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ARTICLE INFO ABSTRACT
Keywords: Kinetoplastid organisms, including Trypanosoma brucei, are a significant health burden in many tropical and
Flow cytometry semitropical countries. Much of their metabolism is poorly understood. To better study kinetoplastid metabolism,
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chemical probes that inhibit kinetoplastid enzymes are needed. To discover chemical probes, we have developed
a high-throughput flow cytometry screening assay that simultaneously measures multiple glycolysis-relevant
metabolites in live T. brucei bloodstream form parasites. We transfected parasites with biosensors that mea-
sure glucose, ATP, or glycosomal pH. The glucose and ATP sensors were FRET biosensors, while the pH sensor
was a GFP-based biosensor. The pH sensor exhibited a different fluorescent profile from the FRET sensors,
allowing us to simultaneously measure pH and either glucose or ATP. Cell viability was measured in tandem with
the biosensors using thiazole red. We pooled sensor cell lines, loaded them onto plates containing a compound
library, and then analyzed them by flow cytometry. The library was analyzed twice, once with the pooled pH and
glucose sensor cell lines and once with the pH and ATP sensor cell lines. Multiplexing sensors provided some
internal validation of active compounds and gave potential clues for each compound’s target(s). We demon-
strated this using the glycolytic inhibitor 2-deoxyglucose and the alternative oxidase inhibitor salicylhydroxamic
acid. Individual biosensor-based assays exhibited a Z'-factor value acceptable for high-throughput screening,
including when multiplexed. We tested assay performance in a pilot screen of 14,976 compounds from the Life
Chemicals Compound Library. We obtained hit rates from 0.2 to 0.4% depending on the biosensor, with many
compounds impacting multiple sensors. We rescreened 44 hits, and 28 (64%) showed repeatable activity for one
or more sensors. One compound exhibited ECso values in the low micromolar range against two sensors. We
expect this method will enable the discovery of glycolytic chemical probes to improve metabolic studies in
kinetoplastid parasites.

1. Introduction in third-world tropical and semitropical countries (World Health Orga-
nization, 2015; Molyneux et al., 2017; World Health Organization,

Kinetoplastid diseases, including leishmaniasis, Chagas disease, and Department of Control of Neglected Tropical Diseases, 2017). While
human African trypanosomiasis (HAT), pose a significant health burden there have been recent advances in therapeutics treating HAT (Mesu
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et al, 2018), T. brucei still has a considerable impact on
agriculturally-valuable animals (Eshetu and Begejo, 2015). Addition-
ally, the therapies for the treatment of infections caused by the related
parasites T. cruzi and Leishmania species are not optimal, with drug
resistance, adverse side effects, and expense noted as barriers to suc-
cessful use (Gaspar et al., 2015; Hefnawy et al., 2017; Ponte-Sucre et al.,
2017).

Kinetoplastid parasites localize most glycolytic enzymes into
specialized peroxisomes called glycosomes (Opperdoes and Borst, 1977;
Michels et al., 2021). This compartmentalization distinguishes the
kinetoplastid biology from that of their mammalian hosts, making
glycolysis and glycosomes potential targets to treat these diseases
(Clarkson and Brohn, 1976; Chambers et al., 2008; Coley et al., 2011).
However, much remains poorly understood about glycolysis and the
glycosome, such as how the resident enzymes are regulated (Dodson
et al., 2011; Lin et al., 2017) and how glycolysis and the glycosome
participate in regulating cell differentiation (Szoor et al., 2010; Qiu
et al., 2018).

Chemical probes that inhibit enzymes are useful tools for dissecting
the roles of those proteins in their metabolic pathways. However, there
are few chemical probes available that inhibit specific enzymes in
relevant pathways (St. Onge et al., 2012). Discovering novel chemical
probes, their target(s), and eventually their modes of action (MOAs) can
improve our ability to study the metabolism of these parasites and other
eukaryotes. We expect this will lead to better drug targets and thera-
peutics to treat kinetoplastid diseases.

The traditional method to identify inhibitors with a known MOA is to
screen compounds against a purified protein, known as a targeted screen
(Sharlow et al., 2010; Swinney, 2013). While this approach can identify
potent inhibitors of a known target protein, in vitro compound activity
does not necessarily translate to activity in live cells (Gilbert, 2013;
Roster et al., 2023). This can result from many factors, such as poor
membrane permeability and compound metabolism. The target must
also be known in advance, preventing the discovery of novel MOAs
(Swinney, 2013). To overcome these setbacks, many scientists have
turned to phenotypic screening methods.

