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Hypothesis-generating proteome perturbation
to identify NEU-4438 and acoziborole modes
of action in the African Trypanosome

Amrita Sharma,1,4 Michael Cipriano,2 Lori Ferrins,3 Stephen L. Hajduk,2 and Kojo Mensa-Wilmot1,*

SUMMARY

NEU-4438 is a lead for the development of drugs against Trypanosoma brucei,
which causes human African trypanosomiasis. Optimized with phenotypic
screening, targets of NEU-4438 are unknown. Herein, we present a cell pertur-
bome workflow that compares NEU-4438’s molecular modes of action to those
of SCYX-7158 (acoziborole). Following a 6 h perturbation of trypanosomes,
NEU-4438 and acoziborole reduced steady-state amounts of 68 and 92 unique
proteins, respectively. After analysis of proteomes, hypotheses formulated for
modes of action were tested: Acoziborole and NEU-4438 have different modes
of action. Whereas NEU-4438 prevented DNA biosynthesis and basal body matu-
ration, acoziborole destabilized CPSF3 and other proteins, inhibited polypeptide
translation, and reduced endocytosis of haptoglobin-hemoglobin. These data
point to CPSF3-independentmodes of action for acoziborole. In case of polyphar-
macology, the cell-perturbome workflow elucidates modes of action because it is
target-agnostic. Finally, the workflow can be used in any cell that is amenable to
proteomic and molecular biology experiments.

INTRODUCTION

Human African trypanosomiasis (HAT) is caused by Trypanosoma brucei gambiense and T.b. rhodesiense.

Because extensive ‘‘antigenic variation’’ (Bangs, 2018; Ooi and Rudenko, 2017) rules out vaccine develop-

ment, HAT is managed with chemotherapy. Fexinidazole was approved recently for the treatment of

chronic HAT caused by T. b. gambiense (Pelfrene et al., 2019). However, therapies for HAT have limitations

that call for continued work to discover drug leads. In the case of fexinidazole, patients’ non-compliance is

an issue because of nausea and vomiting. In addition, recrudescence of disease is reported after fexinida-

zole treatment (Mesu et al., 2018), consistent with emerging trypanosome resistance to the drug. The ox-

aborole SCYX-7158 (acoziborole) (Nare et al., 2010) is in clinical trials and could replace fexinidazole as the

drug of choice for HAT treatment. Nevertheless, given the record of resistance to drugs in protozoans, it

may be prudent in a long-term strategy for HAT chemotherapy to include the discovery of leads that

have different mode(s) of action than SCYX-7158 (Begolo et al., 2018; Fairlamb et al., 2016; Jones et al.,

2015; Steketee et al., 2018; Wall et al., 2018).

Two classic approaches, namely (i) target-based (Kourbeli et al., 2021; Suenaga et al., 2021; Swinney, 2013)

and (ii) whole-cell based (i.e., phenotypic) screening are used to find hits for drug development (Ege et al.,

2021; Love and McNamara, 2021; Sato, 2020; Swalley, 2020). Modes of action for drugs discovered by

target-based approaches are presumed to arise from the engagement of a known target in cells. In

many cases, this assumption of a single drug target per cell has been challenged (Cataldi et al., 2004;

Chou et al., 2015; Dai et al., 2008; Davis et al., 2011; Dolloff et al., 2011; Dunne et al., 2011; Hafner et al.,

2019; Jia et al., 2008; Karaman et al., 2008; Lackey, 2006; Larsson et al., 2012), implying that mechanistic

studies focusing on one presumed target may need to be revisited (reviewed in (Mensa-Wilmot, 2021)).

In the case of drugs developed by phenotypic screening, as has occurred frequently in anti-trypanosome

chemotherapy (Jacobs et al., 2011b; Tarral et al., 2014), targets are not known. As a result, it is not easy to

predict modes of action for the drugs. Whereas some anti-trypanosome hits have been used to identify

stages of a parasite life cycle where a drug may act, those morphological studies do not identify proteins

involved in the disrupted cellular process (Patel et al., 2013; Sullenberger et al., 2017).
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Phenotype-driven discovery programs have produced many hits and first-in-class drugs in recent years

(Ang et al., 2015; Buckner et al., 2020; Carolino and Winzeler, 2020; Chatelain and Ioset, 2018; Eder

et al., 2014; Swinney, 2013). In HAT drug development, the oxaborole SCYX-7158 entered clinical trials

without knowledge of a molecular mechanism of action (Jacobs et al., 2011a; Swinney and Lee, 2020). Simi-

larly, NEU-4438 is a lead for HAT whose physiologic target is not known (Bachovchin et al., 2019).

Herein, we use amulti-disciplinary approach to determinemodes of NEU-4438 action, and we compare our

findings with those for the clinical candidate SCYX-7158 (Eperon et al., 2014; Wring et al., 2014). In many

cases, targets of drugs are discovered after approval and it is common for drugs to have multiple cellular

targets (i.e., polypharmacology) (Chen et al., 2014; Dowling et al., 2007; Madiraju et al., 2014). Here, we

demonstrate that proteome perturbation is a powerful tool for studying polypharmacology as it does

not depend on prior knowledge of protein targets.

In the African trypanosome, the biological target of oxaboroles is reputed to be cleavage polyadenylation

specificity factor 3 (CPSF3) (Begolo et al., 2018; Wall et al., 2018). However, there is no direct biochemical

evidence that the oxaboroles bind CPSF3 (Jones et al., 2015). Furthermore, oxaborole analogs are hits for

microorganisms that lack CPSF3 (Bellini et al., 2020; Gupta et al., 2017; Hao et al., 2021; Hernandez et al.,

2013; Palencia et al., 2016) (Gupta et al., 2017; Hao et al., 2021; Hernandez et al., 2013; Palencia et al., 2016).

We report here that the treatment of trypanosomes with SCYX-7158 causes the loss of 92 proteins including

CPSF3. These data lead us to propose a unifying hypothesis for modes of SCYX-7158 action in the African

trypanosome that may inform understanding of oxaborole activity in other microorganisms (Bellini et al.,

2020; Gupta et al., 2017; Hao et al., 2021; Hernandez et al., 2013; Palencia et al., 2016).

For anti-trypanosome drug discovery, our data highlight differences in molecular modes of action between

NEU-4438 and SCYX-7158, in support of furthering the development of NEU-4438 as an anti-trypanosome

drug. We present evidence of NEU-4438 efficacy in a mouse model of chronic HAT.

RESULTS

Use of delayed cytocidal concentration in drug modes of action studies

Targets of hits identified by phenotypic screening are unknown (Abo-Rady et al., 2019; Tulloch et al., 2018).

Therefore, studies to identify molecules involved in modes of action after lead drug identification can be

difficult. Currently, there are no standards for systematically tackling this problem in vitro, and our goal

is to devise an experimental protocol that makes it possible to identify proteins involved in drug modes

of action.

To make it easy to compare two (or more) drugs in the mode of action studies, it was important to deter-

mine how much of each compound to use per experiment. Shunning the use of equimolar concentrations

of compounds, we sought concentrations that were normalized for solubility, physicochemical properties,

and trypanocidality. For this purpose, we determined DCC25 concentrations of NEU-4438 and SCYX-7158

(Table 1). DCC25 is the concentration of drug which after 6 h treatment of trypanosomes (and after drug

wash-off) has no effect on parasite viability but following a 48-h culture cause 25% reduction in trypano-

some proliferation. To determine DCC25, trypanosomes were incubated with drug for 6-h and then trans-

ferred to drug-free medium for 48-h. The 6-h drug treatment did not harm the membrane integrity of try-

panosomes, as propidium iodide did not enter the cells (Figure S1) (Sullenberger et al., 2017). The

concentration of drug that caused 25% of cidality under these conditions (DCC25) was calculated from as-

says with NEU-4438 or SCYX-7158. DCC25 for NEU-4438 was 159G 20 nM and that of SCYX-7158 was 489G

57 nM (Figure 1, Table 1).

Trypanocidal pathways of NEU-4438 and SCYX-7158 are different

Cell death or pro-survival pathways involve multiple proteins that act sequentially in response to extracel-

lular cues that drive proliferation, differentiation, and survival of cells (Goldshmidt et al., 2010; Guzman,

2019; Hao et al., 2016; Hartmann et al., 2018; Ridgley et al., 1999; Win et al., 2018). We hypothesized

that NEU-4438 and SCYX-7158 could be trypanocidal by interfering with identical death pathways through

interaction with the same drug-binding proteins. To evaluate this hypothesis, we determined the effect of

NEU-4438 (334 nM; Table 1) on DCC50 of SCYX-7158 (619 nM; Table 1). As a control, the effect of SCYX-7158

on DCC50 of SCYX-7158 was determined. The presumption is that when two compounds act on the same

cell death pathway DCC50 drops when the small molecules are added together to trypanosomes.
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In the positive control, SCYX-7158 reduced DCC50 of SCYX-7158 by 0.55 (p = 1.8 3 10�2, T-test) (Figure 2).

