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SUMMARY

The ubiquitin-conjugating enzyme 13 (Ubc13) has an essential function and putative role in artemisinin activ

ity against Plasmodium falciparum. Ubc13 conjugates lysine 63-linked ubiquitin (K63-Ub) to proteins, but the 

role of this modification in Plasmodium remains largely unknown. Herein, we characterize and deploy 

NSC697923 to interrogate PfUbc13 function. We demonstrate that NSC697923 covalently targets the 

PfUbc13 catalytic cysteine and exhibits nanomolar inhibitory potency. NSC697923 inhibits multiple life 

stages and synergizes with the malaria drug dihydroartemisinin. NSC697923 specifically reduces K63-Ub 

in blood stage parasites, and subsequent chemoproteomic studies identified 31 putative PfUbc13 sub

strates. These proteins were enriched in transcription, translation, and proteasome processes, and 90% 

overlapped with previous Plasmodium ubiquitinome studies. Nascent protein synthesis was reduced 

following NSC697923 exposure, supporting a role for PfUbc13 and K63-Ub in mediating protein translation. 

These findings expand our knowledge of PfUbc13-dependent processes in these pathogenic parasites and 

highlight this enzyme as a potential antimalarial drug target.

INTRODUCTION

Plasmodium falciparum is the most lethal malaria parasite, 

responsible for over 90% of the nearly 600,000 malaria fatalities 

in 2023.1 Artemisinin (ART)-based combination therapies (ACTs) 

serve as the World Health Organization’s recommended frontline 

antimalarial treatment.2 However, the emergence of drug-resis

tant parasites, notably in Southeast Asia and recently in sub-Sa

haran Africa, exacerbates the global threat of malaria.3–8 Thus, 

there is an urgent need to better understand the mechanism of 

action of ACTs, and to identify novel antimalarial drug targets. 

ACTs are active against the clinically symptomatic, asexual 

blood stage (ABS) of P. falciparum.9,10 During the ABS cycle, 

the parasite develops into morphologically distinct ring, tropho

zoite, schizont, and merozoite forms, which are capable of rein

vading new blood cells every 48 h.11 This high replication rate 

and extensive transformations at this time necessitate mecha

nisms for precise control of protein expression and function. 

One such mechanism in Plasmodium is ubiquitination, an essen

tial and highly conserved post-translational modification (PTM) 

that is observed across all eukaryotes.12

Ubiquitin (Ub) and ubiquitinated proteins have been detected 

in all ABS parasite forms.13 Conjugation of Ub to substrate pro

teins is catalyzed by highly conserved enzymatic cascades that 

consist of Ub-activating (E1), Ub-conjugating (E2), and ligase 

(E3) enzymes.12,14 This process is initiated by E1-mediated hy

drolysis of ATP, adenylation of the Ub C-terminus, and subse

quent thioester bond formation at the E1 active site Cys resi

due.15 Then, Ub is transferred to the catalytic Cys residue of 

the E2 through a transthioesterification reaction.16–18 Finally, 

through an interaction with an E3 ligase, the Ub is covalently con

jugated to a specific protein substrate as a monomer or polyubi

quitin chain.19,20 These Ub chains can be deconstructed and re

cycled by deubiquitinase (DUB) enzymes.21,22 Ub chain linkages 

are defined by the Ub residue to which other Ub monomers are 

conjugated (i.e., M1, K6, K11, K27, K29, K33, K48, or K63 on Ub), 

and different linkages coordinate distinct biological func

tions.23–25 For example, in well-studied systems, canonical 

K48-Ub chains mediate 26S proteasomal degradation, whereas 

K63-Ub linkages are associated with proteasome-independent 

processes such as DNA repair, signal transduction, and the 

oxidative stress response, to name a few.26–33 Polyubiquitination 

is known to be critical to Plasmodium, yet there are many 

outstanding questions about the identity and function of Ub- 

signaling pathway members.

A bioinformatic study identified 114 Ub-associated proteins in 

P. falciparum: 8 E1 or E1-like activating enzymes; 14 E2 or E2- 

like conjugating enzymes; 54 E3 or E3-like ligases, and 29 

DUB or DUB-like proteins.34 Despite the critical role of Ub in 

the complex P. falciparum life cycle, biochemical interrogation 
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of these enzymes is sparse, and there are no antimalarial drugs 

in the pipeline that target this enzyme family. Notably, it 

was observed that induced genetic knockout of the E2 

P. falciparum ubiquitin-conjugating enzyme 13 (PfUbc13) sensi

tizes ABS parasites to dihydroartemisinin (DHA), the therapeuti

cally active drug form of ART, suggesting that PfUbc13 plays a 

role in recovery from ART-induced damage.35 Ubc13 mediates 

K63-Ub chains across eukaryotes, including P. falciparum, but 

the functional consequences of this linkage in parasites remain 

unknown.31,36,37 Moreover, PfUbc13 is negatively regulated by 

the essential protein P. falciparum protein kinase 9 (PfPK9) via 

phosphorylation at Ser106.38 Confoundingly, chemical inhibition 

of PfPK9 with the small molecule takinib decreases K63-Ub 

levels in ABS parasites while increasing liver stage parasite 

size in the Plasmodium berghei rodent malaria model system, 

though a mechanistic explanation for this size increase remains 

elusive.39 PbPK9 is not required for PbUbc13 phosphorylation, 

and its function appears to be redundant.40 ABS parasites 

bearing a PbUbc13 Ser106Ala mutation are not viable, demon

strating that this modification is essential for parasite develop

ment.40 These studies also highlight the advantages of chemi

cally targeting PfUbc13 to further understand the essential role 

of K63-Ub pathways in Plasmodium and the ACT mechanism 

of action, both of which could reveal new malaria drug targets.41

Herein, we integrate chemical biology, biophysical, and 

biochemical approaches to probe the role of Ubc13 in Plasmo

dium parasites. We first validate NSC697923 binding to PfUbc13 

in vitro, and then use this molecule to disrupt protein function in 

parasites.42 NSC697923 inhibits asexual, liver, and gametocyte 

parasite stages, and we observe activity against ABS drug-resis

tant parasite strains and synergy of NSC697923 with DHA. 

Moreover, we employ NSC697923 to reveal the PfUbc13- 

dependent K63-Ub landscape, which identified several proteins 

related to protein translation as potential PfUbc13 substrates. 

We demonstrate the connection between PfUbc13 and global 

protein translation using a puromycin-incorporation assay, 

which suggests PfUbc13-mediation of K63-Ub is involved in 

the regulation of protein synthesis in Plasmodium. More broadly, 

our data offers numerous potential substrates to better resolve 

the role of this PTM in Plasmodium. Further insights into parasite 

K63-Ub pathways, especially those implicated in ACT activity, 

may guide critically needed malaria therapeutic efforts.

RESULTS

Sequence and structural examination of PfUbc13

Sequence alignment of human (Uniprot P61088) and Plasmo

dium Ubc13 (Uniprot P. falciparum Q8I3J4, P. berghei 

A0A122ILF4) homologs reveals a high degree of conservation 

(80% sequence similarity), particularly in the active site that con

tains the catalytic Cys where Ub-conjugation occurs (Cys86 in 

Plasmodium Ubc13) (Figure 1A). Thus, it was predicted by us 

and others that NSC697923, an inhibitor of HsUbc13, could be 

repurposed as a tool to interrogate Plasmodium Ubc13 activ

ity.35,44 NSC697923 was identified as a hit compound in a 

phenotypic screen designed to discover inhibitors of nuclear fac

tor kappa-B (NF-κB) activation through protein kinase C path

ways, but not tumor necrosis factor-alpha (TNF-α) pathways, 

for the treatment of diffuse large B-cell lymphoma. Subsequent 

in vitro ubiquitination assays revealed that NSC697923 selec

tively inhibited HsUbc13-mediated polyubiquitin chain synthe

sis, but not HsUbcH5c polyubiquitin chain synthesis.44 Since 

this discovery, its activity and specificity in human cells have 

been evaluated in several studies.45–48 NSC697923 covalently 

Figure 1. PfUbc13 sequence and structural analysis predicts binding of NSC697923 

(A) Multiple sequence alignment of Ubc13 homologs from H. sapiens, P. falciparum, and P. berghei (EMBL-EBI Clustal Omega).43 Conserved residues (blue) and 

the catalytic Cys (yellow) is highlighted. Residues previously identified to be important for selectivity of NSC697923 for HsUbc13 are indicated (red star). 

(B) Michael-like addition reaction of Ubc13 active site Cys and NSC697923 results in a nitrofuran covalent adduct and p-toluenesulfinic acid leaving group. 

(C) Docking of NSC697923 (cyan) to PfUbc13 (green, PDB 2R0J). Distance from active site Cys86 (yellow) to the reactive carbon (Michael acceptor) is predicted to 

be 4.36 Å (magenta) (Schrödinger Maestro).
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modifies the HsUbc13 active site Cys87 through a Michael-like 

addition to form a nitrofuran adduct (Figure 1B).42 Previous 

studies have identified key residues in a unique cleft adjacent 

to the catalytic site that impart selectivity of NSC697923 for 

HsUbc13 over other human E2 enzymes, which include Asp81, 

Arg85, Leu121, Ala122, and Asn123 (Figure 1A, red stars).42

Notably, the former three residues are conserved in Plasmodium 

Ubc13 homologs. To assess potential binding, NSC697923 was 

docked to the PfUbc13 crystal structure (PDB 2R0J) using 

Maestro by Schrödinger (Figure 1C). Our model predicts that 

the putative reactive carbon (Michael acceptor) of NSC697923 

is within the reaction sphere of the PfUbc13 active site Cys86 

thiol (4.36 Å).49,50 Moreover, the two non-conserved PfUbc13 

residues Asp121 and Ser122 were not observed to occlude 

binding.

To assess potential specificity, we examined the sequences of 

all putative Plasmodium E2’s. By specifically comparing resi

dues known to be important for NSC697923 binding, we 

observed that only PfUbc13 has a high overlap (Figure S1A). 

The experimentally validated non-NSC697923 binding human 

E2 HsUbcH5c (Uniprot P61077) was also included in this anal

ysis, and 12 Plasmodium E2’s had lower overlap than this non- 

binding control.44 We also completed an in silico screen to eval

uate the 14 Plasmodium E2’s for their potential to bind to 

NSC697923 (Figure S1B). We found that PfUbc13 is the most 

similar to HsUbc13 (i.e., highest cleft conservation and lowest 

C-alpha RMSD), and our docking model of NSC697923 to the 

PfUbc13 active site is predicted to have the most favorable 

free energy of binding value (i.e., lowest MM/GBSA). The non- 

binding HsUbcH5c was again evaluated as a control, where all 

but 2 Plasmodium E2’s had MM/GBSA values lower (more favor

able predicted binding) than the control and its homolog in Plas

modium (Uniprot Q8I607). Only PfUbc13 scored favorably in 

both analyses to predict NSC697923 binding. Altogether, our 

in-silico analyses suggest that NSC697923 can bind to PfUbc13 

with limited predicted binding to other E2’s, which supports 

experimental data in human cells demonstrating NSC697923 

specificity toward Ubc13. Hence, experimental validation of 

NSC697923 binding to PfUbc13 was pursued.