In phenotypic screening, compounds are screened against live or-
ganisms for a desired phenotype, such as loss of viability. This strategy
often identifies novel MOAs of compounds that are effective in live cells
(Bowling et al., 2012; Gilbert, 2013; Swinney, 2013). An important
drawback of phenotypic screens is that the target(s) and MOAs of hit
compounds are generally poorly understood and can be challenging to
resolve (Pasquer et al., 2020). This problem can prevent the use of these
compounds as chemical probes or therapeutics and hampers efforts to
improve their selectivity over human orthologs (Katsuno et al., 2015).

To overcome this setback, we established a phenotypic screen that
could also guide target identification and provide clues about MOAs of
hit compounds. We developed an assay that can measure multiple
metabolic analytes simultaneously (multiplexing) using flow cytometry.
Multiplexing can also enable internal validation of hit compounds. Flow
cytometry has only recently begun to be widely used for screening due to
improvements in throughput (Janzen, 2014). Other laboratories have
developed multiplexed screening assays where different cell lines were
barcoded with chemical dye(s) to distinguish them when pooled
together (Krutzik and Nolan, 2006; Doucette et al., 2016; Ding et al.,
2018; Wu et al., 2019; Spurgeon and Naseem, 2020). However, ac-
cording to our knowledge, no one has used multiplexed screens to
explore potential target(s) of hit compounds. In our assay, we screened
for glycolytic inhibitors by measuring glycolysis-related analytes in live
bloodstream form (BF) T. brucei using fluorescent biosensors for glucose,
ATP, and glycosomal pH (pHg), and the cell-impermeable DNA-binding
dye thiazole red (TR) to measure cell viability. The synergistic infor-
mation gained from measuring multiple analytes simultaneously
allowed us to identify glycolytic inhibitors and distinguish inhibitors of
certain parts of glycolysis. For example, inhibitors of glucose import
were predicted to cause a decrease in intracellular glucose, ATP, and
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possibly pHg. Inhibitors of downstream glycolysis would decrease ATP,
possibly pHg, but not glucose.

Here, we describe the validation of this high-throughput screening
(HTS) assay in a pilot screen of 14,976 compounds from a diverse
chemical library. Some of the active compounds identified from the
screen were retested to assess reproducibility, potency, and the ability to
identify glycolytic inhibitors. We demonstrated this assay can repro-
ducibly identify active compounds for each sensor. Using the sensors
together gave synergistic information that cross-validated each active
compound and gave clues about their potential target(s). Our findings
suggest this method can assist in bridging the gap between phenotypic
and target-based drug screening to gain benefits from both screening
strategies.

2. Materials and methods
2.1. Cell culture, materials, and reagents

Experiments were performed using T. brucei 427 BF or BF 90-13 cell
lines. BF cells were continuously cultured in HMI9 media supplemented
with 5% fetal bovine serum and 5% Corning Nu-Serum IV. Cell culture
media components, including the selection antibiotics (blasticidin,
G418, and hygromycin) were purchased from Sigma (St. Louis, MO).
Zeocin was purchased from InvivoGen (San Diego, CA). GenClone Dul-
becco’s PBS (DPBS) was purchased from Genesee Scientific (El Cajon,
CA). Thiazole red, known as TO-PRO®-3, was purchased from Biotium
(Cat. # 40087, Fremont, CA). Propidium iodide was purchased from
Biotium (Cat. # 40016, Fremont, CA). 2-deoxy-D-glucose was purchased
from Cayman Chemical (Cat. # 14325, Ann Arbor, MI). Salicylhy-
droxamic acid was purchased from Sigma-Aldrich (Cat. #S607, St.
Louis, MO). Flat-bottom 384-well plates, serial number 781620, were
purchased from BrandTech Scientific. A custom acrylic plate stand
(length: 127.55 mm, width: 85.05 mm, height: 5.65 mm) was cut in-
house to bring the plate height to 14.5 mm. This allowed the CytKick
Max Auto Sampler to recognize and run the plate. V-bottom reservoirs
(15 mL, 12-well, serial number 360102) were purchased from NEST
(Wuxi, Jiangsu, China).