On the other hand, NEU-4438 raised DCC50 of SCYX-7158 by 1.46 (p = 8.9 3 10�3, T-test) (Figure 2).

We conclude that NEU-4438 does not enhance the trypanocidality of SCYX-7158; it promotes trypanosome

death using pathways that are different from those affected by SCYX-7158.

Perturbomes of NEU-4438 and SCYX-7158 in T. brucei

Having established that NEU-4438 and SCYX-7158 kill T. brucei using different pathways (Figure 2B), we

initiated studies to identify specific molecular systems that were affected by each drug. An outline of the

steps pursued in this effort is presented in Figure 3. We used DCC25 determined for 5 3 105 trypano-

somes/mL for these experiments instead of the alternate approach of using equimolar amounts of drugs.

Perturbation of trypanosomes with NEU-4438 or SCYX-7158 was performed by treating cells with DCC25

equivalents of NEU-4438 or SCYX-7158 for 6 h. Shotgun proteomics was then used to identify polypeptides

whose steady-state quantities changed by a factor of two (or more) (Figure 4). SCYX-7158 was used as a

control to help rule out proteome changes that might be caused non-specifically by trypanosome treat-

ment with xenobiotics.

NEU-4438 altered the steady-state amount of 94 unique proteins (68 proteins decreased (Table S1), and 26

proteins increased (Table S2) (Figures 4C and 4D). SCYX-7158 affected 129 unique proteins (92 proteins

Table 1. Delayed cytocidal concentrations (DCC) of NEU-4438 and SCYX-7158 (nM)

Cidality NEU-4438 SCYX-7158

DCC25 (nM) 159 G 20 489 G 57

DCC50 (nM) 334 G 36 619 G 27

DCC90 (nM) 1474 G 116 1013 G 168

DCC50 NEU-4438 = 334 ± 36 nM
DCC50 SCYX-7158 = 619 ± 27 nM

5x105 cell/ ml 
+ drug; 6h 

Post drug wash off, 
1x104 cells in drug-

free medium

Cells in drug-free 
medium; 48h

SYBR green 
fluorescence 
determined

Figure 1. Delayed cytocidal concentrations (DCC) of NEU-4438, and SCYX-7158

T.b. brucei (53105-/mL) culture was treatedwith serial concentrations of NEU-4438 or SCYX-7158 in 24well plates. After 6 h,

cells were washed with and transferred into drug-free HMI-9 medium for 48 h in 384well plates at a starting cell density of

13104 trypanosomes/mL (total volume 50 mL). After 48 h, cells were lysed and SYBR green dye was added. Fluorescence

data obtainedwere analyzedwith non-linear regression plots (GraphPad Prism 9) to determineDCC50 concentrations at 48

h. The mean DCC50 values were obtained from three independent biological experiments each with technical duplicates.

DCC25 concentrations (NEU-4438, 150 nM; SCYX-7158, 500 nM) were used for the trypanosome perturbation studies.
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decreased; Table S3), and 37 proteins increased; Table S4) compared to vehicle-treated cells. NEU-4438

and SCYX-7158 perturbomes contained 35 common proteins (30 proteins decreased (Table S5), and 5 pro-

teins increased (Table S6) (Figures 4C and 4D).

To validate the mass spectrometry data, we used western blotting to determine whether a reduction in the

amount of peptides for Tb427.10.3700, AMPK-activated protein kinase gamma subunit (AMPKg), induced

by NEU-4438 treatment was matched by a reduction in protein level. In the perturbome, NEU-4438 treat-

ment reduced the abundance of AMPKg 0.37-fold compared to DMSO treatment. In western blotting,

AMPKg amount was reduced 0.54-fold and 0.86-fold, respectively when trypanosomes were treated with

DCC25 and DCC90 of NEU-4438 (Figure 5A). In contrast, quantities of clathrin heavy chain increased after

NEU-4438 treatment by 0.19-fold and 0.36-fold for DCC25 and DCC90, respectively (Figure 5B).

Hypotheses for modes of drug action from proteome perturbation analysis: NEU-4438

affects DNA synthesis

Hypotheses about possible modes of action for NEU-4438 were developed in two steps. First, we priori-

tized proteins whose abundance decreased after drug treatment (Table S1) binning them into different bio-

logical pathways/functions, based on the homology of domains to proteins in other organisms (Hunter

et al., 2009). Second, we reasoned that if NEU-4438 caused the level of a protein to decrease, then in

some cases, the drug was triggering the protein equivalent of a genetic ‘‘loss-of-function’’ profile in the

trypanosome: a decrease in the function of the protein in question is then expected.

The ‘‘NEU-4438 perturbome’’ (Figure 4 and Table S1) contained proteins whose abundance was reduced

100-fold, including DNA ligase, nucleoside diphosphate kinase, nucleoporin, and Cdc48, several of which

have functions related to DNA metabolism (Benz et al., 2017; Madrid et al., 2006; Maric et al., 2017; Srivas-

tava et al., 2018). Because of these observations, we hypothesized that NEU-4438 affectedDNA synthesis or

degradation, and tested the concept (Figure 6), by quantitating the incorporation of ethynyl deoxyuridine

(EdU) into nuclear DNA. We found that that a smaller fraction of NEU-4438 treated trypanosomes incorpo-

ratedEdU (24.45G3.71%) compared toDMSO (46.49G8.92%) (Student’s T-test, p= 3.53 10�2) (Figure 6B).

The amount of EdU per nucleus was reduced after NEU-4438 treatment, and the difference in the distribu-

tion of data points was statistically significant (Kolmogorov-Smirnov test; p < 1 3 10�4) (Figure 6C).

With SCYX-7158, the difference in the distribution of EdU brightness per nucleus in treated cells was sta-

tistically significant (p = 9 3 10�4; Kolmogorov-Smirnov test) compared to control trypanosomes (Fig-

ure 6C), and the percentage of the cell population with nuclear EdU after SCYX-7158 treatment

(43.28 G 9.05%) did not differ significantly from that observed after solvent treatment (Student’s T-test,

p = 0.68) (Figure 6B). We conclude that SCYX-7158 does not inhibit DNA synthesis in T. brucei.

Figure 2. NEU-4438 does not potentiate trypanocidality of SCYX-7158

(A) To determine the effect of NEU-4438 on DCC50 of SCYX-7158, T.b. brucei (53105/mL) was treated with serial dilutions

of SCYX-7158 in a 24-well plate. To each well, either 0.1% DMSO, or DCC50 of SCYX-7158 or NEU-4438 was added, as

depicted (panel A) prior to the introduction of SCYX-7158. The plates were incubated for 6 h at 37�C/5% CO2. Cells were

washed with and transferred into drug-free HMI-9 medium for 48 h at a starting cell density of 13104 cells/mL (total

volume 50 mL). After 48 h, cells were lysed and fluorescence of SYBR green dye was obtained. GraphPad Prism was used to

analyze data and determine DCC25 concentrations.

(B) Error bars denote the mean DCC50 G SD of SCYX-7158 upon the addition of SCYX-7158 (S + S) or NEU-4438 (S + N) in

three independent experiments. A statistical significance of differences in DCC50 was determined with Student’s T-test.
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Basal body maturation is blocked by NEU-4438

Inhibition of nuclear DNA synthesis in NEU-4438-treated trypanosomes might have two explanations. First,

the drug interferes with the replisome polymerization of deoxynucleotides on nuclear DNA. Second, NEU-

4438 prevents trypanosomes from entering the S-phase, in which case other events are known to occur at

that stage of the cell cycle will also fail (Benz et al., 2017). For example, basal body duplication and matura-

tion in the cytoplasm occur in S-phase. To distinguish between these hypotheses, we enumerated basal

bodies in drug-treated trypanosomes by tracking TbRP2with YL1/2 antibody (Andre et al., 2014) (Figure 7A).

NEU4438 treatment increased the fraction of trypanosomes with one basal body (1BB) while decreasing the

proportion of cells with twobasal bodies (2BB) (p = 2.83 10�2) (Figure 7B). NEU-4438 interferencewith basal

body duplication is consistent with a conclusion that the drug prevents trypanosome entry into S-phase.