NSC697923 is a covalent inhibitor of PfUbc13

To probe the predicted covalent binding of NSC697923, recom

binant HsUbc13, PfUbc13, and a PfUbc13C86S mutant were ex

pressed in E. coli and purified to homogeneity (Figure S2A) for 

high-resolution mass spectrometry (HRMS) analysis. Briefly, 

protein was incubated with NSC697923 or the DMSO vehicle 

control, and the resulting extracted-ion chromatograms (EICs) 

generated from the peptide fragments following trypsin-diges

tion were examined. This analysis confirmed HsUbc13 Cys87- 

nitrofuran adduct formation in the NSC697923-treated protein 

when compared to the DMSO treatment (Figure S2B). PfUbc13 

was then similarly treated and analyzed. In the DMSO control 

sample, we observed a major peak corresponding to the mass 

(m/z = 817.4852 Da) of the PfUbc13 Cys86 peptide (ICLDILK) 

(Figure 2A, bottom black trace). A minor peak at a higher reten

tion time was also observed in both the DMSO-treated PfUbc13 

and HsUbc13 EICs. Upon incubation with NSC697923, we 

observed a peak corresponding to the predicted +112.01 Da 

mass shift (m/z = 929.4952 Da) of the Cys86-nitrofuran adduct 

(Figure 2A, top blue trace), which was not observed in the 

DMSO control. Additionally, no unmodified peptide peak was 

observed, indicating saturation at the active site. In contrast, 

analysis of the active site mutant PfUbc13C86S following incuba

tion with DMSO or NSC697923 only yielded the mass (m/z = 

801.4192) of the unmodified peptide (ISLDILK) in either sample 

(Figure 2B, black traces) with no detection of a +112.01 Da 

mass shift (Figure 2B, red traces). Altogether, these data demon

strate that NSC697923 covalently modifies PfUbc13 at the active 

site Cys86.

To assess NSC697923 inhibition of PfUbc13 Ub-conjugation, 

in vitro Ub transfer assays were performed, and formation of the 

PfUbc13∼Ub conjugate was monitored by anti-Ub western blot. 

As Ub activation is necessary for E2∼Ub conjugation to occur, 

recombinant full-length E1 PfUBA1 (Uniprot Q8I5F9) was ex

pressed and purified to homogeneity (Figure S2A). With incuba

tion of PfUbc13 and PfUBA1 in the presence of Ub, the 

PfUbc13∼Ub conjugate was observed at 26 kDa (i.e., PfUbc13 

18 kDa + Ub 8 kDa) by anti-Ub western blot. There was a 

dose-dependent inhibition of this band with increasing 

NSC697923 concentrations (Figure 2C, left) such that no 

PfUbc13∼Ub conjugate was observed at 64 μM. Assays per

formed with the PfUbc13C86S mutant revealed no E2∼Ub forma

tion with or without 64 μM NSC697923, further confirming the 

catalytic role of Cys86 in PfUbc13 Ub-conjugation activity 

(Figure 2C, right). NSC697923-dependent inhibition was also 

observed in the HsUbc13 control reactions (Figure S2C). To 

quantitatively evaluate NSC697923 inhibition of PfUbc13, a fluo

rescence polarization (FP) assay was employed to measure 

transfer of the fluorescent tracer fluorescein-Ub (f-Ub) from 

PfUBA1 to PfUbc13.51,52 FP is observed when f-Ub is bound 

to PfUBA1 (132 kDa), and this signal decreases when f-Ub is 

bound to PfUbc13 (18 kDa). Reduction in f-Ub conjugation to 

PfUbc13, corresponding to an increase in FP signal and increase 

in percentage of f-Ub bound to PfUBA1, was observed with 

NSC697923 addition. In FP assays employing PfUbc13C86S 

and HsUBA1, only FP signal corresponding to the E1∼Ub conju

gate was observed, confirming that the mutant protein does not 

bind Ub (Figure S2D). Dose-response curves were generated for 

human and PfUbc13 using the FP assay and fit to calculate the 

apparent inhibitory constants (Ki) of 0.28 ± 0.07 and 0.36 ± 

0.11 μM, respectively (Figure 2D). Overall, a molecule that cova

lently targets PfUbc13 and inhibits Ub transfer from PfUBA1 with 

nanomolar potency was identified, thus providing a tool com

pound to functionally interrogate PfUbc13 in parasites.

NSC697923 exhibits multistage activity and synergizes 

with DHA

Antiparasitic activity of PfUbc13-chemical inhibition by NSC69 

7923 was assessed during the Plasmodium asexual, gameto

cyte, and liver stages. First, ABS parasite viability was assessed 

by the nuclear stain SYBR Green.53,54 NSC697923 inhibited all 

tested ABS P. falciparum parasite strains: drug-sensitive strain 

3D7 and drug-resistant strains Dd2 (chloroquine (CQ), pyrimeth

amine (PYR), mefloquine (MEF)), Dd2_R539T (CQ, PYR, MEF, 

ART), and W2 (CQ, PYR, MEF). The half-maximal parasite inhibi

tion effective concentrations (EC50 values) assessed at the 
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trophozoite stage were 2.3 ± 0.11, 2.3 ± 0.09, 2.4 ± 0.23, and 

1.9 ± 0.13 μM, respectively (Figure 3A), displaying no significant 

change in potency against drug-sensitive 3D7 and the three 

tested drug-resistant strains (Figure S3A). A hemolysis assay 

showed no appreciable RBC toxicity with up to 25 μM 

NSC697923 over 72-h treatment, demonstrating inhibition was 

not due to host cell toxicity (Figure S3B).

NSC697923 anti-gametocyte activity was also investigated. 

Early gametocyte viability was determined based on the intensity 

of the fluorescent gametocyte reporter tdTomato, which is 

driven by the peg4 promoter that becomes active during the 

treatment window for early gametocytes. For late gametocyte 

viability, the mitochondrial membrane potential was assessed 

by DilC1(5)+ staining.55,56 Treatment of early and late gameto

cytes with 1 μM NSC697923 resulted in 12% and 21% inhibition, 

respectively, whereas treatment with 10 μM NSC697923 re

sulted in 89% and 83% inhibition, respectively (Figure 3B).

To assess liver stage inhibition, we employed the commonly 

used P. berghei rodent malaria liver stage model. In this model, 

liver stage parasite load is assessed by a luciferase reporter that 

uses the eef1a promoter to drive protein expression. Concurrently, 

HepG2 hepatocyte viability is assessed by a commercially avail

able kit that measures protease activity with a fluorogenic peptide 

substrate as a biomarker of cell viability.57 PfUbc13 is 90% iden

tical to P. berghei Ubc13, so it is expected that NSC697923 binds 

to both proteins (Figure 1A). NSC697923 inhibited liver stage par

asites with an EC50 value of 8.8 ± 5.2 μM, similar to the observed 

ABS potency. HepG2 cytotoxicity was observed for NSC697923 

at high concentrations, but it did not significantly inhibit HepG2 

viability at 12.5 μM (p = 0.5576, Figure S3C). Moreover, based 

on a microscopy analysis, NSC697923 treatment significantly 

decreased the size of P. berghei liver stage exoerythrocytic forms 

(EEFs) at 5 μM (Figure S3D).

We sought to characterize the anti-parasitic effect of cotreat

ment of DHA (EC50 = 0.19 ± 0.03 nM, Figure S4A) and the 

PfUbc13 inhibitor NSC697923. The testing of this specific com

bination was motivated by the observation that genetic disrup

tion of PfUbc13 sensitizes ABS parasites to DHA; thus, we hy

pothesized a synergistic interaction would be observed.35 To 

evaluate their potential synergy, the observed drug combination 

Figure 2. NSC697923 covalently modifies Cys86 and inhibits PfUbc13 activity 

(A) LC-HRMS analysis of PfUbc13 with DMSO or NSC697923. Shown are extracted ion chromatograms at the indicated m/z with a 5-ppm window. Black traces 

were monitored at m/z for the peptide ICLDILK ([M + H]+ = 817.4852). Blue traces were monitored at m/z for the ICLDILK-nitrofuran adduct ([M + H]+ = 929.4952). 

Data shown are representative of two independent experiments. 

(B) LC-HRMS analysis of PfUbc13C86S with DMSO or NSC697923. Shown are extracted ion chromatograms at the indicated m/z with a 5-ppm window. Black 

traces were monitored at m/z for the peptide ISLDILK ([M + H]+ = 801.4192). Red traces were monitored at m/z for the ISLDILK-nitrofuran adduct ([M + H]+ = 

913.4292). Data shown are representative of two independent experiments. 

(C) Anti-Ub western blot displays [NSC697923]-dependent inhibition of PfUbc13∼Ub conjugate formation at 26 kDa (right). No conjugate is formed with 

PfUbc13C86S (left). Bands at 8 and 16 kDa correspond to ubiquitin and di-ubiquitin, respectively. Data shown are representative of two independent experiments. 

(D) Inhibition curves generated from fluorescence polarization assay measuring accumulation of fluorescein-Ub conjugated to PfUBA1 upon addition of 

NSC697923. Inhibitory potency (apparent Ki) of NSC697923 against human (pink) and P. falciparum (green) Ubc13 were calculated to be 0.28 ± 0.07 and 0.36 ± 

0.11 μM, respectively. Data shown as means ± SEM, n = 2.
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responses were analyzed using SynergyFinder, which uses 

comparisons with expected combination responses calculated 

by means of synergy scoring models. The summary synergy 

scores (i.e., average excess response due to drug interactions) 

were calculated where a score of less than − 10, between − 10 

and 10, and greater than 10 indicates that the interaction is 

antagonistic, additive, or synergistic, respectively. Our data indi

cates synergistic effects at sub-EC50 cotreatments of DHA with 

NSC697923, suggesting that inhibition of PfUbc13 enhances 

DHA anti-parasitic activity (Figures 3D and S4B). We also 

assessed cotreatments of CQ with NSC697923 against CQ- 

resistant W2 ABS parasites. W2 resistance to CQ was verified, 

displaying a 30-fold loss in sensitivity when compared with 

CQ-sensitive 3D7 (EC50 = 1.00 ± 0.02 μM and 29.4 ± 0.3 nM, 

respectively). In W2 ABS parasites, we did not observe a syner

gistic interaction at any tested concentration of CQ and 

NSC697923 (Figures 3E, S4C, and S4D). Together, these data 

highlight a specific connection between PfUbc13 and ART 

pathways.