2.2. Cloning and transfection

The biosensor AT1.03YEMK (YEMK) was used to measure ATP (Ima-
mura et al., 2009). We cloned this gene from pDR-GW AT1.03YEMK
(Bermejo et al., 2010), which was a gift from Wolf Frommer (Addgene
plasmid # 28004; http://n2t.net/addgene:28004; RRID:Addg-
ene_28004) into the T. brucei BF expression vector pXS6.Q by PCR (see
Supplemental Fig. 1 for the cloning scheme). The forward and reverse
primers used to amplify the AT1.03Y*™X gene and add on the BamHI and
HindIII restriction digest sites were gatggatccctcgagtatggtgag and att-
caagcttactcgatg, respectively. The glucose sensor FLII'2Pglu-700p56
(FLIP700) was cloned into pXS6 as previously described (Voyton et al.,
2018b) while the glycosomal pH sensor pHluorin2-PTS1 (pHL) was
cloned into the inducible trypanosome expression vector pPLEW100v5
(Addgene plasmid # 213776; http://n2t.net/addgene:213776; RRID:
Addgene_213776) through HiFi assembly as previously described (Call
et al., 2024). Parasites were transfected and selected as described by
Wang et al. (2000).

2.3. BF T. brucei culture

BF cultures were counted by flow cytometry on an Attune NxT flow
cytometer using a CytKick Max Auto Sampler. Cultures were diluted
daily to ~2.0 x 10° cells/mL to maintain cell densities at ~ 1-2.0 x 10°
cells/mL for use the following day. Parasites expressing biosensors in
pXS6.Q were grown in media containing G418 (1.5 pg/mL). Parasites
expressing biosensors in pLEW100v5 were grown in the presence of
G418 (1.5 pg/mL), hygromycin (5 pg/mL), and zeocin (2.5 pg/mL). To
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induce biosensor expression in parasites harboring
pLEW100v5_pHluorin2-PTS1, doxycycline (1 pg/mL) was added. To
maintain high expression, experiments were only performed using cells
induced for one day to express the transgene. 427 WT cells were grown
in media without antibiotics.

2.4. Determining the optimal thiazole red concentration to measure cell
viability

Cells were stained with thiazole red (TR) to distinguish dead cells
from live cells, based on a flow cytometry method performed on malaria
parasites (Russo et al., 2009). To determine the optimal concentration of
TR for our HTS assay, BF WT parasites were fixed with 1.3% para-
formaldehyde in DPBS (15 min, RT) (Tetaud et al., 2001; Hoog et al.,
2010) and stained with varying concentrations of TR. The samples were
then measured by flow cytometry (637 nm excitation, 670/14 nm
emission). Fixed samples were compared to unfixed samples to deter-
mine the impact of fixing on cell morphology as measured by FSC-A and
SSC-A.

2.5. Validation of biosensor cell line localization and multiplexing

To validate multiplexing of pHL with YEMK or FLIP700, each cell
line (WT, pHL, FLIP700, and YEMK) was grown to 1-2 x 10° cells/mL as
described above. Cells (5 mL) were centrifuged (1000xg, 10 min, RT),
resuspended in DPBS (1 mL), and aliquots were removed to use as single
cell-line controls. The remainder of each sample was used to make two
pooled samples: a FLIP700 and pHL duplex and a YEMK-pHL duplex.
The samples were centrifuged for 5 min and resuspended in DPBS sup-
plemented with 5 mM glucose, 0.1% DMSO, and 100 nM TR. The
samples were incubated on a shaker (37 °C, 10 min) protected from light
then incubated (1.5 h, RT) with shaking. After incubation, the samples
were analyzed on the Attune NxT flow cytometer using the settings
described in the HTS Assay section. Data was analyzed on FCS-Express
using the outline described in the HTS Data Analysis section.

Cells were imaged on an ImageStream Mk II flow cytometer (CYTEK,
Fremont, CA) to confirm sensor subcellular localization. The lasers used
were 405 nm (120 mW), 488 nm (100 mW), and SSC (1.72 mW). Cells
were measured at 60x magnification at low speed. We recorded 500 to
1000 cells of each biosensor cell line. We analyzed the data using IDEAS
software. In focus cells were gated using Gradient RMS in the brightfield
channel. Singlets were gated using Area from and Aspect Ratio from the
brightfield channel. To gate for fluorescent cells, we used the intensity of
channel 1 (emission 457/45) and channel 2 (emission 533/55). Repre-
sentative images were chosen for each biosensor cell line.