SCYX-7158 treatment, in contrast, did not alter the trypanosome cell-type distribution (p = 6.13 10�1) (Fig-

ure 7B). We conclude that SCYX-7158 does not prevent trypanosome entry into S-phase.

SCYX-7158 reduces protein synthesis

The SCYX-7158 perturbome (Figure 4B and Table S3) contained several proteins associated with proteo-

stasis; pyroglutamyl-peptidase I (PGP) (Tb427.04.2670), E3 ubiquitin-protein ligase (Tb427.06.3780), and

SUMO-interacting motif-containing proteins (Tb427.07.4450 NEU-4438 Tb427tmp.160.0400) (Hirano

et al., 2003; Vennemann and Hofmann, 2013). To test whether SCYX-7158 affected protein homeostasis,

we first tracked the incorporation of a methionine analog homopropargylglycine (HPG) into proteins (Fig-

ure S2), and then checked the effect of drugs on that process (Figure 8A).

SCYX-7158 (DCC25) reduced protein synthesis 23.6% (p = 1.7 3 10�2) (Figure 8B). Similarly, cycloheximide

(DCC25) a control small molecule, inhibited translation by 37.3% (p = 2.16 3 10�2) (Figure 8B). (DCC25 for

cycloheximide (786 nM) was determined as shown in Figure S3.) NEU-4438 did not affect synthesis of poly-

peptides (p = 0.99) (Figure 8B). In other experiments, the degradation of protein was not affected by either

NEU-4438 or SCYX-7158 (data not shown).

Endocytosis of haptoglobin-hemoglobin is inhibited by SCYX-7158

Trypanosome treatment with SCYX-7158 reduced the abundance of haptoglobin-hemoglobin (HpHb) re-

ceptor (Tb427.06.440), and several proteins associated with endocytosis or intracellular vesicle movement

(e.g., trafficking protein particle complex subunit 3 (Tb427.08.5030), synaptojanin (Tb427.07.3490), Arf6

(Tb427.10.4250), vesicular transport protein (Vps51) (Tb427.10.2130)) and dynein light chains

(Tb427tmp.211.3770, and Tb427tmp.03.0815) (Figure 4B and Table S3). Haptoglobin-hemoglobin receptor

(HpHbR) facilitates the endocytosis of HpHb from vertebrate blood (Vanhollebeke et al., 2008). For these

reasons, we tested a hypothesis that SCYX-7158 influenced HpHb uptake in T. brucei.

Hit Discovery
(proliferation inhibition and cidality)

Hit optimization
(Medicinal chemistry) 

Lead Drug Discovery 
(100-fold reduction of parasite load in mouse model)

Phenotypic screening

Modes of lead action
Determine DCC25

↓
Proteomics of drug-perturbed cells

↓
Identify proteins with altered abundance

↓
Hypotheses for Drug Modes of Action

↓
Cell-based tests of Modes of Action 

Figure 3. Cell perturbome proteomics workflow to

determine modes of molecular action
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Endocytosis of HpHb (AlexaFluor 647-labelled) in T. brucei was monitored using flow cytometry

(Figure 9A). SCYX-7158 reduced HpHb endocytosis by 7.81% (mean fluorescence (FL) = 135.6 G 4.36

AU) compared to control trypanosomes (mean FL = 147.15 G 3.17 AU) (p = 2.5 3 10�2) (Figures 9A

and 9B).

NEU-4438 did not affect HpHb endocytosis in trypanosomes (mean FL = 150.65 AU, (p = 0.54) (Figures 9A

and 9B). These data are consistent with selective inhibition of HpHb endocytosis by SCYX-7158.

Both NEU-4438 and SCYX-7158 impede the uptake of transferrin (Tf)

NEU-4438 and SCYX-7158 reduced steady-state amounts of proteins (Figure 4) that affect intracellular

vesicle movement in other biological systems, such as a Rab-GTPase-TBC domain-containing protein

(Tb427tmp.160.3890), ankyrin repeat protein (Tb427tmp.01.0440) (Givan and Sprague, 1997; Singaraja

et al., 2002), and an ARP2/3 complex (Tb427.10.10600) (Table S5). From these data, we postulated that

the drugs might affect general endocytosis. We tested the hypothesis by measuring the uptake of fluoro-

phore-labeled BSA or transferrin (Tf) after NEU-4438 or SCYX-7158 treatment of trypanosomes. (BSA was

studied as a marker of ‘‘bulk-phase’’ endocytosis.)

Neither SCYX-7158 nor NEU-4438 affected BSA endocytosis (Figures 9C and 9D), indicating that the drugs

have no effect on general endocytosis.

Transferrin uptake was affected by the two compounds. NEU-4438 treatment of trypanosomes reduced the

uptake of Tf by 37.63% compared to DMSO treatment (p = 1.83 10�3) (Figures 9E and 9F). Similarly, SCYX-

7158 inhibited Tf endocytosis 28.15% compared to DMSO (p = 8.6 3 10�3) (Figures 9E and 9F). We

conclude that both NEU-4438 and SCYX-7158 inhibit endocytosis of Tf in T. brucei.

NEU-4438 reduces trypanosome load in a mouse model of chronic HAT

Most patients with HAT are diagnosed at the chronic stage when trypanosomes are detected in

multiple tissues (Trindade et al., 2016). Owing to its excellent potency, aqueous solubility, and metabolic

stability, we tested the efficacy of NEU-4438 in a mouse model of chronic HAT. In contrast to haemo-

lymphatic HAT (i.e., acute) which causes the death of mice within 7 days of infection (Behera et al.,

2014; Thomas et al., 2016), mice infected with T. brucei AnTat1.1 have chronic HAT, present with

waves of tissue infection (Capewell et al., 2016; Trindade et al., 2016) and they survive for 60 days before

death.

For our study, mice were infected with AnTat1.1 T brucei expressing fire-fly luciferase (McLatchie et al.,

2013). On day 0 (not shown), trypanosomes were detected from bioluminescence signals in mice (except

animal B). Characteristic of pleomorphic strains of T. brucei [80, 81] infection produced two waves of tissue

parasite load within 14 days (Figure S4A). One peak of infection was detected on day 7, and a second wave

of trypanosome tissue load was maximal on day 10 (Figure S4).

On day 3, mice treated with NEU-4438 had a 3.92-fold reduction in tissue load (i.e., bioluminescence

signal) (Figure S4) (p = 6.8 3 10�3). Tissue infection was undetectable in three out of four mice on day

7 (reduction in median total flux was greater than 100-fold) (Figure S4B). These results confirm NEU-

4438 as a lead for drug development against chronic HAT. This dosing regimen was not curative because

on day 14 two of four mice had parasites in tissues (Figure S4B). Future pharmacokinetic and pharmaco-

dynamic studies will focus on optimizing the dosing of NEU-4438 to cure chronic HAT.

Figure 4. NEU-4438 or SCYX-7158 perturbome in T. brucei

Bloodstream T. brucei labeled with heavy, medium, or light amino acids in HMI-9 for SILAC were treated with SCYX-7158

(500 nM), or NEU-4438 (150 nM) or DMSO (0.1%) for 6 h. Subsequently, trypanosomes from all three samples were

combined in 1:1:1: heavy: medium: light, lysed, and separated on SDS-PAGE. Gel fragments were excised, protease

digested, desalted, and extracted peptides were identified by LC-MS/MS in three independent experiments. Identified

peptides were clustered to match parent proteins and to obtain the sum PEP (Posterior Error Probability). Volcano plots

represent proteins with > 2-fold mean abundance ratio for NEU-4438: DMSO (A) or SCYX-7158:DMSO (B) that were

identified in at least two out of three experiments. Venn diagrams show the number of proteins with the abundance ratio

of %0.5 (C) or R2 (D) after NEU-4438 or SCYX-7158 treatment compared to DMSO (Tables S1–S6. The source data are

available via ProteomeXchange with identifier PXD036393).
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DISCUSSION

A target-agnostic proteome perturbation strategy to decipher molecular modes of drug

action

Drugs for the treatment of infectious diseases kill pathogenic cells either by promoting death pathways or

inhibiting pro-survival systems. Mere drug inhibition of protein activity without connection to cell death

pathways is unlikely to produce cytotoxic effects. Indeed, stimulation of apoptotic pathways (or suppres-

sion of pro-survival pathways) occurs after the engagement of some drugs targets in cells (Nam et al.,

2021; O’Hare et al., 2013; Panka et al., 2006; Tang et al., 2018; Venkatesan et al., 2012; Verma et al.,

2007). However, it is not routine for investigators interested in drug mechanisms to seek information about

cellular events that take place after target engagement. Most work on modes of action involves the alter-

ation of biochemical activities of targets (Futaki, 2021; Lin et al., 2018; Robertson, 2007). For drugs opti-

mized by phenotypic screening, such studies are not possible, so the evaluation of their effect on transcrip-

tomes or genomes contributes to the spectra of possible actions and resistance pathways (Carolino and

Winzeler, 2020; Horn, 2021; Tulloch et al., 2018).

