ChemiDoc MP imaging system (BioRad, Hercules, CA).

Split-Luciferase Assay.

This assay was performed by Luceome Biotechnologies (Tuscon, AZ) as fee per service,
using a method previously described.1” The KinaseSeeker Assay offers a panel of 11 2
falciparum kinases, and initially, the compounds are scanned at a fixed concentration of
2.5 1M, and subsequently, an 1Cgg determination can be made using an eight-point dilution
series.

Recombinant Protein Production.

Radioactive

The full coding sequencing (CDS) of PFNEKS3, aside from the first 10 residues on the
N-terminus, cloned in a pGEX-4T-3 vector, was a generous gift from Christian Doerig.
The PFARK2-GST construct was generated within the Chakrabarti laboratory, and cloning
is described in the Supporting Information. £. co/i BL21(DE3) competent cells (Agilent,
Santa Clara, CA) were transformed via heat shock, and expression was induced with 1 mM
IPTG at 20 °C for 16 h. Bacterial lysates were pelleted by centrifugation and resuspended
in a HEPES salt buffer (50 mM HEPES, 200 mM NacCl, 0.02% monothiolglycerol, pH 7.5)
supplemented with 1x HALT Protease Inhibitor (#78443, Thermo Fisher, Waltham, MA).
Lysis was achieved with French press and sonication, and the lysate was clarified with
centrifugation and filtration through a 0.2 m PES membrane. Total protein lysate was run
through a GSTrap FF Column (Cytiva, Marlborough, MA) and eluted with the suspension
buffer supplemented with 20 mM glutathione. The resulting fractions were desalted with
PD-10 Columns (Cytiva, Marlborough, MA) and quantified with a Bradford protein assay in
accordance with the manufacturer’s protocol (BioRad, Hercules, CA).

Kinase Assays.

For PFNEKS, individual reactions were prepared in 15 /1, for a final concentration of

1x Kinase Buffer (Cell Signaling), 10 mM MnCI 2, 5 1qg of dephosphorylated MBP
(#31314, ActiveMotif, Carlsbad, CA), 1.5 pg of purified recombinant /FNEK3-GST, 10
(M ATP (Thermo Fisher, Waltham, MA), and 0.1 zM »-32P ATP (3000Ci/mmol 10mCi/ml
EasyTide, PerkinElmer, Waltham, MA). For PfARK?2, reactions were prepared in 20 /L
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with 1xKinase Buffer, 0.5 g of purified recombinant PFARK2-GST, 5 1g of MBP, 10 /M
ATP, and 0.1 M »-32 P ATP. Reaction tubes were incubated for 30 min at 30 °C in a

water bath before adding 4 4L of 4x NUPAGE loading dye (Invitrogen, Waltham, MA)

and boiling for 7 min at 80 °C. The samples were cooled and run on a 12% Bis—Tris
SDS-PAGE gel impregnated with 2,2,2-trichloroethanol (TCE). Protein concentration was
determined by UV imaging on a ChemiDoc XRS+ Imaging System (BioRad, Hercules, CA).
Proteins were blotted onto a PVDF membrane with the BioRad TransBlot Turbo system.
Membranes were dried and incubated overnight with a phosphoscreen before imaging with
a Personal Molecular Imager (BioRad, Hercules, CA). Densiometric analysis of the TCE gel
and membrane was performed with Image Lab 6.1 software (BioRad, Hercules, CA), and
correlation plots were generated with GraphPad Prism 9 (San Diego, CA).

Phosphoproteomics Sample Preparation.

Three flasks of asynchronous blood stage £ falciparum Dd2 culture were grown to ~15%
parasitemia and 4% hematocrit under standard culture conditions. Per biological replicate,
media was aspirated and replaced with fresh culture media, supplemented with either 5 x
ECsq or ECqg depending on the slope of the ECgq curve. As a control, culture was treated
with an equal volume of DMSO vehicle (0.04% final concentration). After 3 h, parasites
were collected as described above through saponin lysis of erythrocytes. Parasite pellets
were resuspended in freshly made 8 M urea lysis buffer (8 M urea, 50 mM Tris pH 8. 5,