2.6. Validating multiplex assays with known glycolytic inhibitors

To validate the assay using known inhibitors of glycolysis, cells were
washed twice in DPBS, then resuspended in DPBS with no glucose (low
control) or DPBS supplemented with 5 mM glucose (high control) and
incubated (37 °C, 10 min). An aliquot of the "high control’ was treated
with 2-deoxy-d-glucose (2-DG, 50 mM). TR (100 nM) in DMSO (0.01%)
was then added to all samples, followed by incubation (90 min, RT,
gently shaking, protected from light). The samples were then analyzed
by flow cytometry. To obtain biological replicates, the experiment was
repeated three separate times. One-way ANOVA was performed to
determine if the 2-DG treatment was statistically different from the high
and low controls.

A similar assay was conducted for the salicylhydroxamic acid
(SHAM) and glycerol experiments; however, additional controls were
required. Cells were resuspended in DPBS with 0.11% DMSO; a portion
was set aside to use as the ‘low control’ and the remainder supplemented
with 5 mM glucose (high control), followed by incubation (37 °C, 10
min). Samples supplemented with glucose were then treated with SHAM
(300 pM), glycerol (5 mM), or a combination of the two, followed by
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incubation (RT, 90 min, gently shaking, protected from light).

A similar assay was performed to demonstrate that this multiplex
screening method could identify inhibitors of glucose transport or py-
ruvate/proton transport. Important details of these assays are as follows:
each duplex (FLIP700-pHL and YEMK-pHL) was incubated in DPBS
supplemented with 100 nM TR in DMSO (0.11%) with or without 5 mM
glucose. A separate sample was prepared with 5 mM glucose and 100 pM
phloretin (a glucose transport inhibitor) or 12.5 mM pyruvate (a pyru-
vate/proton transport inhibitor). All samples were incubated (RT, 90
min, gently shaking, protected from light). The samples were then
analyzed by flow cytometry. One-way ANOVA was performed as pre-
viously described.

2.7. Z-factor assays

The Z-factor statistics for the assays were resolved to quantify the
robustness of the approach (Zhang et al., 1999). To evaluate the suit-
ability of each biosensor for HTS, we measured the Z'-Factor for each
biosensor cell line individually and pooled. Cells incubated in "high’ (5
mM glucose, 0.1% DMSO) and "low’ (0 mM glucose, 0.1% DMSO) so-
lution were loaded into half of a 384-well plate and analyzed using an
Opentrons2 pipetting robot. To determine the Z-factor (Zhang et al.,
1999), we calculated the average (AVG) and standard deviation (SD) of
the ratio of VL2-H (405 ex, 542/27 em) and BL1-H (488 ex, 530/30 em)
(VL2/BL1) for the samples after performing slope correction. We then
used equation (1) below to calculate the Z-factor statistic.

3 SDsigh + 3 SDiow

Z-Factor=1- —% —— %
|AVGrigh — AVGrow|

€8]

2.8. Flow rate optimization

To determine the optimal flow rate for running the 384-well plate on
the Attune NxT flow cytometer Cytkick autosampler, YEMK-expressing
parasites were prepared as described in section 2.7 for the Z'-factor
assay. Four flow rates (100, 200, 500, and 1000 pL/min) were tested to
determine the highest flow rate achievable without compromising data
quality. Three columns of ‘high’ and ‘low’ controls on a 384-well plate
were tested for each flow rate, and Z'-factors were calculated as
described in section 2.3. We compared the Z'-factors for each flow rate to
assess the impact of flow rate on data quality. These results guided our
decision on the HTS assay’s flow rate.

2.9. HTS assay

Each biosensor cell line and WT were grown to 1-3 x 10° cells/mL.
Each cell line was prepared as described above and resuspended in 1 mL
DPBS and a 5 pL aliquot of each was transferred to DPBS to a final
volume of 500 pL in separate tubes for single-sensor controls. We then
combined the remainder; the pooled sample was centrifuged (5 min,
1000xg), and the supernatant was removed. Samples were washed
twice before resuspension in 72 mL of DPBS supplemented with 100 nM
TR. A 360 pL cell solution aliquot was removed to use as a ‘low’ control.
Glucose was added to 5 mM, and the cell solution was incubated (10
min, 37 °C) with shaking at 250 rpm and then transferred to eight wells
of a 12-well reservoir (9 mL per well). The cell solution was aliquoted
into two 384-well plates preloaded with test reagent using an Open-
trons2 pipetting robot. The final DMSO concentration in each well did
not exceed 0.11% based on volume. Plates were covered with a plate
seal, wrapped in aluminum foil to protect from light, and incubated (1.5
h, RT, shaking gently). While one plate was analyzed on the flow cy-
tometer, those in cue were stored at 4 °C and protected from light for up
to 2 h. Attune settings for the plate run are as follows: high-throughput
mode (1 mL/min, 20 pL analyzed/sample, 1 mix/well, no rinses) with
boost mode. FSC (H, A, and W), SSC (A), VL2-H (405 ex, 542/27 em),
BL1-H (488 ex, 530/30 em), and RL1-H (TR, 637 ex, 670/14 em)
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channels were scored. Each plate took approximately 1.5 h to run on the
flow cytometer.