Given the increasingcontributionsof phenotypic screening to infectious andchronicdiseasesdrugdiscovery, it

seems worthwhile to establish general strategies for determiningmolecular modes of action for drugs that do

not relyonprior knowledgeofproteins thatbind thedrug.Proteinsmediatemanydrugactions, so it is logical to

focus on them to monitor early cellular responses to drugs (Figure 4). Characterization of drug-induced global

proteome perturbation presents an unbiased set of data that could offer a path to understand the comprehen-

sive effects of drugs on a cell. Drug perturbation biology has been performed with other goals in mind (Korkut

et al., 2015; Nyman et al., 2020), none to understand molecular modes of drug action.

NEU-4438 modes of action in T. brucei

NEU-4438 was developed in a chemistry campaign that relied on phenotypic assays of anti-trypanosome po-

tency, so its targets are unknown (Bachovchin et al., 2019). In this study, we developed a workflow to study mo-

lecular mode(s) of NEU-4438 action in five steps (outlined in Figure 3). First, we determined pharmacologically

pertinent drug concentrations for trypanosome perturbation experiments (we used DCC25 determined for

53105 trypanosomes/mL. DCC25 is normalized for physicochemical and permeability properties of drugs by

benchmarking it against trypanocidality at 48 h; it permits comparison of data for different drugs). Second,

Figure 5. Reduction of AMPK-g subunit protein after NEU-4438 treatment

Trypanosomes expressing Myc-tagged AMPK-g regulatory subunit and Myc-tagged clathrin heavy chain (CHC) (53105/

mL) were treated with 0.1% DMSO, DCC25 NEU-4438 or DCC90 NEU-4438. After 6 h incubation, 43106 or 13106 cells were

pelleted, washed, lysed in SDS-PAGE loading buffer, and electrophoresed on SDS-PAG (12%).

(A) Proteins were transferred to a PVDF membrane and stained with RevertTM 700 total protein stain (LI-COR).

(B) The membrane was blocked with LI-COR� InterceptTM blocking buffer-PBS and incubated with rabbit anti-c-Myc

primary antibody. After 1 h, the membrane was washed and incubated with IRDye� 800CW goat anti-rabbit secondary

antibody. Images were captured with an LI-COR� Odyssey CLx near-infrared fluorescence imaging system.

(C) Quantitation of IRDye� 800CW fluorescence for myc-tagged protein (in B) normalized for total protein (LI-COR

RevertTM. 700 fluorescence from panel A), and statistically analyzed by Student’s T-test.
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we analyzed global proteome changes after NEU-4438 perturbation (6 h) of trypanosomes. Third, we used dif-

ferences in protein quantities to construct hypotheses about the molecular effects of NEU4438 on T. brucei.

Fourth, we tested hypotheses of modes of action with molecular biology experiments.

Perturbation proteomics with NEU-4438 revealed a reduction of steady-state amounts of 68 polypeptides

after 6 h of drug treatment (Figure 4, Table S1). As most trypanosome proteins have not been studied func-

tionally (Aslett et al., 2010), we worked with those polypeptides with known functions out of necessity. From

the analysis of changes in the proteome induced by NEU4438, we hypothesized that the drug affected DNA

metabolism and/or endocytosis (Figure 4A, Table S1). In experimental tests of these hypotheses, we estab-

lished that NEU-4438 inhibited DNA synthesis (Figure 6), basal body maturation (Figure 7), and transferrin

endocytosis (Figure 9).

There are additional hypotheses to test, after mining data from the NEU-4438-perturbome, in future

studies. For example, enzymes involved in the metabolism of small molecules (e.g., aconitase, dihydroxy-

acetone phosphate acyltransferase, trans-enoyl CoA isomerase) were reduced (Table S1). Their products

can be assayed with metabolomics techniques to determine the effect of NEU-4438 on those pathways

Figure 6. NEU-4438 decreases nuclear DNA synthesis

T. b. brucei (53105/mL) was treated with DMSO (D: 0.1%) or NEU-4438 (N: 150 nM) or SCYX-7158 (S: 500 nM) for 6 h. Cells

were washed with drug-free medium and 53105 cells/mL was labeled with EdU for 1 h. Incorporated EdU was detected

with azide-Alexa Fluor-488. For quantitation, at least 100 cells were analyzed from each sample.

(A) Representative images of EdU-positive signal (green) with DAPI (blue) in 0.1% DMSO (top), of NEU-4483-treated

(middle), or SCYX-7158-treated cells (bottom). Scale bar = 5 mm.

(B) Quantitation of mean percent trypanosome (n > 100) population that are EdU-positive in nucleus.

(C) Quantitation of nuclear EdU brightness (nEdU). BZ-X800-analyzer software (Keyence) was used to extract EdU signal

over the DAPI area. Data are presented as a median with error bars denoting standard deviation(SD) from three biological

replicates. Statistical significance of distribution of EdU brightness in different treatment groups was analyzed with a

Kolmogorov-Smirnov test.
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(Steketee et al., 2018). In this way analysis of the drug perturbome (Figure 4) can inform the design of

metabolomics studies.

NEU-4438 as a candidate anti-human African trypanosomiasis drug lead

Lead compounds that possess different modes of action than the anti-HAT drugs (or clinical candidates)

can be backup drugs in case of treatment failure of current clinical candidates or the emergence of drug

resistance. Differences in modes of action of NEU-4438 and SCYX-7158 imply that adding the former com-

pound to small molecules in development for HAT chemotherapy is justifiable (Figure S4). Knowledge of

modes of molecular action is important for the identification of ‘‘physiologic targets’’ of a drug (Mensa-Wil-

mot, 2021). So, our future work will include the discovery of NEU-4438-binding proteins whose genetic

knockdown (or overexpression) may impede G1/S transition or prevent Tf endocytosis in T. brucei as

demonstrated in this work (Meyer and Shapiro, 2021).

A hypothesis for SCYX-7158 modes of action

Perturbation proteomics with SCYX-7158 revealed a reduction of steady-state quantities of 92 polypep-

tides (Figure 4B, Table S3). From analysis of changes in the proteome we found experimentally that

SCYX-7158 inhibited polypeptide synthesis (Figure 8) and prevented endocytosis of HpHb (Figure 9).

Our data are consistent with an observation that AN7973, an oxaborole structurally related to SCYX-

7158, inhibits protein synthesis (Begolo et al., 2018).

Cleavage polyadenylation specificity factor 3 (CPSF3) has been offered as the biological target of SCYX-7158.

In that work, overexpression of CPSF3 restored robust proliferation to SCYX-7158-treated trypanosomes, in

support of the hypothesis (Wall et al., 2018). Of note, however, CPSFs were not identified as oxaborole-binding

proteins by affinity chromatography (Jones et al., 2015). Our data give us a different perspective on the inter-

pretation of this information. We found that the treatment of trypanosomes with SCYX-7158 reduced the

amount of CPSF3 as well as CPSF2 (Tb927.11.230) and 90 other polypeptides (Table S3). To reconcile these

three sets of data (above), we propose that SCYX-7158, consistent with data from the biochemical studies,

does not bind CPSF3 (Jones et al., 2015). Instead, the drug reduces the stability or synthesis of 92 proteins

including CPSF3 (Figure 4; Table S3). Some of the 92 proteins are important for the proliferation of

T. brucei (Horn, 2021), so a reduction in quantities diminishes the proliferation of T. brucei. It follows from

Figure 7. NEU-4438 reduces basal body duplication

T. b. brucei (53 105/mL) culture was treated with DMSO (D: 0.1%), NEU-4438 (N: 150 nM) or SCYX-7158 (S: 500 nM) for 6 h.

Mature basal bodies were detected with anti-YL1/2 antibody, and nucleic acid was counterstained with DAPI.