Characterization of the PfUbc13-dependent K63- 

ubiquitin landscape

We employed NSC697923 as a tool to elucidate the PfUbc13- 

dependent K63-Ub landscape in ABS parasites. The in-cell tar

geting of PfUbc13 K63-Ub conjugation activity by NSC697923 

was first assayed in P. falciparum 3D7 ABS parasites by western 

blot using antibodies specific for K63-Ub or K48-Ub linkages 

(Figures S5A and S5B). We aimed to impact K63-Ub levels in 

Plasmodium without significant toxicity. Therefore, parasites 

were treated with 1 μM NSC697923 for 48 h, which is below 

the 72-h 3D7 ABS EC50 (2.3 μM) and displayed no significant 

reduction in viability (Figure S5C). With this treatment, parasites 

exhibited a significant reduction in K63-Ub levels (20%, p = 

0.0322) when compared to the DMSO control, monitored by 

anti-K63-Ub western blot. A similar analysis of K48-Ub levels 

showed no statistically significant change (Figures 4A–4D). 

This reduction in K63-Ub but not K48-Ub levels is consistent 

with a previous study that observed depletion of K63-Ub levels 

upon genetic disruption of PfUbc13.35

To identify parasite proteins with K63-Ub modification, a label- 

free quantitative proteomics approach was used. Briefly, ABS 

parasites were cultured with DMSO or 1 μM NSC697923 for 

48 h at the early trophozoite stage, the treatment conditions 

used in the western blot assay (Figures S5C and S6A). Cells 

were harvested, parasites were separated from red blood cells, 

and then these parasites were lysed. Plasmodium proteins with 

K63-Ub modifications were then pulled down from parasite 

lysate using K63-Ub Tandem Ubiquitin Binding Entities 

(TUBEs) resin (Figure S6B). TUBEs are polyubiquitin affinity 

matrices composed of engineered Ub-associated domains 

that exhibit high specificity for specific linkage types.58,59 After 

elution using 50 mM TEAB with 5% SDS and heating at 100◦C 

for 10 min, the sample was submitted to a bottom-up proteomics 

experiment using an LC-MS/MS readout. Pull-downs with con

trol beads were also completed to assess non-specific binding 

in both the treated and untreated samples. Quantitative differen

tial analysis of the proteins identified in the DMSO versus 

NSC697923-treated parasite samples was performed using 

the data generated in two biological replicates (Tables S1 and 

S2). Of note, many tryptic peptides report on a single protein, 

and there was limited coverage of diGly modifications (marker 

for Ub attachment site) in our workflow. From our analysis, 31 

Figure 3. NSC697923 is active against 

asexual, gametocyte, and liver stage para

sites, and specifically synergizes with DHA 

(A) NSC697923-dependent inhibition of 

P. falciparum asexual blood stage parasite strains, 

assessed via the SYBR Green assay: 3D7 (blue, 

EC50 = 2.3 ± 0.11 μM), Dd2 (green, EC50 = 2.3 ± 

0.09 μM), Dd2_R539T (orange, EC50 = 2.4 ± 

0.23 μM), and W2 (red, EC50 = 1.9 ± 0.13 μM). Data 

shown as means ± SEM, n = 4. 

(B) NSC697923-dependent inhibition of early and 

late P. falciparum gametocyte stage parasites at 

1 μM (dark gray) and 10 μM (light gray) relative to 

DMSO-treatment (black), EC50 < 10 μM for both 

stages, assessed via tdTomato fluorescence or 

mitochondrial membrane potential, respectively. 

Data shown as means ± SEM, n = 3. 

(C–E) (C) NSC697923-dependent inhibition of 

P. berghei liver stage parasites, assessed via 

luciferase reporter (EC50 = 8.8 ± 2.6 μM). Data are 

shown as means ± SEM, n = 4. Drug combination 

responses from (D) cotreatments of DHA (0–2 nM) 

and NSC697923 (0–20 μM) for P. falciparum 3D7 

and (E) cotreatments of CQ (0–12 μM) and 

NSC697923 (0–20 μM) for P. falciparum W2 

asexual blood stage parasite inhibition calculated 

with the zero-interaction potency (ZIP) model us

ing SynergyFinder 3.0 with baseline correction. A 

score of less than − 10, between − 10 and 10, and greater than 10 indicates that the interaction is antagonistic, additive, or synergistic, respectively. Synergistic 

interactions are marked with an asterisk (*). Data shown as means, n = 3.
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proteins enriched (-log2 fold-change >0.50) in NSC697923- 

treated samples that did not nonspecifically bind to the resin in 

both biological replicates were identified as K63-Ub modified 

proteins (Figures S6C and S6D, Tables S3A and S3B). From 

this hit list, a Gene Ontology (GO) network analysis was per

formed to gain insights into pathways that involve PfUbc13 

and proteins modified with K63-Ub (Figure 5A). Several of these 

GO terms were related to translation, transcription, and protea

some pathways, suggesting that K63-Ub has a role in regulating 

parasite protein synthesis and degradation processes. We 

compiled the top 20 highest-confidence GO terms (p-value 

<0.05) and noted the frequency at which these terms appeared 

in our 31-protein hit list (Figure 5B). Notably, 4 of the 31 proteins 

were eukaryotic translation initiation factors (eIFs) (Uniprot 

Q8IKF0, Q8ILY9, Q8IAZ3, and O97266), suggesting that 

PfUbc13 has a functional role in mediating the K63-Ub status 

of these proteins to regulate translation initiation in the parasite. 

One ribosome protein (Uniprot Q8IM10) was also included 

among the high confidence hits, further supporting a role for 

PfUbc13 in effecting parasite protein translation processes.

As an initial means to increase confidence in our protein hits, 

they were compared to three previously published proteomic da

tasets of Ub-modified (all linkage types) P. falciparum proteins 

(Figure 5C; Table S3C).13,60,61 Of note, these other studies 

were expected to have a significantly higher number of hits as 

they did not focus on the K63-Ub modification. This comparative 

analysis yielded a subset of 9 proteins that overlapped in all three 

studies (Figure 5D). These 9 proteins are taken to be the highest- 

confidence, putative PfUbc13 substrates modified with K63-Ub, 

where the site of Ub modification has been identified in each.61

Excitingly, eIF4A was identified in all four studies, highlighting 

the putative connection between Ubc13 activity and translation 

(Figure 5D).

Inhibition of PfUbc13 attenuates global protein 

translation

We sought to validate the link between PfUbc13 K63-Ub conju

gation activity and parasite protein translation. To measure 

translation, ABS parasites were incubated with O-propargyl pu

romycin (OPP), a puromycin alkyne analog that can be incorpo

rated into growing translated peptide chains to measure nascent 

protein synthesis. Subsequent bioconjugation by copper(I)-cata

lyzed azide-alkyne cycloaddition with AzideFluor488 (AF488) al

lows for monitoring of protein translation levels via in-gel fluores

cence. As a positive control, P. falciparum 3D7 trophozoites 

were treated with the translation inhibitor bruceantin (EC50 = 

4.5 ± 0.3 nM, Figure S7A) for 4 h and then incubated with OPP 

for 2 h to assess translation.62 Bruceantin (5 nM) significantly 

reduced OPP incorporation (∼70%) when compared to the 

DMSO control (Figures S7B–S7E).62 We then treated parasites 

with increasing concentrations of NSC697923 under the same 

OPP assay conditions. NSC697923 significantly decreased 

the levels of OPP-incorporation in a dose-dependent manner 

(Figures 6A and 6B). In contrast, treatment with the negative con

trol drug WR99210 (ABS EC50 = ∼0.1 nM),63–65 an inhibitor of the 

parasite dihydrofolate reductase, did not impact levels of OPP- 

incorporation (Figures 6C and 6D).66,67 Protein loading was 

normalized to Coomassie total protein stain, and ABS parasite 

viability, assessed via the SYBR Green assay, was not affected 

by assay conditions (Figures S8A–S8D). As another control, we 

assessed the impact of heat stress, which is a known stressor 

throughout the Plasmodium life cycle, on global protein transla

tion. In eukaryotes, heat stress results in global repression 

of protein synthesis as an adaptive response to minimize ther

mally induced proteome-wide damage.68–71 Accordingly, we 

observed that exposure of ABS parasites to 42◦C heat stress 

for 4 h resulted in a significant global reduction of protein synthe

sis without impacting parasite viability (Figures S9A–S9D). Over

all, our data demonstrates that inhibition of PfUbc13 K63-Ub 

conjugation activity attenuates parasite protein synthesis, sug

gesting that K63-Ub has a role in the regulation of translation in 

malaria parasites.

DISCUSSION

Ub is critical for progression of the malaria parasite life cycle at 

every life stage.13 Further, Ub pathways are involved in the 

modes of action of frontline antimalarial drugs and parasite 

drug resistance, highlighting its relevance to malaria drug treat

ment options.9,10,72 However, these pathways are largely unre

solved, and parasite Ub enzymes remain underexplored as po

tential antimalarial drug targets.73 Of particular interest is 

Figure 4. NSC697923 treatment of asexual 

blood stage P. falciparum 3D7 significantly 

decreases K63-Ub but not K48-Ub levels 

(A and B) (A) K63-Ub and (B) K48-Ub were de

tected and visualized by western blot in 

NSC697923-treated and DMSO-treated (48 h) 

asexual blood stage P. falciparum 3D7 parasites. 

(C) Ponceau S measuring total protein was used 

as a loading control. (A–C) Data shown is repre

sentative of three independent experiments. 