2.10. HTS data analysis

FCS data were analyzed in FlowJo_v10.9.0 using templates to ach-
ieve consistency and automate the analysis. The samples were divided
into three groups to assist downstream analysis: Tube Controls, High
Controls, and Samples. Dead cells were distinguished using TR measured
on the RL1-H channel. Live and Dead populations were gated using a
bisector gate. Cells were gated for using FSC-A vs SSC-A. Doublets were
excluded using both FSC-A vs FSC-H. FRET and pHL biosensors were
segregated on a dot plot using VL2-H vs BL1-H. Cells with low biosensor
fluorescence relative to WT and single-sensor controls were excluded.
The following statistics were exported in a CSV file: total count, pHL
count, FRET sensor count, percent Live, percent Dead, median fluores-
cence intensity (MFI) pHL VL2, MFI pHL BL1, MFI FRET sensor VL2, and
MFI FRET sensor BL1.

To increase the data analysis throughput and to mitigate errors in
analysis, data analysis steps were performed using a Python program
called “drugscreen-ph-flip700-yemk-live,” found on GitHub. The di-
rections for how to use the program are in the supplementary document
Supporting Information 1 - Python Program Instructions. Briefly, the
program calculated ratios of the VL2-H and BL1-H median fluorescent
intensities (VL2/BL1) for each biosensor. Each well was given a “relative
well number” based on the order in which the wells were run. A linear
regression model was used to correct the baseline of all samples and
controls on each plate to mitigate potential distortions resulting from
instrument drift. The correction was carried out using equation (2).

Yeorrected = Yraw — Mraw X Relative well number 2)

where myq, is the slope of the slope from the linear regression of VL2/
BL1 versus the relative well number, yqy is the original VL2/BL1 ratio,
Yeorrected 1S the corrected VL2/BL1 ratio, and the Relative well number is
the number of the sample in the order it was run on the plate. After
correcting the slope, compounds with VL2/BL1 ratios exceeding 1.5
standard deviations (SD) above the mean were excluded to minimize the
influence of fluorescent compounds on the mean and variability of the
plate’s dataset. Once these outliers were excluded, we calculated a new
mean and SD, which we used to convert each biosensor measurement
(fluorescence ratio or percent live) into a Z-score (Z;) using equation (3)
(Brideau et al., 2003).

_Yizy
SD,

Z; 3

where y; is the raw value, ¥ is the mean of all wells on the plate (samples
and controls), and SDy is the standard deviation. This allowed the
comparison of data across different plates from runs on different days
(Brideau et al., 2003). Hits were identified as compounds that yielded
results that were at least five SD below the mean. Graphs were generated
using GraphPad Prism software. The Python program called “ana-
lysisConcatinator” (see Supporting Information 3 - Python Program In-
structions) was used to concatenate hits together for further analysis.
Venn diagrams were created using the tool at https://bioinformatics.
psb.ugent.be/webtools/Venn/. The percentage hit rate for each sensor
was calculated using equation (4) (Shun et al., 2011).

100 * Number of Hits

Hit Rate =
Total Screened Compounds

(€3]

2.11. Optimizing incubation conditions

To increase the assay’s throughput, we tested if multiple plates could
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be prepared in one batch, with later plates incubated at 4 °C while the
first plate was analyzed on the flow cytometer. To determine if pro-
longed incubation at 4 °C impacted data quality, we prepared YEMK-
expressing cells as described in section 2.10 for the HTS assay, except
that propidium iodide (PI) was used to stain for viability rather than TR.
PI was chosen in this experiment since we were not directly using the
biosensor measurements. Two 384-well plates were loaded and incu-
bated at room temperature for ~1 h. Then, both plates were incubated at
4°C, one plate for 1.5 h and the other for 3 h. The ‘Percent Live’ gate was
drawn on the Pl-negative population in a histogram using the YL2-H
channel (561 ex, 620/15 em) to measure PI fluorescence. ‘Percent
Live’ was plotted versus relative well number to visualize how cell
viability changed over time.