(A) Representative image of brightfield, DAPI (blue), YL1/2 signal (red) andmerge in 0.1%DMSO (top), NEU-4483 (middle)

and SCYX-7158 (bottom) treated cells. Scale bar = 5 mm.

(B) Trypanosomes (n > 100 from each treatment) were binned as one basal body (1BB) and two basal body (2BB) based on

number of YL1/2 (red) foci per cell from three biological replicates. Error bars indicate meanG SD. Statistical significance

of differences in population distribution among 1BB and 2BB in drug treated compared to DMSO treated trypanosomes

was determined with Pearson’s Chi-square test.
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this perspective that the overexpression of many of these 92 proteins after SCYX-7158 treatment of trypano-

somes may, like CPSF3, restore efficient cell division to the drug-treated cells. The data obtained for CPSF3

overexpression (Wall et al., 2018) are ‘‘proof of concept’’ for this hypothesis; overexpression of CPSF3 replen-

ishes lost protein and facilitates proliferation. We note in passing that stability of oxaborole-binding proteins

was not perturbedby SCYX-7158 treatment of trypanosomes (Table S7). In future studies, wewill test a hypoth-

esis that overexpression of other proteins besides CPSF3 (Table S3) restores robust cell division abilities to

SCYX-7158-treated trypanosomes.

A cell perturbome proteomics workflow provides a comprehensive account of modes of drug

action, and informs discovery of physiologic drug targets

Modes of action for many clinical drugs remain unsolved. Some drugs developed with target-based ap-

proaches have other targets in cells (Dai et al., 2008; Dolloff et al., 2011; Dunne et al., 2011; Hafner

et al., 2019; Karaman et al., 2008; Lackey, 2006). This polypharmacology (i.e., one drug withmultiple targets)

is well-known (Anighoro et al., 2014; Proschak et al., 2019). For example, metformin, an antidiabetic drug,

interacts with multiple proteins (Chen et al., 2014; Madiraju et al., 2014;Wang et al., 2014), making it unlikely

that all actions of metformin are mediated by a single target. For some clinical candidates, therapeutic ef-

fects arise from so-called ‘‘off-target’’ activity (Lin et al., 2019).

In cases of polypharmacology, studies to understand mechanisms of action may be most fruitful when one

aims to document all ‘‘post-target engagement’’ effects of the drug. Analysis of a drug perturbome

coupled with the development of hypotheses of its modes of action, as we advocate in this work, could

contribute to a holistic understanding of the drug’s cellular effects. Similarly, aspirin inhibits multiple pro-

teins (Kaur et al., 2012; Mugge and Silva, 2017; Wang et al., 2015; Yin et al., 1998), so an approach that fo-

cuses on events ‘‘downstream’’ of target engagement is likely to be a good path for advancing our under-

standing of the drug’s molecular effects on cells.

Cells contain tens of thousands of proteins (El-Sayed et al., 2005; Venter et al., 2015), so the view that one

drug binds only to a single protein in vivo is debated. Experiments performed with whole proteomes (i.e.,

Figure 8. SCYX-7158 inhibits protein synthesis

T. b. brucei (53105/mL) was treated with DMSO (D: 0.1%), or NEU-4438 (N: 150 nM), or SCYX-7158 (S: 500 nM) or

cycloheximide (C: 800 nM) for 6 h in HMI-9 medium. Cells were washed and resuspended in the methionine-free medium

supplemented with L-homopropargylglycine (HPG) along with respective drugs for 1 h. All samples (23106 cells) were

washed with PBS and fixed in 4% paraformaldehyde. Incorporated of HPG was detected with azide-Alexa Fluor-647.

(A) A flow cytometer was used to detect intensity of fluorescence per cell. Histograms depict fluorescence intensity per

cell (n = 15,000) in DMSO, or NEU-4438, or SCYX-7158 or cycloheximide-treated trypanosomes.

(B) Scatter plots represent mean fluorescence intensity of azide-AF-647 from three biological replicates with technical

duplicates. Error bars represent SD. Statistical differences in mean AF-647 fluorescence intensity of DMSO-treated

trypanosomes were compared to drug-treated cells using Students’ T-test. (See also Figures S2 and S3).
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cell lysates used for affinity chromatography or photoaffinity labeling or chemoproteomics (Brehmer et al.,

2005; Burton et al., 2021; Davis et al., 2011; Jones et al., 2015; Katiyar et al., 2013; Kennedy et al., 2021; Wang

et al., 2011; Zuhl et al., 2016)) show that many drugs have other binding partners in addition to proteins for

structure-guided optimization (Dai et al., 2008; Dolloff et al., 2011; Dunne et al., 2011; Hafner et al., 2019;

Karaman et al., 2008; Lackey, 2006).

As drugs can bind multiple proteins (Bolognesi, 2013; Hafner et al., 2019), and a single binding pocket on a

protein can bind more than one ligand (Cerisier et al., 2019), discovery of physiologic drug targets is not a

trivial undertaking (Kubota et al., 2019). Many drug-binding proteins are not physiological targets which

may be defined as proteins whose genetic disruption yields similar modes of action as the treatment of cells

with the drug (Mensa-Wilmot, 2021). Recent efforts to address the topic systematically with multi-disci-

plinary experimental approaches hold promise (Meyer and Shapiro, 2021; Sanz-Rodriguez et al., 2022).

Figure 9. SCYX-7158 inhibits endocytosis of haptoglobin-hemoglobin

T. brucei (53105 cells/mL) were treated with DMSO (D: 0.1%), or NEU-4438 (N: 150 nM) or SCYX-7158 (S: 500 nM) for 6 h.

Cells were washed and resuspended in the serum-free medium (without DMSO or drug). Trypanosomes were incubated

with fluorescent cargo, Haptoglobin-hemoglobin (HpHb), or transferrin (Tf) or BSA, for 15 min (37�C). A flow cytometer

was used to detect fluorescence intensity per cell. Propidium iodide was used to stain and gate out non-viable cells.

Histograms present fluorescence intensity of HpHb-AF647 (A), Tf-AF647 (C), or BSA-AF647 (E), for every cell (n > 10,000 for

each cargo) in DMSO or drug-treated samples. Points on the scatter plot represent mean fluorescence intensities of

HpHb (B), Tf (D), or BSA (F) from three biological replicates (calculated with FlowJo). Bars indicate mean G SD. Student’s

T-test was used to evaluate a statistical significance of differences in mean intensity of endocytosed ligand in DMSO-

treated sample compared to drug-treated samples.

ll
OPEN ACCESS

12 iScience 25, 105302, November 18, 2022

iScience
Article



To identify physiologic targets of a drug, investigators need information on (i) the list of drug-binding

proteins, and (ii) a catalog of modes of action of a drug (Figure 10). ‘‘Modes of action’’ correspond to

those molecular pathways whose inhibition by a drug compromises cell viability (Bernacchia et al.,

2022; Lytton et al., 1993; Ma et al., 2022; Nunes et al., 2022; Pandit et al., 2022; Schafer and Wenzel,

2020) (Figure 10). Two experimental strategies can be used to obtain mode of action data. First, one

could identify drug-binding proteins, and from that list predict modes of a drug’s action (Figure 10),

as recently demonstrated for CBL0137 (Sanz-Rodriguez et al., 2022; Thomas et al., 2016). Second, one

could perturb cells with a drug and after proteome analysis to identify destabilized proteins (i.e., drug

perturbome (Table 1), and predict modes of drug action from roles of destabilized proteins (Figure 10).

This second strategy can accelerate the determination of modes of action because of not requiring prior

knowledge of drug-binding proteins (Figure 10). Data from modes of action studies are compared to mo-

lecular effects obtained from the genetic disruption of drug-binding proteins to identify physiologic tar-

gets from drug-binding proteins (Jones et al., 2015; Sanz-Rodriguez et al., 2022; Wall et al., 2018)

(Figure 10).

Limitations of the study

First, drug-binding proteins are best identified by affinity-interaction methodologies. Proteins stabilized in

the cell perturbome are not necessarily targets of the drug, although some acoziborole binding proteins

(Jones et al., 2015) are not destabilized by the drug (Table S7). Second, proteins whose expression levels

are very low may require larger numbers of cells to be used for the proteomics work. Finally, many proteins

have no known function (so-called ‘‘hypothetical proteins’’ (Berriman et al., 2005)) as they have not been

studied experimentally; they cannot be used to develop hypotheses that can be evaluated with chemical

biology strategies.
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RESOURCE AVAILABILITY

Lead contact

Dr. Amrita Sharma, asharm37@kennesaw.edu.