(D) Quantification of relative K63-Ub and K48-Ub 

signal intensities in parasites treated with 0.1% 

DMSO or 1 μM NSC697923. Signals were quan

tified and normalized to Ponceau S total protein 

stain (ImageJ). Data shown as means ± SEM, n = 

3. * <0.05, not significant (ns) > 0.05; paired t-test.
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PfUbc13, an enzyme expressed throughout the asexual, sexual, 

and liver stages of Plasmodium. PfUbc13 is known to be essen

tial for the parasite ABS, and with putative involvement in ART 

antimalarial activity.35,41,74–76 Ubc13 homologs in well-charac

terized systems have been shown to be central mediators in 

the specific attachment of K63-Ub chains, which intriguingly 

regulate proteasome-independent processes such as DNA 

repair, protein localization, endo-lysosomal pathways, and other 

critical cellular functions. However, knowledge of Ubc13 and 

K63-Ub from higher eukaryotes does not always translate 

directly to Plasmodium, whose ∼5,300 protein-coding genes 

widely diverge from humans and model organisms. For example, 

Ubc13 in humans ubiquitinates TNF receptor-associated factor 

(TRAF)-family adapter proteins and NF-κB essential modulator 

(NEMO), which are key signaling molecules in immune and in

flammatory responses; however, Plasmodium does not express 

TRAF proteins or NEMO. Beyond that, Plasmodium lacks com

plex, canonical immune pathways that are observed in higher 

eukaryotes.28,77,78 These divergences demonstrate the need 

Figure 5. Proteomic characterization of the 

PfUbc13-dependent K63-Ub landscape in 

asexual blood stage parasites 

(A) Gene ontology (GO) enrichment mapping de

tailing biological processes of 31 protein hits 

(shown are curated GO terms with p-value <0.05; 

Fisher’s exact test). GO terms are denoted by 

nodes. Node color represents the significance of 

the enriched annotations, and the node size rep

resents the number of annotations for the GO term 

in the database for P. falciparum. Highly similar 

GO terms are linked by edges in the graph, where 

the line width indicates the degree of similarity. 

Map generated in REVIGO (Reduce + Visualize 

Gene Ontology) and visualized in Cytoscape. 

(B) Top 20 significantly enriched GO terms 

(p-value <0.05, Fisher’s exact test) were compiled, 

and number of proteins (X axis) of the specific GO 

term from the 31 hit proteins was visualized 

(magnitude of p-value is indicative of Y axis 

placement and color transparency). 

(C) Overlap of 31 enriched proteins with -log2 fold- 

change >0.50 identified in two independent ex

periments (i.e., decreased K63-Ub modification in 

NSC69723-treated parasites) with three previous 

datasets identifying total ubiquitinated parasite 

proteins (i.e., all linkage types). 

(D) Compiled identifiers and descriptions of nine 

proteins observed with ubiquitin modification in 

this study and three others. See also Tables S1, 

S2, and S3.

for focused studies on Ubc13 and atyp

ical K63-Ub linkages in Plasmodium.

To enhance our functional understand

ing of PfUbc13 and K63-Ub in malaria 

parasites, we first sought to identify a 

chemical inhibitor. Having observed a 

high degree of sequence and structural 

conservation between human and 

P. falciparum Ubc13 homologs (80%), it 

was hypothesized that the known covalent HsUbc13 inhibitor 

NSC697923 would also bind to PfUbc13. Indeed, mass spec

trometry confirmed NSC697923 covalently modifies recombi

nant PfUbc13, but this reaction does not occur when the cata

lytic cysteine (Cys86) is mutated, confirming the binding site. 

Furthermore, we observed NSC697923-dependent inhibition of 

in vitro Ub transfer from the E1 PfUBA1 to PfUbc13 with nanomo

lar potency (Ki). Examination of the HsUbc13-NSC697923 coc

rystal structure (PDB 4ONM) and the PfUbc13 crystal structure 

(PDB 2R0J) suggests that even more selective inhibitors for the 

parasite homolog can be generated, with NSC697923 as a 

promising starting point. Importantly, extensive structure-activ

ity relationship studies of NSC697923 are needed to generate 

a species selective PfUbc13 inhibitor to improve the therapeutic 

index (HepG2 CC50 = 30.0 μM, ABS selectivity index = 13.0) and 

identify a suitable antimalarial lead compound. Notably, residues 

Ala122 and Asn123 in the active site of HsUbc13 are not 

conserved in the Plasmodium homolog (Asp121 and Ser122, 

respectively), providing variation that may be exploited in 

iScience 28, 112545, June 20, 2025 7 

iScience
Article

ll
OPEN ACCESS



medicinal chemistry efforts. As covalent targeting of the 

PfUbc13 catalytic Cys86 was observed to inhibit its activity, 

screening of electrophilic, Cys-targeting small molecule libraries 

is one approach that could yield a more selective and potent 

PfUbc13 inhibitor, previously achieved in screens against 

P. falciparum ubiquitin C-terminal hydrolase L3.79–82 Beyond 

greater species selectivity, experimental studies to support our 

in silico sequence analyses and docking screen of the 14 puta

tive Plasmodium E2 enzymes would also be needed to assess 

specificity. If needed, there is a path to exploit the unique cleft 

in Ubc13 to achieve greater E2 specificity. Medicinal chemistry 

efforts are critical next steps to improve these liabilities and 

further explore PfUbc13 as an antimalarial drug target.

PfUbc13 activity is negatively regulated via phosphorylation of 

Ser106 by the orphan kinase PfPK9, and chemical inhibition of 

the mouse model homolog P. berghei PK9 results in significantly 

larger EEF size.38,39 In contrast, chemical inhibition of Ubc13 in 

P. berghei resulted in smaller parasite forms, suggesting that 

this enzyme is not linked to the increased EEF size phenotype. 

Thus, other PK9 substrates are likely to be involved and could 

be identified in phosphoproteomic studies.83–88 Additionally, 

the employment of selective inhibitors of PfPK9 could be imple

mented with a Ubc13 inhibitor to untangle specific kinase-Ubc13 

functions.89 Moreover, it has been shown that PbPK9 is nones

sential to ABS P. berghei while the P. falciparum homolog is 

essential.40,41 Phosphorylated-Ubc13 is detectable even upon 

conditional knockout of PbPK9, indicating that additional para

site kinases are involved in the regulation of Plasmodium 

Ubc13 activity.40 The identification of the additional kinases/ 

phosphatases involved in PfUbc13 Ser106 phosphorylation/ 

dephosphorylation would enhance the current understanding 

of its complex regulation.

To further characterize PfUbc13 as a drug target, we per

formed resistance profiling against several drug-resistant para

site strains. These results indicate that susceptibility to 

NSC697923 is unchanged in drug-resistant parasite strains 

and thus unaffected by CQ, PYR, MEF, and ART resistance path

ways. Moreover, assessment of anti-parasitic activity against 

late gametocytes displayed single micromolar potency (EC50), 

indicating that inhibition of PfUbc13 could have transmission 

blocking effects, which could be determined with standard 

membrane feeding assays to measure the infectivity of gameto

cyte stage parasites treated with NSC697923. Furthermore, it 

was previously observed that genetic disruption of Pfubc13 sen

sitizes the parasite to DHA.35 Accordingly, we observed that 

NSC697923 synergizes with sub-EC50 concentrations of DHA, 

but not with CQ, to inhibit the ABS. This implicates PfUbc13 in 

the DHA mode of action and suggests that cotreatments of 

DHA with PfUbc13 inhibitors could serve as a novel avenue to 

circumvent ART resistance. In contrast, chemical or genetic inhi

bition of parasite DUBs, which deconstruct Ub chains, is 

observed to enhance ART anti-parasitic activity, demonstrating 

the complex effects of Ub signaling on parasite susceptibility 

to ART therapies.90–92 Biochemical characterization of members 

of the family of ovarian tumor domain-containing (OTUD) DUB 

enzymes in the related apicomplexan parasite Toxoplasma gon

dii has identified several T. gondii OTUD DUBs with in vitro spec

ificity for K63-Ub linkages.93 Two of these DUBs, OTUD3A and 

OTUD3B (TGME49_258780 and TGME49_229710, respec

tively), have orthologs in P. falciparum (PF3D7_0923100 and 

PF3D7_1031400, respectively).93 Future investigations could 

explore if these DUBs have functional conservation in 

P. falciparum, demonstrating that they work in opposition to 

PfUbc13 to regulate K63-Ub levels. Collectively, these findings 

highlight the potential for malaria combination therapies that 

employ ART and PfUbc13 inhibitors.

We pursued proteomic studies to investigate PfUbc13-depen

dent pathways and the biological functions of K63-Ub in the par

asites. Following chemical inhibition of PfUbc13, we pulled down 

K63-Ub modified proteins from ABS parasites using K63-Ub 

TUBEs resin and determined proteins that were less abundant 

following NSC697923 treatment compared to DMSO controls 

and that did not bind to the negative control resin. These 31 pro

teins alone serve as much needed starting points to unravel K63- 

Ub regulated pathways. Our set of 31 hit proteins was utilized in a 

GO analysis to provide the first insights into the specific biolog

ical pathways of PfUbc13-mediated K63-Ub in P. falciparum. 

Notably, our hits included proteasome, ribosome, and transla

tion initiation factor proteins, suggesting that PfUbc13 and 

K63-Ub have roles in regulating protein expression and abun

dance through effecting degradation and translation processes. 

Figure 6. NSC697923-treatment reduces parasite global nascent 

protein translation 

(A–D) Protein incorporation of OPP (2-h) following (A) NSC697923 or (C) 

WR99210 (4-h) treatment is monitored by Cu(I)-catalyzed click reaction with 

AF488 and visualized by in-gel fluorescence. Representative gels are shown 

from three independent experiments. Quantification of AF488 fluorescent 

signal upon (B) NSC697923- or (D) WR99210-treatment relative to DMSO. 

Data shown as means ± SEM, n = 3. * <0.05, *** <0.005, not significant 

(ns) > 0.05; one-way ANOVA, Dunnett’s multiple comparison.
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It remains possible that some identified proteins interact with a 

PfUbc13 substrate and are thus indirectly pulled down. To 

enhance confidence in our hits, we next compared the list of pre

dicted PfUbc13 substrates with three proteomic studies that 

identified P. falciparum ubiquitinated proteins.13,60,61 We antici

pated differences in hit identification among the three studies, 

which could be attributed to notable technical differences, spe

cifically in the Ub enrichment tool (i.e., TUBEs versus antibody), 

and data acquisition and analysis methods.94,95 But we also ex

pected some proteins from our study to overlap with the three 

previous studies and reasoned that these overlapping proteins 

would be the highest confidence hits. Indeed, we determined 

90% overlap with at least one of three datasets (Figure 5C), 

and 9 proteins were in all four datasets (Figure 5D). While our 

methodology did not enrich for tryptic peptides that contained 

the PTM (i.e., post-digestion enrichment), the site of Ub attach

ment in these 9 proteins was confirmed by Holder et al. Thus, 

there is strong evidence to support these proteins as direct 

Ubc13 substrates.