2.12. Glucose dose-response multiplex screen validation assay

To explore why many compounds decreased cytosolic glucose but
not ATP or pHg, we incubated each duplex (FLIP700-pHL and YEMK-
pHL) in 1:3 serial dilutions of glucose from 50.00 mM to 0.02 mM
100 nM TR and 0.1% DMSO were also present in the buffer. The serial
dilutions were prepared at 10X the final concentration in V-bottom 96-
well plates. Low control wells were included with no glucose present.
After the 1.5-h incubation (RT, shaking gently, protected from light), the
plate was analyzed by flow cytometry. Three biological replicates were
obtained by repeating the experiment on three separate days. The flow
cytometry data was analyzed in FlowJo, and then the exported data for
each biosensor was normalized to the highest glucose concentration (50
mM) and the Low control (0 mM glucose). The glucose dose-response
ECso for each biosensor was calculated using equation (5) by
nonlinear regression (4-parameter model, [agonist] vs response) in
GraphPad Prism.

(xHilistope) + (Top — Bottom)
XHillSlope | FC5(QHillSlope

Y = Bottom + (5)

The terms in the equation are as follows: Top is the upper plateau of
sensor response, Bottom is the lower plateau of sensor response, Y is
normalized sensor response, X is compound concentration, EC50 is po-
tency in pM, and HillSlope is the slope factor.

2.13. Rescreening select hits

To score the reproducibility of hits identified in this HTS, 44 com-
pounds that were hits for one or more sensors were acquired and
retested. They were first screened at 10 pM and Compounds that passed
the threshold for one or more sensors (<90% live for viability, —50 for
ATP, —10 for pHg, and —10 for glucose) were diluted in a 1:2 serial
dilution from 10 pM to ~ 0.08 pM and analyzed in round-bottom 96-well
plates. Each threshold was tailored to its sensor as each sensor possessed
inherent differences. Low controls (cells in 0 mM glucose and 0.1%
DMSO) were included on the plate to enable us to normalize results to
controls. EC50 values were determined by fitting the results for each
serially diluted compound to the model in equation (6) by nonlinear
regression in GraphPad Prism.

Top — Bottom

HillSlope
EC50
1+ ()

The terms in the equation are as follows: Top is the upper plateau of
sensor response, Bottom is the lower plateau of sensor response, Y is
normalized sensor response, X is compound concentration, EC50 is po-
tency in pM, and HillSlope is the slope factor.

Y = Bottom + 6)
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Fig. 1. Engineering biosensor cell lines for the HTS method. A) pHL (glycosomal pH sensor) was localized to the glycosome. FLIP700 (Glucose sensor) and YEMK
(ATP sensor) were localized to the cytosol. B) Dot plots of each biosensor cell line compared to WT. pHL could be distinguished from the FRET sensors without an
additional barcode. Thiazole red (Viability sensor) was included to screen for compounds impacting viability. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

3. Results and discussion

3.1. Engineering three biosensor cell lines to screen for glycolytic
inhibitors

Our lab had previously performed a high-throughput screen by flow
cytometry using a FRET glucose biosensor, FLII'2Pglu-700u56 (FLIP700)
(Voyton et al., 2018a). To develop a multiplex flow cytometry
high-throughput screen (HTS) assay, we first engineered several
T. brucei BF cell lines to express biosensors relevant to glycolysis. As ATP
is indicative of glycolytic activity in BF T. brucei, we engineered a cell
line constitutively expressing the FRET ATP biosensor AT1.03YEMK
(YEMK) (Imamura et al., 2009). The sequenced plasmid of the
AT1.03YEMK gene in the BF T. brucei constitutive expression vector pXS6.
Q has been submitted to Addgene.

In T. brucei, the first seven steps of glycolysis and glycerol kinase are
localized to specialized peroxisomes called glycosomes (Opperdoes and
Borst, 1977; Michels et al., 2021). At least two of these enzymes,
hexokinase and phosphofructokinase, are pH-sensitive (Nwagwu and
Opperdoes, 1982; Dodson et al., 2011), indicating glycosomal pH (pHg)
may play an important role in glycolysis regulation. Additionally, pHg
actively changed in response to glucose in procyclic form T. brucei (Lin
et al., 2017). This suggests that pHg may also be used as a readout of
glycolysis, providing some internal cross-validation. To measure pHg,
we developed an inducible cell line expressing a glycosomally localized
pH sensor. This pH sensor, pHluorin2 (pHL) (Mahon, 2011), was local-
ized to the glycosome using an AKL C-terminal PTS1 tag, a technique our

lab has successfully used with other biosensors (Voyton et al., 2018b). As
shown in Fig. 1A, pHL was punctate as expected for glycosomal locali-
zation. FLIP700 and YEMK were diffuse as expected for cytosolic
localization.