Materials availability

NEU-4438 [(4E)-1-methyl-7-[2-(4-methyl-1,4-diazepan-1-yl) pyrimidin-5-yl]-N-(pyrazin-2-yl)-1,4-dihydroqui-

nolin-4-imine] (Bachovchin et al., 2019) and SCYX-7158 [(4-fluoro-N-(1-hydroxy-3,3-dimethyl-1,3-dihydro-

2,1-benzoxaborol-6-yl)-2-(trifluoromethyl)benzamide)] (Jacobs et al., 2011a) were synthesized by Dr.

Michael Pollastri (Northeastern University, Boston, MA).

REAGENTS or RESOURCES SOURCE IDENTIFIER

Antibodies

Anti-c-Myc antibody produced in rabbit Sigma-Aldrich Cat#C3956

IRDye 800CW Goat anti-Rabbit IgG

Secondary Antibody

LI-COR Biosciences Cat#926-32211

Anti-Tubulin Antibody, clone YL1/2 EMD Millipore Cat#MAB1864

Chemicals

L-Arginine-13C6,
15N4 hydrochloride Sigma-Aldrich Cat# 608033

L-Arginine-13C6 hydrochloride Sigma-Aldrich Cat#643440

L-Lysine-13C6,
15N2 hydrochloride Sigma-Aldrich Cat#608041

L-Lysine-13C6 hydrochloride Sigma-Aldrich Cat#643459

IMDM for SILAC Thermo Fisher Scientific Cat#88423

Azide-PEG3-biotin conjugate Sigma-Aldrich Cat#762024

EdU, DNA synthesis monitoring probe abcam Cat# ab146186

Click-IT� L-Homopropargylglycine (HPG) Invitrogen Cat#C10186

Cycloheximide Sigma-Aldrich Cat#C7698

Transferrin From Human Serum,

Alexa Fluor� 647 Conjugate

Invitrogen Cat#T23366

Haptoglobin (Phenotype 1-1)

from human plasma

Sigma-Aldrich Cat#SRP6507

Albumin from Bovine Serum (BSA),

Alexa Fluor� 647 conjugate

Invitrogen Cat# A34785

Alexa Fluor� 647 Protein Labeling Kit Thermo Fisher Scientific Cat#A20173

Propidium iodide Sigma-Aldrich Cat#P4170

SYBR� Green I Nucleic Acid Gel Stain 10,000X Invitrogen Cat#S7563

D-Luciferin, Sodium Salt Goldbio Cat#LUCNA

Deposited data

Drug-perturbome proteomics mass spectrometry ProteomeXchange Consortium

via the PRIDE

PXD036393

Experimental models: Organisms/strain

Mouse: Swiss-webster Envigo Hsd:ND4

Software

Prism 9.0 GraphPad https://www.graphpad.com/
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Data and code availability

Data reported in this paper will be shared by the lead contact upon request. Mass spectrometry proteomics

data have been deposited at the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2022)

partner repository with the dataset identifier PXD036393 and 10.6019/PXD036393. This paper does not

report original code. Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Trypanosome strains and culture conditions

Bloodstream T. brucei brucei Lister427 was propagated in T-25 vented cap flasks (Corning Inc., Lowell, MA)

at 37�C and 5% CO2 with humidity. Trypanosomes were maintained below 106 cell/mL in HMI-9 medium

(Hirumi and Hirumi, 1989) supplemented with 9% fetal bovine serum (Atlanta Biologicals, Flowery Branch,

GA), 9% Serum Plus (SAFC Biosciences, Lenexa, KS), and 1% antibiotic-antimycotic solution (Corning,

Corning, NY). Bloodstream T. b. brucei AnTat1.1 was maintained below 53105 cells/mL in HMI-9 medium

supplemented with 10% fetal bovine serum and 10% Serum Plus (Hirumi and Hirumi, 1989).

Bioluminescent T. brucei AnTat1.1 line

Tenmicrograms of a linearized (with BamHI and XhoI) construct of pTb-AmLuc DNA (McLatchie et al., 2013)

(fromDr. Martin C. Taylor London School of Hygiene and Tropical Medicine, London, United Kingdom) was

used for nucleofection. Transgenic T. brucei AnTat1.1 AmLuc clones were selected, cloned, and main-

tained in HMI-9 medium containing puromycin (0.1 mg/mL) (McLatchie et al., 2013).

Mice and ethical statement

Female Swiss-Webster mice (Mus musculus domesticus), 8-10 weeks old (weighing �20-25 g) were pur-

chased for Envigo. All mouse experiments were conducted with the approval of the Institutional Animal

Care and Use Committee (IACUC) at the University of Georgia. All experimental protocols involving

mice were designed in accordance with IACUC at the University of Georgia.

Mice were acclimatized for a week before commencement of experiments and were maintained at stan-

dard feed and water ad libitum.

METHOD DETAILS

Drug stocks and formulations

Drug stocks for in vitro assays were prepared in dimethyl sulfoxide (DMSO). For studies in mice, NEU-4438

was formulated in N-methyl-2-pyrrolidone (NMP) (Sigma Aldrich), 10% of total volume) and 0.2% hydrox-

ypropyl methylcellulose (HPMC) (Sigma Aldrich), 90% of total volume) and dosed orally using 10 mL/kg

body weight of mouse.

Delayed cytocidal concentration (DCC) of drugs

Mid-logarithmic growth phase trypanosomes (53105/mL) were incubated with serial dilutions of NEU-4438

or SCYX-7158 or cycloheximide (1 mL of drug/mL culture medium) for 6 h in 24-well plates at 37�C/5% CO2.

Trypanosomes were rinsed with and transferred into drug-free HMI-9 medium for 48 h at the cell density of

13104 cells/mL (50 mL) in 384-well plates. Trypanosomes were pelleted, lysed and quantitated using SYBR

Green I (Invitrogen; Carlsbad, CA) (Faria et al., 2015). T. brucei delayed cytocidal concentration (DCC)

values for each drug were obtained after non-linear regression analysis using GraphPad Prism 9.0

(GraphPad Software; La Jolla, CA) from three independent biological replicates (with duplicate samples).

Effect of NEU-4438 on DCC50 of SCYX-7158: To T.b. brucei (53105/mL) in medium containing either DCC50

of SCYX-7158 or DCC50 of NEU-4438, serial dilutions of SCYX-7158 was added in 24-well plates. Plates were

incubated for 6 h (37�C/5% CO2) and DCC50 was determined for each condition as summarized above. The

data was analyzed for the change in DCC50 of SCYX-7158 after addition of SCYX-7158 or NEU-4438. The

experiment was reported three times. Possible significance of differences in DCC50 values was determined

with a T-test (Prism 9.0, GraphPad).
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In cell perturbation experiments, T. brucei Lister 427 (53105/mL) was treated with DCC25, a concentration

causing 25% delayed cidality, of drug (DCC25 of NEU-448 is 150 nM, and DCC25 of SCYX-7158 is 500 nM)

(Table 1) or 0.1% DMSO, a solvent for drugs, at 37�C/5% CO2 for 6 h in HMI-9 medium.

Assessment of cell viability

Trypanosomes (5 3105 cells/mL) were treated with DMSO (0.1%), or NEU-4438 (150 nM), or SCYX-7158

(500 nM) for 6 h, and pelleted (3000 g for 5 min). Control trypanosomes were treated with digitonin

(50 mM) for 15 min. All samples were washed with PBS (1mL) and resuspended in PBS (500 mL) containing

propidium iodide (PI) (1.5 mM). Trypanosome fluorescence was determined using Flow Cytometer (Beck-

man Coulter, CyAn). FlowJo software (FlowJo, LLC, Ashland, OR) was used to gate live cell populations

based on size and shape (forward and side scatter) and to quantitate the fluorescence intensity of PI in

20,000 trypanosomes.

Quantitative proteomics of drug perturbed trypanosomes

Trypanosomes were cultured for at least 7 days (�28 doublings) in HMI-9 medium modified for Stable

Isotope Labeling with Amino acids in Cell culture (SILAC) (Guyett et al., 2017) as follows. Iscove’s modified

Dulbecco’s medium (IMDM) depleted of Lys and Arg was supplemented either with L-Arg (120 mM) and

L-Lys (240 mM) for ‘light’, or with 13C6-L-Arg (120 mM) and 13C6-L-Lys (240 mM) for ‘medium’, or with 13C6,
15N4-L-Arg (120 mM) and 13C6,

15N2-L-Lys (240 mM) for heavy medium. Heavy, medium, or light-labeled try-

panosomes (53105 cells/mL) were treated with SCYX-7158 (500 nM) or NEU-4438 (150 nM) or DMSO. After

6 h, 13108 cells were harvested from each of the three flasks and combined. The pellet of�33108 trypano-

somes was lysed in 2X SDS-PAGE sample buffer (final volume 300 mL), and proteins were resolved by SDS-

PAGE (12%) after loading the entire lysate in a single lane. The gel was silver-stained, fragmented into

6-pieces, each of which was separately destained following the manufacturer’s protocol (Thermo Fisher

Pierce� Silver Stain for Mass Spectrometry).