In accordance with our GO analyses, we observed 

NSC697923-dependent inhibition of OPP-incorporation into 

nascent proteins of ABS parasites, supporting PfUbc13 media

tion of K63-Ub in regulating protein translation. Ribosomes 

modified with K63-Ub is a hallmark of the oxidative stress 

response in yeast, thus implicating this function in Plasmo

dium.29,96 eIFs have also been observed to be modified with 

Ub, with evidence for K63-Ub modification of eIF2Bϵ; although, 

the P. falciparum homolog (26%) was not identified in our data

set.97–99 Proteasome subunits have also been observed to be 

modified with Ub in humans.100–103 Furthermore, K63-Ub serves 

as a signal for protein degradation through endolysosomal path

ways in humans and plants, but this function remains to be veri

fied in P. falciparum.33,104–107 If this activity is conserved, it would 

be exciting to consider targeted protein degradation via PfUbc13 

recruitment as a novel antimalarial strategy.108,109

Our OPP incorporation study further strengthened the pro

posed role for PfUbc13 in affecting protein translation. We 

believe that the observed reduction in protein translation with 

PfUbc13 inhibition is consistent with a prior study showing that 

genetic disruption of PfUbc13 sensitizes parasites to DNA 

damage induced by treatment with methyl methanesulfonate. 

This study also showed that ABS parasites treated with 

NSC697923 progressed normally to schizonts, but development 

49 and 69 h post-invasion was delayed, which phenocopied 

PfUbc13-deletion.35 These later stages are when DNA replica

tion, nuclear division, and merozoite differentiation occur, which 

supports a role for PfUbc13 in maintaining normal DNA replica

tion. DNA damage has been shown to result in global repression 

of translation in eukaryotes through well-defined pathways: acti

vation of kinases and eIF2α phosphorylation signaling for reduc

tion of protein synthesis, induction of ubiquitination of 40S and 

60S ribosomal units resulting in attenuation of ribosome transla

tion activity, among other mechanisms.110,111 Hence, improper 

maintenance of DNA through impairment of PfUbc13 would be 

expected to inhibit protein translation, which was observed in 

our OPP-incorporation experiments. In fact, 22 of our 31 hit pro

teins are annotated with nuclear localization by GO cellular 

component analysis, supporting the role of PfUbc13 in DNA 

maintenance pathways. Additional experiments assessing para

site DNA damage upon treatment with NSC697923 using termi

nal deoxynucleotidyltransferase-mediated dUTP-biotin nick end 

labeling (TUNEL) assays, measuring phosphorylation of Plasmo

dium histone H2A, and/or monitoring the expression levels of 

DNA repair proteins would further strengthen the possible link 

between DNA damage and PfUbc13.112,113

Moreover, the Plasmodium mitochondrion is also translation

ally active, prompting the question if PfUbc13 has a specific 

role in regulating mitochondrial translation.114–116 A previous 

study using mouse and human cells determined that G-Protein 

pathway suppressor 2 (GPS2) functions in opposition to Ubc13 

to inhibit K63-ubiquitination of several mitochondrial RNA bind

ing and translation proteins, which include PABPC1, RPS1, 

RACK1 and eIF3M.46 Although we did not identify the Plasmo

dium orthologs of the GPS2-regulated mitochondrial proteins 

as hits, three of our hit proteins were predicted by GO 

cellular component analysis to localize to the mitochondria: 

PF3D7_1235700, PF3D7_1404100, PF3D7_1368600 (Uniprot 

Q8I0V2, Q8IM53, Q8ID24, respectively) (Table S3B). Most 

interesting in the context of mitochondrial translation is 

PF3D7_1404100 (cytochrome c, putative). K63-ubiquitination 

of human mitochondrial proteins, including cytochrome c, has 

been observed to regulate apoptotic signaling pathways and 

impact organellar functions, such as translation, implicating 

this as an intriguing possibility in Plasmodium.117,118 However, 

human GPS2 shares sequence identity (37%) to an uncharacter

ized Plasmodium protein (Uniprot Q8IIX7) that is predicted to be 

exported, suggesting that even if this uncharacterized protein is 

a bona-fide Plasmodium GPS2 ortholog, its function and related 

pathways may not be conserved.119 Relatedly, in a Drosophila 

study investigating mitochondrial stress mechanisms, the 

Ubc13 ortholog Ben is required for the stability of PTEN-induced 

kinase 1 (PINK1), likely through its K63-ubiquitination. PINK1 

accumulation to the outer mitochondrial membrane is a hallmark 

of stressed, damaged mitochondria, and subsequently signals 

for the degradation of the mitofusin protein Marf as a possible 

cell-protective response.120 We identified one Plasmodium ki

nase PF3D7_0321400 (pseudo protein kinase 1, putative; Uni

prot C0H482) in our proteomics study, but it shares low 

sequence identity with PINK1 (20%). PINK1 shares slightly 

higher sequence identity (∼25%) with several Plasmodium mem

bers of the family of cyclin-dependent kinases; however, to date, 

no Plasmodium kinases have been observed with mitochondrial 

localization. Regardless, it would be intriguing to evaluate if 

PfUbc13 has a role in mitochondrial stress pathways, subse

quently impacting its functions like translation, by employing 

NSC697923 and measuring mitochondrial activity.121,122 How

ever, Plasmodium parasites have notably different mitochondrial 

biology compared to humans and model organisms (e.g., ABS 

parasites have one mitochondrion while human cells can have 

thousands; the mitochondrion genome in Plasmodium encodes 

3 genes versus 37 in humans), so these implications from other 

systems should be viewed with caution as it is likely that regula

tion of mitochondrial translation and quality control in Plasmo

dium widely differs from other higher eukaryotes.

Our putative substrate proteins of PfUbc13 are excellent starting 

points for future biochemical validation studies, but those 
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experiments require identification of a cognate E3 partner. A recent 

study identified the E3 PfRBR (PF3D7_0303800) as a cognate part

ner to PfUbc13 (PF3D7_0527100).123 Here, we examined a global 

P. falciparum transcriptome dataset and performed a Pearson cor

relation (PC) analysis of transcript levels of 44 predicted E3 ligases 

across six parasite developmental stages and compared them to 

PfUbc13 transcript levels (Figure S10A).74 It has previously been 

established that pathway enzymes are co-regulated; thus, we 

sought to leverage a correlation in transcript levels to identify 

possible partners.124,125 Indeed, we determined that PfUbc13 

and PfRBR share a PC value of 0.97, the second-highest value in 

our analysis. There were also three additional putative E3 enzymes 

that shared a high PC value (>0.90) with PfUbc13: PF3D7_ 

0916400, PF3D7_0502000, PF3D7_1119400. Intriguingly, PF3D7_ 

0916400 was identified as a candidate gene associated with ART 

susceptibility in P. falciparum isolates from Kenya.126 Addition

ally, a recent study observed in vitro Ub transfer from PfUbc13 

to the catalytic domain of the E3 PfHEUL (PF3D7_0826100), 

which also shared a relatively high PC value (0.85) in our anal

ysis.127 Of note, the mammalian mitochondrial E3 ligase MUL1 

works with Ubc13 to modify mitochondrial RNA binding and 

translation proteins with K63-Ub linkages.46 MUL1 shares 

sequence identity (∼35%) with Plasmodium members of the 

family of Really Interesting New Gene (RING) E3 ligases: PF3D7_ 

0627300, PF3D7_0316900, PF3D7_0215100, PF3D7_1013000 

(Uniprot Q8I660, O77387, Q8IJR5, C6KTA9, respectively). 

None have been observed with mitochondrial localization 

to date, but PF3D7_0316900 also displayed a relatively high 

PC value (0.85) in our analysis. To experimentally identify 

cognate E3 partners of PfUbc13 in a cellular context, unbiased 

activity-based protein profiling (ABPP) approaches could be 

used.128–131 Accordingly, once a Plasmodium E1-E2-E3 pathway 

is established, substrate proteins from our proteomic study can 

also be biochemically validated.132 Moreover, in vivo studies in 

the parasite can be envisioned leveraging chemical biology 

crosslinking strategies that have been employed to study Ub cas

cades by semisynthetic modifications or mutations of these 

enzymes.133,134

Collectively, we show that PfUbc13 can be chemically in

hibited via covalent targeting of its catalytic Cys86 by the com

pound NSC697923. This inhibitor has antiparasitic activity 

against drug-sensitive and drug-resistant ABS malaria parasites, 

in addition to liver and gametocyte stages. Notably, treatment 

with NSC697923 synergizes with DHA anti-parasitic activity. 

These studies set a path to generate more selective and potent 

probes, and antimalarial drugs against PfUbc13. We highlight 

the use of NSC697923 as the first-known chemical probe of 

PfUbc13 to identify and characterize the K63-Ub proteome of 

ABS P. falciparum, which implicated the enzyme in regulating 

diverse pathways, including protein translation. Ultimately, we 

have advanced the foundation for PfUbc13 as a malaria drug 

target and targeting K63-Ub broadly as a novel therapeutic 

avenue.

Limitations of the study

Specificity of NSC697923 for PfUbc13 over other Plasmodium 

E2 proteins was assessed using in-silico methods, and these re

sults need experimental validation in parasites using chemopro

teomic methods, such as thermal proteome profiling or the 

cellular thermal shift assay, and in in vitro biochemical binding 

assays. Additionally, NSC697923 is not selective for Plasmo

dium Ubc13 over the human ortholog. Thus, structure-activity 

relationship studies are required to optimize selectivity of 

NSC697923 for PfUbc13 and to minimize host cytotoxicity. 