1% SDS) supplemented with 1x HALT Protease & Phosphatase Inhibitor Cocktail (#78443,
Thermo Fisher, Waltham, MA). The parasites were lysed by sonication, and the protein

was quantified with the Pierce BCA Protein Assay (#23227, Thermo Fisher, Waltham,
MA). The lysate was stored at —80 °C until processing at the Thermo Fisher Center

for Multiplexed Proteomics (TCMP) at HMS. At this time, the samples were reduced,
alkylated, resuspended, and digested.’” The resulting peptides were quantified and labeled
with isobaric tandem mass tags (TMT).#6 Following a ratio check, phosphoenrichment was
performed with a Pierce High-Select Fe-NTA Phosphopeptide Enrichment Kit (Thermo
Fisher, Waltham, MA). The resultant phosphopeptide eluate was analyzed with LC-MS2.
The peptide flowthrough was fractionated by basic reverse-phase HPLC and similarly
analyzed with LC-MS3. Spectra were searched against a composite 2. falciparum and human
Uniprot database (https://www.uniprot.org/) using the COMET algorithm.”® Peptide matches
were filtered with a 1% false discovery rate (FDR), and peptides with a summed signal-to-
noise (SN) threshold of >100 were quantified. For phosphopeptides, a 1% FDR filter and a
summed SN threshold of =100 were used. Data will be released in the MassIVE repository
upon publication.

Phosphoproteomics Analysis.

The analysis was performed with normalized relative abundance values obtained from the
TCMP. Only results with more than one peptide were considered, and Z-score from ratio-
based paired Z-test (Z= (log 2(#) — 0)/(8/Vn)), where ris the mean of treated/untreated ratios.
GraphPad Prism 9 was used to generate the volcano plots (San Diego, CA). Disruptability
of proteins was determined through the PhenoPlasm database (http://phenoplasm.org).”®
GO-term analysis was performed using gene identifiers of the proteins containing at least
one of the 10% most differential phosphorylation sites (Jlog 2(fc)| > 0.585). Significantly
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enriched GO terms were obtained using the PlasmoDB Gene Ontology Enrichment tool,
which uses the background data set with the £ falciparum 3D7 genome and the Fisher’s
Exact test to identify these terms (http:/PlasmoDB.org).89 REVIGO8! was then used to
remove obsolete or redundant terms and cluster similar terms, and the remaining terms were
graphed with Cytoscape version 3.9.82 STRING analysis was performed on all top-ranked
differentially expressed phosphosites (highest 10% |Z-score| and |log 2(fc)| > 0.585) with the
addition of PFNEKS3 (https:/string-db.org/).83 Interactomes for each treatment individually
and the shared interactome were considered. The results were transferred into Cytoscape
version 3.9,82 and all edges with a minimum interaction of 0.2 were including in groupings.
Edge color represented the greatest contribution source for STRING score, and the overall
score was indicated by edge thickness. PPI enrichment score was determined based on a
more stringent interaction score of 0.4. Legend was created in BioRender (Biorender.com).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
P. falciparum Plasmodium falciparum
PLK Polo-like kinase
NEK NIMA-related kinase
ECso half-maximal effective concentration
ICsg half-maximal inhibitory concentration
RI resistance index
Si selectivity index
HPI hours post invasion
ARKSs Aurora-related kinases
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MAPK mitogen-activated protein kinase
MPB myelin basic protein
SNP single nucleotide polymorphism
WGS whole genome sequencing
aaRS aminoacyl-tRNA synthetase
PDB Research Collaboratory for Structural Bioinformatics
Protein Data Bank
HPLC high-pressure liquid chromatography
IMAC immobilized metal affinity chromatography
GO gene ontology
BCA assay bicinchoninic acid assay
TBST tris-buffered saline with 0.1% Tween 20
BSA bovine serum albumin
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Antiplasmodial potency not correlated with human PLK1 inhibition. (A) Average Dd2 ECsg
values are plotted against human PLK1 ICsq values (PLK1 Inhibitors /2 = 3.089 x 10-5, p=
0.9856; compound 1 structural analogues /2 = 0.1578, p = 0.3299). (B) HepG2 ECsq values
plotted against Dd2 ECsq values (PLK1 inhibitors: /2 = 0.4635, p = 0.0104; compound 1

structural analogues: 72 = 0.1144, p= 0.3391).
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PLKZ1 inhibitors display similar killing profile. Dd2 parasites were treated at 1% parasitemia
with 10 x ECgg of compound 1, 11, 12, or controls for 12 h (A), 24 h (B), or 48 h (C) prior
to compound wash off. Samples were collected every 24 h and treated with nucleic acid
stain SYBR Green | and MitoTracker Deep Red FM. Double-positive cells were considered
viable. DHA and atovaquone served as fast-acting and slow-acting controls, respectively.
The results displayed are the average of three biological replicates + SEM.