3.2. FRET biosensors can be distinguished from pHL when pooled

Pooling biosensors together in the same sample enables the mea-
surement of multiple analytes in the same compound treatment (Douc-
ette et al, 2016), effectively performing multiple screens
simultaneously. Multiplexing also enables all sensor cell lines to expe-
rience the same treatment conditions, increasing the validity of corre-
lations between different sensors. However, most biosensors use highly
similar fluorescent proteins, making it challenging to distinguish them
from each other. A common solution is chemically barcoding separate
cell lines (Doucette et al., 2016). We performed an alternative approach
by pooling one FRET biosensor (either FLIP700 or YEMK) with the single
GFP biosensor pHL, enabling multiplex analysis without an additional
barcode.

As shown in Fig. 1B, the FRET biosensors could be distinguished from
pHL without a barcode. Additionally, the percentage of cells sufficiently
fluorescent to be distinguished from the background was greater than
90% for FLIP700 (glucose sensor) and YEMK (ATP sensor) and greater
than 50% for pHL. This indicated that more pHL-expressing cells were
needed relative to the FRET biosensor cell lines to ensure that each cell
line was sufficiently represented. While other labs have demonstrated
barcode multiplexing by flow cytometry (Doucette et al., 2016), these
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Fig. 2. Validating the multiplex HTS method on known glycolytic inhibitors. A) Diagram of glycolysis in BF T. brucei. 2-deoxyglucose (2-DG) gets phos-
phorylated by hexokinase, and the buildup of 2-DG-6-phosphate inhibits glucose-6-phosphate isomerase. SHAM inhibits trypanosome alternative oxidase, and excess
glycerol inhibits the forward reaction of glycerol kinase. Solid arrows represent single reactions, while dashed arrows represent multiple reactions. The numbered
enzymes are: 1, phosphofructokinase; 2, aldolase; 3, triose phosphate isomerase; 4, glycerol-3-phosphate dehydrogenase; 5, glyceraldehyde-3-phosphate dehydro-
genase; 6, phosphoglycerate kinase; 7, phosphoglycerate mutase; 8, enolase; 9, pyruvate kinase; 10, pyruvate transporter TbPTO; 11, unidentified glycosome pore-
forming channel(s); 12, glycerol-3-phosphate dehydrogenase; 13, aquaporins TbAQP1-3; 14, unidentified proton transporter; 15, adenylate kinase ADKA, B, C, E, F,
and G; 16, ADKD. Abbreviations: THT1, trypanosome hexose transporter 1; TbHK1/2, hexokinase 1 and 2; GPI, glucose-6-phosphate isomerase; TAO, trypanosome
alternative oxidase. G-6-P, glucose-6-phosphate; F1,6BP, fructose-1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; GA3P, glyceraldehyde-3-phosphate; G3P,
glycerol-3-phosphate; 1,3BPGA, 1,3-bisphosphoglycerate; 3 PG, 3-phosphoglycerate; UQ, ubiquinone; UQHj;, ubiquinol. Created using Biorender.com. B) The ATP
and pHg biosensors were pooled and placed in DPBS in the presence (blue squares) or absence (gray circles) of 5 mM glucose (Glc). A third condition included cells in
DPBS with 5 mM glucose and 50 mM 2-DG (red triangles). C) The glucose and pHg biosensors were pooled and treated in identical conditions as in B. D) The ATP and
PHg biosensors were pooled and placed in DPBS in the presence (blue squares) or absence (gray circles) of 5 mM glucose. Additionally, cells in glucose were treated
with either 300 pM SHAM (green upward triangles), 5 mM glycerol (purple downward triangles), or a combination of both (red diamonds). Each treatment was in the
presence of 0.1 % DMSO. E) The glucose and pHg biosensors were pooled and treated in identical conditions as in Fig. 2D. Gly stands for glycerol. **** means p-value
§0A0001 by RM one-way ANOVA.(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

results demonstrated FRET and single-GFP biosensors can be distin-
guished without an additional barcode, enabling a simplified multi-
plexed analysis of the library. Further, the addition of TR to measure
viability was anticipated to not interfere with sensors, as the dye has
spectral properties distinct from the biosensors. Staining with TR was
optimized (Supplemental Fig. 2), with 100 nM showing the best per-
formance for distinguishing live versus dead cells.