Moreover, our proteomics study had low coverage of diGly mod

ifications, which limited our ability to confirm hits and map the 

ubiquitination site on the putative substrates. This workflow 

could employ enrichment with a diGly antibody or usage of 

more sophisticated data acquisition methods or technologies 

to determine bona fide K63-Ub modification by PfUbc13. Finally, 

in-depth studies focused on our proteomic hits, such as muta

tion of putative ubiquitination sites in Plasmodium, would pro

vide mechanistic insights to further support the connection be

tween protein translation in parasites and PfUbc13 activity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-ubiquitin 

(linkage-specific K63)

Abcam Cat# ab179434; RRID: AB_2895239

Rabbit monoclonal anti-ubiquitin 

(linkage-specific K48)

Abcam Cat# ab140601; RRID: AB_2783797

Rabbit polyclonal anti-ubiquitin Abcam Cat# ab7780; RRID: AB_306069

Goat polyclonal anti-UIS4 Antibodies.com Cat# A121573

HisProbeTM-HRP Conjugate Thermo Fisher Scientific Cat# 15165

Bacterial and virus strains

E. coli BL21(DE3) New England Biolabs Cat# C2527

E. coli NEB5α New England Biolabs Cat# C2987

Biological samples

Human Blood Gulf Coast Regional Blood Center N/A

P. berghei ANKA infected Anopheles 

stephensi mosquitoes

University of Georgia SporoCore N/A

Chemicals, peptides, and recombinant proteins

HisPurTM Ni-NTA Resin Thermo Fisher Scientific Cat# 88221

GST Sepharose® 4B resin Sigma-Aldrich Cat# GE17-0756-01

cOmplete Ultra EDTA-free Sigma-Aldrich Cat# 5892953001

SYBRTM Green I Invitrogen Cat# S7563

K63-TUBE (magnetic beads) LifeSensors Cat# UM-0404M-1000

Control magnetic beads (negative control) LifeSensors Cat# UM-0400M-1000

NSC697923 Selleck Chemicals Cat# S7142

Bruceantin MedChemExpress Cat# HY-N0840

WR99210 hydrochloride Sigma-Aldrich Cat# SML2976

Alpha-dihydroartemisinin Beantown Chemical Cat# 123740-1G

Chloroquine diphosphate salt Sigma-Aldrich Cat# C6628

O-propargyl-puromycin Vector Laboratories Cat# CCT-1407

Azide-flour 488 Sigma-Aldrich Cat# 760765

Ubiquitin R&D Systems Cat# U-530

Fluorescein-ubiquitin R&D Systems Cat# U-590

HsUBA1 Sino Biological Cat# 103612-944

PfUBA1-His6 This paper N/A

HsUbc13 This paper N/A

PfUbc13-His6 This paper N/A

PfUbc13C86S-His6 This paper N/A

PreScission Protease Cytiva Cat# 27084301

Critical commercial assays

PierceTM Coomassie Plus Bradford Assay Thermo Fisher Scientific Cat# 23236

Bright-GloTM Luciferase Assay System Promega Cat# G6081

CellTiter-FluorTM Cell Viability Assay Promega Cat# E2620

Hemacolor© Stain Set Sigma-Aldrich Cat# 65044-93

Q5© Site-Directed Mutagenesis Kit New England Biolabs Cat# E0554S

Deposited data

K63-TUBEs bottom-up 

proteomics raw data

This paper ProteomeXchange: PXD059643

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

HepG2 cells were obtained through the Duke Cell Culture Facility. Independent cell line authentication was not conducted after pur

chase. Cell morphology was regularly assessed by microscopy, and no commonly misidentified cell lines are cultured in lab. Cell lines 

were routinely tested for mycoplasma contamination. The sex of the cell line is male. Cells were cultured in Dulbecco’s Modified Ea

gle Medium (DMEM) with L-glutamine (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS) (v/v) (Sigma- 

Aldrich) and 1% antibiotic-antimycotic (Thermo Fisher Scientific) at 37◦C with 5% CO2.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Human: HepG2 cells Duke Cell Culture Facility N/A

Experimental models: Organisms/strains

P. falciparum 3D7 BEI Resources Repository; contributed by 

Daniel J. Carucci

MRA-102

P. falciparum Dd2 BEI Resources Repository; contributed by 

Thomas E. Wellems

MRA-156

P. falciparum Dd2-R539T BEI Resources Repository; contributed by 

David A. Fidock

MRA-1255

P. falciparum W2 BEI Resources Repository; contributed by 

Dennis E. Kyle

MRA-157

P. falciparum NF54 peg4-tdTomato Laboratory of Photini Sinnis N/A

P. berghei-Luc ANKA University of Georgia SporoCore N/A

Oligonucleotides

Primer: PfUbc13 (C86S) mutagenesis 

Forward: GGTCGAATTTCCTTAGA 

TATATTAAAAGATAAATG

This paper N/A

Primer: PfUbc13 (C86S) mutagenesis 

Reverse: TAACTTATCAATATTTGGA 

TGATATATTTTTG

This paper N/A

Recombinant DNA

PfUBA1-His6 (pET-28a) This paper Twist Bioscience

HsUbc13-GST (pGEX6) Gift from Dr. Wei Xiao 

(University of Saskatchewan)

N/A

PfUbc13-His6 (pET-21a) Raphemot et al.39 N/A

PfUbc13C86S-His6 (pET-21a) This paper N/A

Software and algorithms

ChemDraw Professional 23.1 PerkinElmer https://www.perkinelmer.com/category/ 

chemdraw

GraphPad Prism 10 GraphPad software https://www.graphpad.com/

Schrödinger Release 2024-4: Maestro Schrödinger, LLC https://www.schrodinger.com/products/ 

maestro

Clustal Omega Madeira et al.43 https://www.ebi.ac.uk/Tools/msa/clustalo/

Cytoscape 3.10.3 Shannon et al.135 https://cytoscape.org

PlasmoDB The Plasmodium 

Genome Database 

Collaborative

https://plasmodb.org/plasmo/app/

REVIGO Supek at al.136 http://revigo.irb.hr/

ImageJ NIH https://imagej.nih.gov/ij/

Other

Non-treated black 96 well plates Corning Cat# 3915

Non-binding black 384 well plates Corning Cat# 3575

Tissue culture treated white 384 well plates Corning Cat# 3570
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Parasite lines

P. falciparum 3D7, Dd2, Dd2-R539T, and W2 were obtained from BEI Resources, NIAID, NIH, (MRA-102, MRA-156, MRA-1255, 

MRA-157, respectively). P. falciparum NF54 peg4-tdTomato were obtained from the laboratory of Photini Sinnis. Blood stage 

P. falciparum were grown in 10.44 g/L RPMI 1640 (Gibco), 25 mM HEPES, pH 7.2, 0.37 mM hypoxanthine, 24 mM sodium bicarbon

ate, 0.5% (wt/vol) AlbuMAX II (Gibco), and 25 mg/mL gentamicin. Cultures were maintained at 37◦C with 3% O2, 5%CO2, and 92% 

N2. Whole blood samples were obtained from Gulf Coast Regional Blood Center, and fresh erythrocytes were added to cultures for 

blood stage P. falciparum invasion. For liver stage cultures, P. berghei ANKA infected Anopheles stephensi mosquitoes were pur

chased from the University of Georgia SporoCore.

Bacterial strains

E. coli NEB5α (NEB) and BL21(DE3) (NEB) were used for plasmid and protein expression, respectively. Bacteria were propagated on 

DifcoTM Luria-Bertani (Miller) agar plates and cultured in DifcoTM Luria-Bertani (Miller) broth.

METHOD DETAILS

Molecular modeling

Ligand docking was performed using Schrödinger Maestro, release 2024-4 (Schrödinger, LLC: New York, NY, 2024). NSC697923 

was downloaded as a .sdf file from ChemDraw and processed using the LigPrep module with default parameters. Solved or pre

dicted protein structures were downloaded as .pdb files from either the RCSB Protein Data Bank (https://www.rcsb.org) or 

AlphaFold (https://alphafold.ebi.ac.uk), respectively. The downloaded protein structures were prepared using the Protein Prepa

ration Workflow module with default parameters. All unnecessary chains and molecules were removed. The grid boxes (15 × 15 

Angstrom) were generated using the Receptor Grid Generation module with the centroid defined as the predicted catalytic 

cysteine. Docking was performed using XP-Glide in the Ligand Docking module with default settings. A maximum of 10 poses 

were generated with post-docking minimization, and the results were manually reviewed and selected. MM/GBSA values were 

calculated using the Prime-MM/GBSA module with default parameters. Structural alignments were performed using the Super

position tool with default parameters, and C-alpha RMSD values were calculated with HsUbc13 (PDB 9BIV) as the reference 

structure.

Protein expression and purification

Plasmids (pET-21a_PfUbc13,39 pGEx6_HsUbc13,39 and pET-28a_PfUBA1 (Twist Biosciences, codon-optimized)) were trans

formed into E. coli BL21(DE3) cells (New England Biolabs). Plasmid pET-21a_PfUbc13C86S was generated using site-directed 

mutagenesis (Q5 site-directed mutagenesis kit) per the manufacturer’s protocol (New England Biolabs) using primers pur

chased from Eton. All plasmid constructs were confirmed by sequencing (Eton). For protein expression, E. coli was grown at 

37◦C, 250 rpm in 1 L of Luria-Bertani broth with ampicillin (100 μg/mL) or kanamycin (50 μg/mL) until the optical density at 

600 nm reached 0.6. Protein expression was then induced with 100 μM isopropyl β-D-1-thiogalactopyranoside (IPTG), and cells 

were grown for 16-18 hours at 18◦C, 250 rpm. Cells were collected by centrifugation at 4,300 g and stored at − 80◦C until 

purification.

For His-tagged proteins (pET-21a_PfUbc13, pET-21a_PfUbc13C86S, pET-28a_PfUBA1), cells were resuspended in lysis buffer 

(50 mM KH2PO4, pH 8.0, 200 mM NaCl, 5% glycerol, 1 mM imidazole, 1 mM benzamidine, 5 mM β-mercaptoethanol, 1 cOmplete 

protease inhibitor tablet (Roche)) and lysed via sonication using a FB120 Sonic Dismembrator (Fisher Scientific). Lysate was centri

fuged at 4,300 g for 3-4 hours and then incubated with Ni-nitrilotriacetic acid agarose (Qiagen) overnight at 4◦C with rotation. The 

protein-bound resin was washed with buffer (50 mM KH2PO4, pH 8.0, 200 mM NaCl, 5% glycerol, 5 mM β-mercaptoethanol, 

1 mM imidazole), and protein was eluted with increasing concentrations of imidazole (1–150 mM) using a BioLogic low pressure chro

matography system (Bio-Rad).

For GST-tagged proteins (PGEX6_HsUbc13), cells were resuspended in GST buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM 

DTT, 5% glycerol, 5 mM EDTA, 1 mM benzamidine). Cells were lysed via sonication and centrifuged before batch binding. Lysate was 

bound to GST Sepharose® 4B resin (Sigma-Aldrich) overnight at 4◦C with rotation. Protein was eluted by addition of 80 U of 

PreScission Protease (Sigma-Aldrich) in 10 mL of GST cleavage buffer (50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 1 mM EDTA, 

1 mM DTT) and overnight rotation at 4◦C.