ACS Infect Dis. Author manuscript; available in PMC 2024 April 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bohmer et al.

Median Fluorescence Intensity

Total Fluorescence Intensity

>

@

X

3
>
h

6x108]

4x108

2%108

o
I

2.5%105
2.0%105
1.5x105
1.0x105

5.0x10%

0.0-

18

18

Compound 1
0.007

0009

Il Control

Bl 6 HPI Treatment
N 18 HPI Treatment
Il 30 HPI Treatment
I 42 HPI Treatment

30 42 54
Time Evaluated (HPI)

30 42 54
Time Evaluated (HPI)
Figure 3.

v

8x108

6x108]

4x108

2x108

Total Fluorescence Intensi

o
I

2.5%105
2.0x105
1.5%105
1.0x105

5.0x10%-

0.0-

Median Fluorescence Intensity

18

18

Compound 11
S 001
Hl Control
I 6 HPI Treatment
Il 18 HPI Treatment
Il 30 HPI Treatment
I 42 HPI Treatment

0.002

30 42 54
Time Evaluated (HPI)

30 42 54
Time Evaluated (HPI)

ity

8x108

6x108

4x10°

2x108

Total Fluorescence Intens

o
I

2.5%105
2.0%10%
1.5%10%4
1.0%10%

5.0%10% -]

0.0-

Median Fluorescence Intensity

Page 28

Compound 12

18 30 42 54
Time Evaluated (HPI)

18 30 42 54
Time Evaluated (HPI)

Blood stage specificity of PLK1 inhibitors. Synchronized Dd2 parasites were treated at
set timepoints and evaluated every 12 h throughout the life cycle until post-reinvasion.

Changes in DNA content were assessed in YOYO-1-stained parasites with flow cytometry.

For YOYO-1 positive populations, the total DNA content (top) as well as median DNA

content per cell (bottom) for compound 1 (A), compound 11 (B), and compound 12 (C) are
evaluated. Graphs depict averages of four biological replicates £ SEM. Treatment conditions

were each compared to the control with #test with the Holm-Sidak method for multiple
corrections. P-values less than 0.05 are shown.
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Figure 4.

PFNEKS inhibition not the sole predictor of antiplasmodial activity. (A) Inhibition of Pf
NEK3 following incubation with 1 4M PLK inhibitors. Top: Autoradiogram. Bottom: TCE
gel image for protein quantification. A 1 M pan-kinase inhibitor staurosporine serves

as a control. Gel representative of three replicates. (B) Quantification of kinase activity.
Autoradiogram band intensity normalized to protein concentration by the TCE gel band.
Activity normalized to the no-inhibitor control (100% activity). Data shown represents
averages + SEM of three replicates. Significance of treatments compared to the no-inhibitor
control determined by one-way analysis of variance (ANOVA). (C) Relationship between
Dd2 EC 50 and PFNEK3 activity remaining after 1 zM treatment (/2 = 0.2117, p= 0.25).
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Compound 1 induces elF2a-mediated stress response. (A) Parasites with resistance to

compound 1 obtained from £ falciparum three strains. (B) Western blot reveals that

Dd2 parasites treated with Compound 1 exhibit increased phospho-elF2a phosphorylation
compared to the vehicle control (dimethyl sulfoxide (DMSQ)), though not as much as

the positive phosphorylation controls, borrelidin and halofuginone. Blot is representative
of three biological replicates. (C) Missense mutation is located at the conserved

residue in MRS®P! (UniProt ID: Q81J60). Predicted structure derived from AlphaFold
(www.alphafold.ebi.ac.uk).
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Differentially expressed phosphosites upon exposure to compound 1 (A) and compound 12
(B) of the top-ranked most downregulated (log 2(fc) < —0.585) motifs per treatment. Dashed
lines on volcano plots represent cutoff values of the top 10% of the absolute values of the

| Z-score| and |log 2(7c)| > 0.585, and dotted lines represent |log 2(fc)| > 0.322.