Gel slices were washed with water, 50% acetonitrile/50% water, acetonitrile, ammonium bicarbonate

(100 mM), followed by 50% acetonitrile/50% ammonium bicarbonate (100 mM). Proteins were reduced, al-

kylated and digested as described (Guyett et al., 2017). Eight microliters of desalted peptides were

analyzed by LC/ESI MS/MS using a Thermo Scientific Easy-nLC II (Thermo Scientific, Waltham, MA) a

nano HPLC system coupled to a Orbitrap Tribrid Fusion mass spectrometer (Thermo Scientific, Waltham,

MA). In-line de-salting was accomplished using a reversed-phase column (100 mm 3 20 mm) packed with

Magic C18AQ (5-mm 200Å resin; Michrom Bioresources, Bruker, Billerica, MA), followed by peptide separa-

tion on a reversed-phase column (75 mm 3 270 mm) packed with Magic C18AQ (5-mm 100Å resin; Michrom

Bioresources, Bruker, Billerica, MA) that was directly mounted on the electrospray ion source. The heated

capillary temperature was set to 300�C and a static spray voltage of 2100 V was applied to the electrospray

tip. A 90-min gradient from 7% to 35% acetonitrile in 0.1% formic acid (flow rate of 300 nL/min) was used for

chromatographic separation. The Orbitrap Fusion instrument was operated in data-dependent mode,

switching automatically between MS survey scans in the Orbitrap (AGC target value 500,000, resolution

120,000, and maximum injection time 50 ms) with MS/MS spectra acquisition in the linear ion trap using

quadrupole isolation. A 3 s cycle time was selected between master full scans in Fourier transform (FT)

and the ions selected for fragmentation in the HCD cell by higher-energy collisional dissociation with a

normalized collision energy of 27%. Selected ions were dynamically excluded for 45 s and exclusion

mass by mass width was set to +/� 10 ppm.

Data analysis was performed using Proteome Discoverer 2.2 (Thermo Scientific, San Jose, CA). The data

were searched against Tbrucei427 version 4.2, Tbrucei427 version 9.0 and cRAP (http://www.thegpm.

org/crap/) Fasta files. Trypsin was set as the enzyme with maximum missed cleavages set to 2. The precur-

sor ion tolerance was set to 10 ppm and the fragment ion tolerance was set to 0.6 Da. Variablemodifications

included SILAC (+6.020 Da) on lysine and arginine, oxidation on methionine (+15.995 Da), carbamido-

methyl on cysteine (+57.021 Da), and acetylation at protein N-terminus (+42.011 Da). Data were searched

using Sequest HT and results were run through Percolator for scoring. Quantification was performed using

the canned SILACmethod in Proteome Discoverer (Orsburn, 2021; Palomba et al., 2021). Data are available

via ProteomeXchange with identifier PXD036393.

Proteins with R 2-fold change in abundance ratio of heavy (SCYX-7158 treated): light (DMSO-treated) or

medium (NEU-4438 treated): light (DMSO-treated) in at least two out of three biological replicates are
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presented in Tables S1–S6. The data were filtered at the peptide level for a false discovery rate of 1% or less.

The sum posterior error probability (PEP) of protein score was calculated as the sum of the negative log-

arithms of the PEP values of connected peptide spectrum match (PSM) (Kall et al., 2008, 2009).

Epitope tagging and western blotting of AMPK-g protein

The C-terminus of AMPK-g subunit (Tb427.10.3700) was tagged by homologous recombination (Ober-

holzer et al., 2006). Primers containing overhangs for the C-term and 30 UTR of the gene were used to

amplify the C-terminus along with a myc-tag and puromycin resistance coding sequence on pMOTag

plasmid (Oberholzer et al., 2006) using ExpandTM High Fidelity PCR (Dean et al., 2015). Primers used were:

AMPKg_myc_F: 50- CAG CTG AAC ATA TCG GAA GTG GTC TTT TTC TTA GTG TTC GGC ACA ACA AAT

ACC AAC AAC CCA AGT AAG AGT CAG TGC GGC TGT GGT ACC GGT ACC GGG CCC CCC CTC GAG

-30

and AMPKg_myc_R: 50- TAA ATC AAC AAA CTT TAG ATG TCG ATG TTA CGC TCC TCC ATT TAT CTA

TCG TAT TTT CAT ATT CCT TTA TCT TCA TTA TCA TTT CGC ACG TGG CGG CCG CTC TAG AAC

TAG TGGAT -3’. PCR conditions were initial denaturation, 94�C, 5min; denaturation, 94�C- 15 s; annealing,
63�C- 30 s; extension, 72�C- 2 min (32 cycles); and final extension, 72�C, 7 min. PCR products were ethanol

precipitated and resuspended in 10 mL nuclease-free water. For transfection of T. brucei single marker line

(Poon et al., 2012) with the linear DNA obtained, 43107 cells were nucleofected using a Lonza Nucleofector

V with program X-001 (Burkard et al., 2007). Recombinant clonal populations were selected after serial dilu-

tion and maintained under puromycin (0.1 mg/mL) pressure (McLatchie et al., 2013; Oberholzer et al., 2006).

Trypanosomes harboring the AMPK-gC-termMyc-tagged protein (53105/mL) were treated with DMSO, or

DCC25 NEU-4438 (150 nM) or DCC90 NEU-4438 (1.5 mM) (Table 1). Clathrin heavy chain C-termMyc-tagged

trypanosomes (from Dr. Gaurav Kumar, Mensa-Wilmot Lab, KSU) were used as a control and were treated

similarly. After 6 h incubation, 43106 or 13106 cells were harvested for respective cell lines, pelleted,

washed with PBS (PBS), and lysed in SDS-PAGE sample buffer (25 mL total volume) after which proteins

were resolved by SDS-PAGE (12%).

For visualization of total proteins, polypeptides were transferred to Bio-Rad Trans-Blot� TurboTM PVDF

membrane using a Bio-Rad Trans-Blot� TurboTM system (Bio-Rad Laboratories, Hercules, CA). The mem-

brane was stained with LI-COR RevertTM 700 total protein stain (LI-COR Biosciences Lincoln, NE) for 5 min

and washed twice with wash solution (6.7% (v/v) glacial acetic acid, 30% (v/v) methanol, in water), rinsed with

ultra-pure water, and images captured on LI-COR�Odyssey CLx Near-Infrared Fluorescence Imaging Sys-

tem (LI-COR Biosciences Lincoln, NE).

To detect Myc-tagged proteins, the membrane was blocked with LI-COR� InterceptTM blocking buffer-

PBS (LI-COR Biosciences Lincoln, NE) for 2 h and incubated with rabbit anti-c-Myc primary antibody (Sigma)

(1: 2000 dilution in LI-COR� InterceptTM blocking buffer containing 0.1% Tween 20). The membrane was

then washed with PBS containing 0.2% Tween 20 (5 min, three times) and incubated in goat anti-rabbit sec-

ondary antibody IR Dye� 800 CW (1:10,000 dilution in blocking buffer containing 0.1% Tween 20 and 0.01%

SDS) for 1 h. After washing (5 min, three times), the membrane was rinsed with ultra-pure water and images

were obtained with an LI-COR�Odyssey CLx Near-Infrared Fluorescence Imaging System and analyzed on

Empiria Studio� Software (LI-COR Biosciences Lincoln, NE).