For further purification, proteins were buffer exchanged into AE buffer (25 mM TEA, pH 7.5, 1 mM DTT, 0 mM NaCl, 5% glycerol) for 

anion-exchange chromatography or GF buffer (50 mM TEA, pH 7.5, 150 mM NaCl, 5 mM DTT, 5% glycerol) for gel filtration chroma

tography. Proteins were applied to an anion-exchange (POROS HQ/10 column, Thermo Scientific) and/or size-exclusion (HiLoad 16/ 

600 Superdex 200 pg, Cytiva) column and eluted using a NGC liquid chromatography system (Bio-Rad). Protein concentration was 

determined using Pierce Coomassie Plus Bradford Assay Reagent (ThermoFisher Scientific). Protein purity was assessed by SDS- 

PAGE followed by Coomassie staining (PfUbc13 > 95%, PfUbc13C86S > 95%, HsUbc13 > 95%, PfUBA1 > 90%), and identity of His- 

tagged proteins were confirmed with HisProbe-HRP (ThermoFisher Scientific) western blotting. Protein aliquots in 25% glycerol were 

flash frozen using liquid nitrogen and stored at 80◦C until further use.
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Mass spectrometry analysis of tryptic peptides

Reaction samples consisting of 40 μM recombinant protein (PfUbc13, PfUbc13C86S, or HsUbc13) in protein storage buffer were incu

bated with 1 mM NSC696923 or 1% DMSO at 37◦C, 250 rpm for 1 h. The final volume was 50 μL. Trypsin (ThermoFisher Scientific) in 

50 mM acetic acid (1:100) was then added to the samples for digestion overnight at 37◦C, 250 rpm. Samples were desalted with C18 

ZipTips (Millipore) per the manufacturer’s instructions and separated on a C18 column using water/MeCN/formic acid in the mobile 

phase, a 0–100% MeCN gradient (15 min), UV detection at 280 nm, and positive ion MS (Agilent LCMS-TOF). Data shown are repre

sentative of two independent experiments.

Ubiquitin transfer visualized by western blot

In vitro ubiquitination activity assays were conducted as endpoint assays via immunoblot detection using recombinant E1 (PfUBA1) 

and E2 (PfUbc13WT, PfUbc13C86S, or HsUbc13) enzymes. E1 (100 nM) and E2 (1 μM) were incubated with ubiquitin (100 μM) in assay 

buffer (100 mM Tris, pH 8.0, 25 mM MgCl2, 0.1% Tween), and reactions were initiated by addition of ATP (2 mM). Following 1 hour 

incubation at 37◦C, 250 rpm, reactions were quenched with addition of SDS-PAGE loading buffer. Samples were resolved on SDS- 

PAGE gels and transferred to nitrocellulose membranes using a wet tank transfer system for 70 minutes. Ubiquitination activity was 

detected via western blot with primary anti-ubiquitin (1:1000 in blocking buffer consisting of 3% BSA in PBS with 0.2% Tween, Ab

cam ab7780) overnight at 4◦C. Membranes were washed with PBST before incubating with Alexa Fluor 488-conjugated goat anti- 

rabbit secondary antibody (1:1000 in blocking buffer, Life Technologies) for 1 hour at room temperature. Blots were imaged by a 

BioRad Gel Imager. Data shown are representative of two independent experiments.

Fluorescence polarization assay

Reaction samples (total volume 25 μL) consisting of fluorescein-ubiquitin (100 nM, R&D Systems), ATP (5 mM), PfUBA1 or HsUBA1 

(Sino Biological) (125 nM), E2 (HsUbc13WT, PfUbc13WT, or PfUbc13C86S at 300 nM) and NSC697923 (0-32 μM, 2% DMSO) in assay 

buffer (50 mM Tris-HCl, pH 7.5, 140 mM NaCl, 1 mM DTT, 0.01% Tween 20) were incubated for 1 h at 37◦C, 250 rpm. Reaction al

iquots (15 μL) were transferred to a black bottom 384-well plate (Corning), and fluorescence polarization was measured at excitation 

480 nm and emission 535 nm using an Envision (PerkinElmer) system. The percent E1∼ubiquitin in the presence of NSC697923 was 

calculated by normalizing data to the bound and unbound fluorescein-ubiquitin controls. Data were fit to a nonlinear curve (GraphPad 

Prism) to obtain the EC50 value for fluorescein-ubiquitin bound to E1, which was used to determine the apparent inhibitory constant 

(Ki). Data shown as means ± SEM, n = 2–3.

Plasmodium blood stage culture

P. falciparum (strains 3D7, Dd2, Dd2_R539T, W2) parasites were continuously cultured in vitro in complete medium (10.44 g/L RPMI 

1640 (ThermoFisher Scientific), 25 mM HEPES, pH 7.2 (ThermoFisher Scientific), 0.37 mM hypoxanthine (Sigma), 24 mM sodium bi

carbonate (Sigma), 0.5% (wt/vol) AlbuMAX II (ThermoFisher Scientific), 25 μg/mL gentamicin (Sigma)) supplemented with freshly 

washed human erythrocytes (Gulf Coast Regional Blood Center, Houston, TX). The parasite cultures were maintained at 2-10% para

sitemia with 1% hematocrit at 37◦C in a 3% O2, 5% CO2, 92% N2 atmosphere. Synchronized cultures were generated by treatment 

with 5% (wt/vol) D-sorbitol (Sigma) at 37◦C for 10 min every 48 hours.

Plasmodium blood stage inhibition assays

P. falciparum (3D7, Dd2, Dd2_R539T, W2) parasites were synchronized as described above and adjusted to 2% parasitemia and 2% 

hematocrit. Drug inhibition assays were performed as previously described.53,137 Briefly, dose response curves were generated for 

select compounds by dispensing 100 μL of the culture into each well of a 96-well black plate (Corning), followed by administration of 

compounds using a HP D300 Digital Dispenser. Quinacrine at 500 nM was employed as the positive control and 0.5% DMSO as the 

negative control. Plates were incubated at 37◦C in a 3% O2, 5% CO2, 92% N2 atmosphere after drug administration. At 34 hour post- 

reinvasion (i.e. 72 hour after drug administration), 40 μL lysis solution (20 mM Tris-HCl, pH 7.5, 5 mM EDTA dipotassium salt dihy

drate, 0.16% (wt/vol) saponin, 1.6% (vol/vol) Triton X-100) containing fresh 10x SYBR Green I (ThermoFisher Scientific) was added 

to each well and incubated in the dark at room temperature for 24 hour. The fluorescent signals were measured at emission at 535 nm 

and excitation at 485 nm using an EnVision 2105 multimode plate reader (PerkinElmer) or Spark Multimode Microplate Reader (Te

cans). Data was normalized to the negative (0.5% DMSO) and positive (500 nM quinacrine) controls to obtain the relative percent 

parasite load. EC50 values were determined by fitting data to a standard dose response equation (GraphPad Prism). Technical trip

licates were performed within four biological replicates for each experiment. The Z-factor ranged from 0.5-0.9.

Plasmodium liver stage inhibition assays

HepG2 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) with L-glutamine (Gibco) supplemented with 10% heat- 

inactivated fetal bovine serum (HI-FBS) (v/v) (Sigma-Aldrich) and 1% antibiotic-antimycotic (ThermoFisher Scientific) at 37◦C with 5% 

CO2. P. berghei ANKA sporozoites expressing luciferase were isolated from freshly dissected salivary glands of infected Anopheles 

stephensi mosquitoes (University of Georgia, SporoCore). Dose response curves were generated for NSC697923 by assessing 

P. berghei parasite load in hepatocytes as previously described.57 Briefly, HepG2 cells were seeded (5,000 cells/well) into 

384-well white microplates (Corning). After 24 hours, NSC697923 (0-100 μM) was added using a D300e Digital Dispenser 
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(Hewlett-Packard) before infection with P. berghei ANKA sporozoites (4,000 sporozoites/well). DMSO (1%) was the negative control. 

All samples were evaluated in triplicate and had final DMSO concentration of 1%. After 44 hours post-infection (hpi), HepG2 cell 

viability and parasite load were assessed using CellTiter-Fluor (Promega) and Bright-Glo (Promega) reagents, respectively, accord

ing to manufacturer’s protocols. Relative fluorescence and luminescence signal was measured using the EnVision plate reader 

(PerkinElmer). The signal intensity of each well was normalized to the negative control to assess relative viability. Technical triplicates 

were performed within four biological replicates for each experiment. EC50 analysis was performed with GraphPad Prism.

Plasmodium liver stage size assays

HepG2 cells (4,000/well) were seeded in 384-well glass bottom plates (Cellvis-P38415HN) and allowed to recover overnight. 

NSC697923 (1 and 5 μM) or DMSO (1%) was added in six technical replicates prior to infection with P. berghei ANKA sporozoites 

(4,000 sporozoites/well). At 48 hpi, cells were fixed for 10 minutes with 4% paraformaldehyde (Sigma-Aldrich) at room temperature. 

Cells were washed three times with PBS before permeabilization with 0.1% Triton X-100 (Fisher Scientific) for 10 minutes at room 

temperature. After washing three times with PBS, cells were blocked with 3% BSA and 0.05% Tween-20 (Sigma-Aldrich) in PBS 

(blocking buffer) for 1 hour at room temperature. Cells were then probed with a goat polyclonal anti-UIS4 primary antibody 

(antibodies.com Cat# A121573, 1:1000) in blocking buffer for 1 hour at room temperature, washed three times with PBS, and incu

bated with a donkey-anti goat Alexa Fluor 488 conjugated antibody (Invitrogen Cat# A-11055, 1:400) in blocking buffer for 1 hour at 

room temperature. Cells were washed three times with PBS, incubated with Hoechst (1:50,000 in PBS) for 10 minutes at room tem

perature, and washed three additional times before acquisition.

Fixed samples were viewed on a Zeiss Airyscan 880 inverted confocal microscope (Duke Light Microscopy Core Facility) with a 

Märzhäuser linearly encoded x,y stage and a 63 × 1.4 NA oil-immersion plan apochromat objective. Laser illumination was via argon 

for 488 nm and diode for 405 nm. The fluorescence signal was collected with two photomultiplier tubes and one GaAsP detector in 

the following emission ranges for Hoechst (415-487 nm) and for Alexa Fluor 488 (490-570 nm). Images were acquired sequentially by 

line scanning bidirectionally at 0.52 microseconds per pixel with line averaging of 4 and a size of 0.044 μm x 0.044 μm with pinhole 

calculate to be 1 airy unit for 488 using Zeiss Zen software (version 2.3) and saved as Carl Zeiss Image files. A minimum of 50 PVs per 

condition per biological replicate were acquired. Image analysis was performed with FIJI. The PV size was determined by tracing and 

measuring the innermost signal of the PVM, excluding tubovesicular features.