ACS Infect Dis. Author manuscript; available in PMC 2024 April 14.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bohmer et al. Page 32

17y, oy
(8117) PF3D7_0804000
. 4 (556)
o
-~
ncm\‘
(S765)
N<
-~
HEcT\ﬂ ‘Afe Prao'r_wfgtmu
PF307_0926100 d 1: T1037)
Psaﬂg_;aw;)i]wo ey R s ‘\‘(Crrf;%“ iz: Saok Tha7)
fiasey we ppp%,ggg;suu <

-~
1SWI 1 ARP
PF3D7.0716200 131395) o (11214, 5945) PF?"Zgg)‘ §'0
1(‘[1053) (51907 {eevt PA!PV o
g;f; (| (51303 (S390)
(5912) e N <
SR J {
PF3) 7_13(?5;00 N PEJD7_132§200 HP1 /
!18,303) "(s3241 1(5174)
< N i
Kics - ;}quex\rif/
(Cmpd 1: T $1500) = PF:ﬂn(7s'503712) 00 o
(Cmpd 12: 15104) ~< Q600
s, 1 FRM2
PF3D7.1359600  |(52072)
(51479)"
o g
Node Key Edge Key
-~ Node Color Node Border —_C i
1 NTZ‘ . PINEK3 17} Down regulated site(s)
‘(128:2 L, Textmining
4 =
) cmpd. 1 Interact
fggﬁ‘j @ cmpa. 1 interactome 1\) Upreguited Ste(s)  ___ poimnts
e Down and up
. Cmpd. 12 Interactome ) Databases
PPl enrichment p-value: 0.0234
Avg. Local Clustering Coefficient: 0.699 Shared Interactome
vesicle fusion with Golgi apparatus
(GO:0048280)
protein localization to vacuole
(60:0072665)
B " 3 protein polymerization (GO:0051258)
putrescine biosynthetic process from
ornithine (GO:0033387)
nucleoside tansmembrane {ASPOT  pa decapping (GO:0110154) -adenosylmethioninamine biosynthetic
process (GO:0006557)

actin filament polymerization
(GO:0030041)

regulation of vesicle fusion
338)

positive regulation of catalytic activity
(G

() _carbohydrate derivative transport (] ) deadenylation-independent decapping
\ v\(co 1901264) of nuclear-transcribed mRNA
\ (G0:0031087)
— amine metabolic process (G0:0009308),

DudlEobasEonmnlivg Compound nuclear-transcribed mRNA catabolic

process, deadenylation-independent
transport (G0:0015931) deeay (CD0031086) N 4 v

. § \ 4
positive regulation of catalytic activity nucleobase-containing small mole(mew o <\»
(G0:0043085) biosynthetic process (G0:0034404) et assembly
— positive regulation of transcription,

ey cytokinesis
RNA decapping (GO:0110154)
MRNA editing complex (GO:0045293) cell population proliferation
008283)

C basal part of cell (GO:0045178)

‘eukaryotic translation initiation factor roide o st
complex (G0:0016281)
y 33  4F complex (GO:0016281)

chromatin (GO:0000785) late endosome membrane (G0:0031902)
7 inner membrane pellicle complex
RNA N6-methyladenosine (GO:0070258)

methyltransferase complex

(60:0036396) heterochromatin (G0:0000792) nucleus (GO:0005634)

pellicle (GO:0020039)  basal part of cell (GO:0045178)

nucleoside transmembrane transporter " 14-3-3 protein binding (G0:0071889)
activity (GO:0005337) 5'-3' exodeoxyribonuclease activity
@ (60:0035312) pantothenate kinase activity
o (G0:0004594)
/ [ protein binding (GO:0005515)
= RNA binding (G0:0003723)
MRNA biRding (GO:0003729) mRNA binding (GO:0003729) WW domain binding (GO:0050699)
ubiquitin protein ligase activity
H3K9me3 modified histone binding
(GO:0061630) (0010062072
O -value adenosylmethionine decarboxylase @
g10(p (
activity (G0:0004014) R
Cmpd 1 [T 2
transcription cis-regulatory region
binding (G0:0000976) methylation-dependent protein binding
Cmpd 12 - (G0:0140034)
-3.5

-1.0 ornithine decarboxylase activity
(GO 86)

Figure 7.
Interactome of compounds 1 and 12 and resulting GO enrichment analysis. (A) STRING

network of proteins possessing the top differential (|log 2(7c)| > 0.585) phosphosites with Pf
NEK3. Color represents the interactome source (compound 1, compound 12, shared), border
color represents the direction of deregulation. Edge color represents strongest contributing
source, and edge thickness represents the overall edge score. (B-D) Shared and distinct GO
enrichment for compound 1 (green) and compound 12 (purple) for the biological process
(B), cellular component (C), and molecular function (D). Color intensity reflects log 10
(enrichment p-value), and edge indicates similarity between terms.
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