Basal body detection

Trypanosomes treated with DMSO, or drug for 6 h were washed once with PBS (PBS) (1 mL) and resus-

pended in 4% paraformaldehyde (PFA) (60 mL) in PBS. The resuspension was applied to poly-L-lysine–

coated coverslips and immunofluorescence detection of basal body with antibody YL1/2 was performed

as previously documented (Andre et al., 2014; Sullenberger et al., 2017). Fluorescence signals from DAPI

and the secondary antibody (Alexa Fluor 594) (Andre et al., 2014) were visualized on a microscope (Keyence

BZ-X800). A minimum of 120 cells were imaged and sorted based on the number of basal bodies (B), kinet-

oplasts (K) and nuclei (N) (as 1B1K1N, 2B1K1N, 2B2K1N or 2B2K2N). Statistical significance of differences in

distributions of cell populations of drug-treated and DMSO-treated samples was calculated with a Chi-

square test (in Prism 9, GraphPad Software; La Jolla, CA).
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DNA synthesis

Trypanosomes pre-treated with DMSO or drugs for 6 h were pelleted, resuspended in drug-free HMI-9 me-

dium and 5-ethynyl-20-deoxyuridine (EdU) (300 mM final concentration) (abcam) added for 1 h (Sullenberger

et al., 2017). Cells were washed once with PBS (1 mL) and fixed in 4% paraformaldehyde (in PBS) (60 mL). The

resuspension was applied onto poly-L-lysine–coated coverslips and incorporated EdUwas detectedmicro-

scopically (Sullenberger et al., 2017). Fluorescence signal of DAPI and Alexa Fluor� 488 was visualized on a

fluorescence microscope (Keyence BZ-X800). Images from a minimum of 120 cells were captured and

analyzed with BZ-X800 analyzer (Keyence). Statistical significance of differences in distribution of intensity

of EdU signal per nucleus between control and experimental samples was analyzed with a Kolmogorov-

Smirnov test in Prism 9 (GraphPad).

Tracking incorporation of L-homopropargylglycine

T.b. brucei (53105/mL) was incubated with L-homopropargylglycine (HPG) (4 mM) in methionine-free RPMI

medium (ThermoFisher #A1451701) supplemented with 10% fetal bovine serum and 25 mMHEPES (pH 7.4)

(Doering et al., 1990b) for 1 h. After labeling, 23106 cells were pelleted, washed in PBS (PBS) and fixed in 4%

paraformaldehyde (200 mL) for 5 min at room temperature. Incorporated HPG was reacted with Azide-

PEG3-biotin in a Click-iT reaction [13 Tris-buffered saline (20 mM Tris base (Genesee Scientific, San Diego,

CA) and 0.14 M NaCl (Sigma-Aldrich) containing 4 mM copper sulfate (Sigma-Aldrich), 10 mMAzide-PEG3-

biotin conjugate (Sigma- Aldrich), and 300 mM ascorbic acid (Avantor Performance Materials, Center Val-

ley, PA)] for 30 min. Cell pellets were washed with PBS twice, lysed in 30 mL SDS loading buffer, and electro-

phoresed on SDS-PAG (12%).

For visualization proteins were transferred to a PVDF membrane (Bio-Rad) using Bio-Rad Trans-Blot�
TurboTM system. The membrane was stained with LI-COR RevertTM 700 total protein stain (LI-COR Biosci-

ences Lincoln, NE) from 5 min and rinsed twice with wash solution (6.7% (v/v) glacial acetic acid, 30% (v/v)

methanol in water). The membrane was rinsed with ultra-pure water and imaged on LI-COR�Odyssey CLx

Near-Infrared Fluorescence Imaging System.

For visualization of HPG-incorporation, the membrane was blocked with LI-COR� InterceptTM blocking

buffer-PBS (LI-COR Biosciences Lincoln, NE) for 1 h. Azide-PEG3-biotin (covalently linked to HPG) was de-

tected with Streptavidin IRDye� 800CW (1: 2500 dilution in blocking buffer containing 0.1% Tween 20 and

0.01% SDS). After washing (5 min, three times), the membrane was rinsed with ultra-pure water, images

were captured with an LI-COR� Odyssey CLx Near-Infrared Fluorescence Imaging System and analyzed

on Empiria Studio� Software (LI-COR Biosciences Lincoln, NE).

Protein synthesis

Trypanosomes (53105/mL) in HMI-9 medium were treated with DMSO, test drug or cycloheximide

(DCC25 = 800 nM, Figure S3) for 6 h. Trypanosomes were rinsed, and resuspended (at 53105 cells/mL)

in methionine-free RMPI medium (ThermoFisher #A1451701) supplemented 10% fetal bovine serum and

25 mM HEPES (pH 7.4) (Doering et al., 1990a) for 1 h. The culture was supplemented with

L-homopropargylglycine (HPG, Invitrogen) (4 mM) along with respective drugs. At the end of 1 h labeling

period, cells (23106) from each sample were washed with PBS and fixed in paraformaldehyde (4% in

PBS) (200 mL) for 5 min at room temperature. Fixed trypanosomes were pelleted (3000g for 10min) and incu-

bated in the dark for 30min in a click-iT reaction cocktail [13 Tris-buffered saline (20mMTris base (Genesee

Scientific, San Diego, CA) and 0.14 M NaCl (Sigma-Aldrich) containing 4 mM copper sulfate (Sigma-

Aldrich), 10 mM Alexa Fluor� 647-Azide (Life Technologies), and 300 mM ascorbic acid (Avantor Perfor-

mance Materials, Center Valley, PA)]. Cells were washed twice with 1 mL PBS, pelleted at 3000 g for

10 min, resuspended in 500 mL PBS (PBS), and analyzed with a flow cytometer (Beckman Coulter CyAn).

Data obtained from cells gated by forward and side scatter was analyzed on FlowJo (Tree Star, Ashland,

OR). Three independent biological experiments were performed. Student’s T-test was used to determine

significance of differences between mean fluorescence intensities of drug and solvent treated trypano-

some populations (10,000 events).

Endocytosis of proteins

Drug or DMSO treated trypanosomes (53105/mL) were resuspended in 100 mL serum-free HMI-9 medium.

Trypanosomes were incubated with fluorescent protein cargo for 15 min at 37�C, 5% CO2. Proteins used
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were: (i) BSA-AlexaFluor647 conjugate (50 mg Invitrogen, Eugene, OR)), (ii) transferrin-AlexaFluor647 con-

jugate (50 mg, Invitrogen, Eugene, OR)) and (iii) Haptoglobin phenotype 1-1-AlexaFluor647 complexed with

hemoglobin (Sigma) 1:1 by weight (5 mg) (Guyett et al., 2016). Haptoglobin was labeled using AlexaFluor

protein labeling kit (Life Technologies, Invitrogen, Eugene, OR). Cells were transferred to an ice-water

bath, washed with cold PBS/G at 4�C (3000g for 5 min), resuspended in PBS/G (500 mL) containing propi-

dium iodide (3 mM), and analyzed on a flow cytometer (Beckman Coulter Cyan): FlowJo software (FlowJo,

LLC) was used to gate trypanosomes based on size and shape (forward and side scatter features). Fluores-

cence intensity of endocytosed cargo was measured only in viable cells (negative for propidium iodide up-

take). FlowJo software was used to determine the median fluorescence intensity of each cargo in cells (at

least 15,000 events). Three independent biological experiments were performed. Statistical significance of

differences in fluorescence intensities was analyzed by two-tailed Student’s T-test with unequal variance.

NEU-4438 efficacy in a murine model of HAT

Mice were infected with 53 104 T brucei AnTat1.1 AmLuc (in 100 mL of culture medium) and were randomly

distributed in two groups. One uninfected mouse was used as a control for background signal from sub-

strate. Mice in the control group received vehicle alone. Treated mice received a single daily dose of

NEU-4438 (150 mg/kg body weight (bw) from 1 to 4 days post infection (DPI) and 120 mg/kg bw 5 to 7

DPI. For whole body bioluminescence imaging, mice were given an intraperitoneal injection of

D-Luciferin (GoldBio) (150 mg/kg) (McLatchie et al., 2013), anesthetized under 2.5% isoflurane mixed

with medical grade oxygen and imaged on an IVIS Lumina II system after 12 min. Images were obtained

using the same exposure conditions, grouped, and analyzed with Living Image� software (PerkinElmer)

for progression of infection. Total flux (p/s) from the whole body of each mouse was expressed as

mean G SD and the significance of differences between treated and untreated mice was determined

with a Student’s T-test. Control mice were removed from the study on day 16, and remaining mice were

monitored until day 30. Mice without bioluminescence signal for 30 days are considered cured.

QUANTIFICATION AND STATISTICAL ANALYSIS

All assays were performed thrice with technical duplicates in each independent experiment. Representa-

tion of data and statistical tests for each experiment have described in respective sections. Data were

analyzed using Graph Pad Prism version 9.0 (GraphPad, San Diego, CA). A p value < 0.05 was considered

statistically significant.
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