Plasmodium gametocyte inhibition assays

P. falciparum gametocyte inhibition assays were performed as previously described56 using the NF54 peg4-tdTomato reporter line.55

Synchronously induced gametocytes were obtained following a method adapted from Fivelman et al.138 In brief, parasites were al

lowed to commit to the sexual differentiation by growing at 6-8% parasitemia at 3% hematocrit. At the end of this commitment cycle, 

schizonts were purified using a Percoll-sorbitol gradient and then combined with fresh erythrocytes to allow for reinvasion. The newly 

invaded ring parasites (Day +1 of the gametocytogenesis) were cultivated at 3.5% parasitemia and 1% hematocrit with 50 mM 

N-acetylglucosamine to eliminate remaining asexual parasites. To observe the effect of inhibitors on early gametocytes, parasites 

were cultured for 6 days with 1 μM and 10 μM of NSC697923 or DMSO (control). At day +6, gametocytemia was assessed by 

flow cytometry (Cytek DxP11) based on the Hoechst 33342 DNA staining (375 nm laser, 450/50 emission filter) and the tdTomato 

fluorescent signal (561 nm laser, 590/20 emission filter). Mean tdTomato+ signal was normalized to the DMSO control and the overall 

minimum to determine the early gametocyte relative viability. To observe the effect of inhibitors on late gametocytes, parasites were 

allowed to develop for 10 days and then cultured for 2 days with 1 μM and 10 μM of NSC697923 or DMSO. At day +12, gametocy

temia was assessed by flow cytometry (Cytek DxP11) based on the Hoechst 33342 DNA staining (375 nm laser, 450/50 emission 

filter), DilC1(5) mitochondrial potential signal staining (640 nm laser, 670/30 emission filter) and the tdTomato fluorescent signal 

(561 nm laser, 590/20 emission filter). Mean DilC1(5)+ tdTomato+ signal was normalized to the DMSO control and the overall min

imum to determine the late gametocyte relative viability. Technical duplicates were performed within three biological replicates 

for each experiment. The effect of SGI-1027 at 1 μM and 10 μM was used as a positive control in both early and late gametocyte 

inhibition assays.56

Evaluation of K63-Ub and K48-Ub levels

P. falciparum 3D7 was cultured until parasitemia reached 10-20% at 1% hematocrit and then 1 μM NSC697923 or 0.1% DMSO 

(negative control) was added. After 48 hours, parasites were separated from erythrocytes via lysis with 0.03% saponin in PBS on 

ice for 15 min. The parasite pellets were washed with ice-cold PBS until supernatant no longer appeared red. Pellets were then flash 

frozen in liquid nitrogen and stored at − 80◦C until lysis. Parasite lysate was generated by pellet resuspension in parasite lysis buffer 

(4% SDS, 0.5% Triton X-100, 50% PBS) and sonication. Cellular debris was removed by centrifugation. Parasite proteins were 

resolved on SDS-PAGE gels and transferred to nitrocellulose membranes using the Trans-Blot Turbo Transfer system (Bio-Rad). 

The membranes were blocked with 3% BSA in PBST (0.2% Tween 20) at room temperature for 1 hour. The membranes were 

then probed with 10 mL blocking buffer with K63-linkage specific anti-ubiquitin (Abcam ab179434) at a 1:1000 dilution overnight 

at 4◦C. Membranes were washed three times with PBST before incubating with Alexa Fluor 488-conjugated goat anti-mouse anti

body (ThermoFisher Scientific) at a 1:1000 dilution for 1 h at room temperature. After three washes with PBST, fluorescence signals 

were detected using a ChemiDoc MP imaging system (Bio-Rad). Membranes were stripped with Restore Western Blot Stripping 
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Buffer (ThermoFisher Scientific) per the manufacturer’s instructions. Membranes were reblocked, then probed with K48-linkage spe

cific anti-ubiquitin (1:1000 in blocking buffer, Abcam ab140601) overnight at 4◦C. Membranes were washed before incubating with 

Alexa Fluor 488-conjugated goat anti-rabbit antibody (ThermoFisher Scientific). Signal intensities from three biological replicates 

were normalized to Ponceau S total protein stain (ThermoFisher Scientific) and quantified using ImageJ (Fiji).

K63-TUBEs enrichment of Plasmodium proteins

P. falciparum 3D7 was cultured as described above until ring stage parasitemia reached 10-20% at 1% hematocrit and then 1 μM 

NSC697923 or 0.1% DMSO (negative control) was added. After 48 hours, parasites were separated from erythrocytes via lysis with 

0.03% saponin in PBS on ice for 15 min. The parasite pellets were washed with ice-cold PBS until supernatant no longer appeared 

red. Pellets were then flash frozen in liquid nitrogen and stored at − 80◦C until lysis. Parasite lysate was generated by pellet resus

pension in TUBEs lysis buffer (100 mM Tris-HCl, pH 8, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 10% glycerol, 10 μM NEM, 10 μM 

PR619, 1 cOmpleteTM tablet) and sonication. Cellular debris was removed by centrifugation and protein concentration was deter

mined using Pierce Coomassie Plus Bradford Assay Reagent (ThermoFisher Scientific). Parasite supernatant was added to washed 

K63-Ub TUBEs magnetic resin or negative control magnetic resin (LifeSensors) in a ratio of 1:100 (mg protein mass: μL volume of 

resin). Lysate was incubated with TUBEs resin for 2 hour, rotating at 4◦C. TUBEs were then spun down, magnetized, washed three 

times with PBST and bound proteins were eluted by addition of 50 mM TEAB with 5% SDS and heating at 100◦C for 10 min.

The lysates generated from TUBE enrichment were subjected to a previously described filter-aided sample preparation (FASP) 

protocol.139 Samples (∼10 μg) were added in Amicon 0.5 mL 10 kDa MWCO filter units and washed three times with 8 M Urea in 

0.1 M Tris-HCl, pH 8.5. Samples were then treated with 5 mM TCEP for 1 hour followed by 20 mM MMTS for 15 min at room tem

perature. After alkylation, the filter units were washed 3 times with 0.1 M TEAB buffer and 1 μg of trypsin was added to each filter for 

trypsinization. Peptides were eluted by 3 washes of 500 mM NaCl, desalted with Macrospin C18 columns, and dried before LC-MS/ 

MS analysis.

LC-MS/MS analysis

Samples were reconstituted with 1% TFA and 2% ACN such that the final peptide concentration was ∼1 mg/mL. LC-MS/MS ana

lyses were performed on a Thermo Orbitrap Exploris 480 with a ThermoEasy nano LC 1200. Samples (∼1 μg) were injected onto the 

column and resolved using a nanoViper 2Pk C18, 3 μm, 100 Å, 75 μm × 25 cm analytical column (ThermoFisher Scientific). The sam

ples were analyzed in a gradient going from 3.2% to 28% ACN in 90 min, 28% to 32% ACN in 5 min, and 32% to 80% ACN in 5 min 

before the column was washed with 80% ACN for 5 min. The MS1 acquisition was performed with 120000 resolution, 375-1500 m/z 

range, and 300% normalized Automatic Gain Control (AGC) target. The acquisition window between two MS1 scans was 2.5 s, and 

the isolation window was set as 1.2 m/z for selecting precursor ions for data dependent acquisition (DDA). The high-energy collision- 

induced dissociation (HCD) was performed with 36% HCD normalized collision energy, and the MS2 scan was performed with a res

olution of 45000, 300% normalized AGC target, and 105 ms of maximum ion injection time. Each peptide sample was analyzed in 

triplicate by LC-MS/MS.

Label-free quantitation data processing

The raw data acquired from LC-MS/MS analysis was searched using Thermo Proteome Discoverer 2.3 against the P. falciparum 3D7 

isolate proteome from UniprotKB (Uniprot proteome ID: UP000001450). The data was searched with fixed MMTS modification of 

cysteine; variable oxidation of methionine; variable deamidation of asparagine and glutamine; and variable acetylation of the protein 

N-terminus. Trypsin was used as the enzyme, and the number of missed cleavages allowed was set to 2. The other software settings 

were set to default.

Only parasite proteins identified by two unique, high-confidence peptides (FDR < 1%) in both biological replicates were considered 

for quantitative analysis. In the quantitative analysis, two normalization steps were performed. First, a normalization factor deter

mined from the ratio of summed raw quantified ion intensities from DMSO-input/NSC697923-input was calculated. This normaliza

tion factor was applied to the quantified ion intensity for each protein in the input NSC697923-treated sample. Then, the DMSO-input/ 

NSC697923-input ratio was calculated for each protein and applied to the NSC697923-treated K63-enriched proteins to normalize 

for protein expression changes. Subsequently, a normalization factor to account for technical variabilities was calculated from the 

ratio of summed quantified ion intensities from DMSO-K63 enriched/NSC697923-K63 enriched proteins and applied to the quantified 

ion intensities of each protein in the NSC697923-K63-enriched sample. Imputation of missing values with the minimum normalized 

quantified ion intensity of each group was performed. Normalized fold-change values were calculated (NSC697923-K63 enriched/ 

DMSO-K63 enriched) and log2-transformed per replicate for each protein. The Gaussian distribution fit of the normalized average 

log2 fold-change values was calculated (R2 = 0.88) in Graphpad Prism (Figure S3C). Similarly, normalized abundance ratios were 

calculated from the quantified ion intensity for each protein from pulldowns with a negative control resin (negative control/input). Pro

teins with K63-TUBEs -log2 fold-change >0.50 and negative control fold-change <0.50 in both biological replicates were compiled 

(31 hit proteins) for Gene Ontology analyses in PlasmoDB and REVIGO with visualization in Cytoscape135,136 and further comparative 

analysis with three additional P. falciparum ubiquitinated proteins datasets.13,60,61 The Proteome Discoverer protein summaries 

output, filtered protein intensities, calculated log2 fold-change values, and hit overlap analysis are detailed in Tables S1-S3.
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O-propargyl puromycin incorporation assay

P. falciparum 3D7 was cultured as described above until trophozoite parasitemia reached 10% (i.e. 24 hours post-invasion) at 1% 

hematocrit. Then, DMSO (0.1%), NSC697923 (1, 5, 10 μM), WR99210 (0.1, 0.5, 1 nM), or bruceantin (5 nM) was added, or heat shock 

treatment (42◦C) was begun. After 4 hours, o-propargyl puromycin (Click Chemistry Tools) was added (1 μM). After 2 hours, parasites 

were separated from erythrocytes via lysis as described above. Copper(I)-catalyzed alkyne-azide click reaction was performed with 

parasite lysate by the addition of CuSO4 (1 mM), TBTA (100 μM), TCEP (1 mM), and Alexa Fluor 488 Azide (1%) (ThermoFisher Sci

entific). Parasite proteins were resolved on SDS-PAGE gels, and in-gel fluorescence signals were detected using ChemiDoc MP im

aging system (Bio-Rad). Coomassie protein stain was used to measure protein loading. Signal intensities were normalized to Coo

massie total protein stain (ThermoFisher Scientific) and quantified using ImageJ (Fiji). Analyses were performed from three 

independent experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 10 software was used for analysis of data. The sample size, standard error, significance, and statistical test em

ployed for analysis are noted in respective figure legends.
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