3.3. The multiplex screening method can identify glycolytic inhibitors
One of the advantages of multiplexing different metabolite sensors

together is that they can give complementary information, which can
narrow down the potential metabolic step that a compound may be

inhibiting. Most of the enzymes and transporters involved in T. brucei BF
glycolysis are known (Fig. 2A), with most validated as therapeutic tar-
gets (Wiemer et al., 1995; Uzcategui et al., 2004; Ginger et al., 2005;
Chaudhuri et al., 2006; Sanchez, 2013; McNae et al., 2021; Roster et al.,
2023). However, there is little known about the intricacies of glycolysis
in T. brucei, including its regulation (Bakker et al., 1999; Michels et al.,
2021) and the identity of glycosome metabolite transporters and por-
e/channel proteins (Igoillo-Esteve et al., 2011; Gualdron-Lopez et al.,
2012; Gualdron-Lopez et al., 2013). This multiplex screening method
aimed to discover chemical probes that perturb glycolysis. These probes
could potentially help dissect metabolism and metabolic regulation in
trypanosomes and related organisms.

Theoretically, biosensors for glucose, ATP, and pHg can identify

Table 1
Parameters for Multiplexed biosensor Small Molecule Screen.
Category Parameters Description
Assay Nature of the assay Cell-based fluorescence flow cytometry assay
Assay strategy Simultaneously measure three glycolytic metabolites (ATP or glucose, glycosomal pH, and viability) using endogenously
expressed fluorescent biosensors localized to the cytosol or glycosome. FRET sensors are distinguished from GFP-based sensors
based on intrinsic differences in fluorescence in measured violet and blue channels.
Assay protocol Key steps are presented in Table 2.
Library Nature of the library Curated library to maximize chemical diversity around common drug criteria
screened Size of the library 14,976 compounds from 100,000 compounds arrayed in 384-well plates at 10 mM in DMSO
Source Life Chemicals Compound Library LC1 and LC2 from the University of Wisconsin-Madison Small Molecule Screening Facility
Details

Quality control
Concentration tested

Hits resynthesized/purchased and verified to be >95% purity
10 pM concentration, 0.1% DMSO, 1:100 dilution

HTS process

Format
Plate controls

Plate number and duration
Reagent and compound
dispensing systems
Output, detector, analysis
software

Baseline correction

Normalization
Performance

80 pL 384-well plate (BrandTech 781620)

Positive control: daily tube of multiplexed cell lines incubated for 1 h in DPBS, 100,000 events collected; Negative control: 5
mM glucose plus 0.1% DMSO in either columns 1-2 or 23-24)

39,384-well plates over 10 days, 4 plates per day

Cells dispensed using Opentrons2 pipetting robot (OT-2)

Channels VL1, VL2, and BL1; analyzed on FlowJo/FCS-Express

Perform linear regression to create a trendline. subtract y-intercept from each point in the trendline to find the baseline
correction. Baseline-corrected fluorescence ratio = raw ratio - baseline correction

normalized response = (sample result — mean low controls)/(mean high controls — mean low controls)

Individual Z’-Factor: YEMK = 0.97, FLIP700 = 0.83, pHL = 0.79

Pooled Z’-Factor: YEMK = 0.93, FLIP700 = 0.95, and pHL = 0.68

Post-HTS
analysis

Selection of actives

Selection of threshold
Retesting of initial actives
Structure confirmation
Compound purification/
resynthesis

Active compounds (hits) selected using a threshold five standard deviations below mean value for all compounds and controls
baseline on each plate. Sensor values converted to Z-score to enable comparison between plates

5 standard deviations (—5 Z-score) below all samples and controls for each biosensor

Complete library screened in duplicate

Structure verified by analytical chemistry methods

Hits that repeatably cross the threshold were resynthesized and tested in 8-point dose response

Screen results

List of all screening positives

List of validated compounds
Comments on active compound
selection

List of hits for each measured metabolite, as well as list of hits positive for multiple metabolites. Hits ranked by magnitude of
metabolite level change

Hits rank ordered based on threshold criteria

Metabolite(s) impacted, percentage of impact, and sensor ECsq values
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Table 2
Multiplexed Biosensor flow cytometry HTS protocol.
Step  Parameter Value Description
1 Controls 0.08 pL DMSO
2 Library 0.08 pL 10 pM
compounds
3 Addition of 80 L Measured 5000-15,000 BF
cells cells per biosensor;
20,000-40,000 total events
per well
4 Incubation 1.5h Room temperature
time
5 Assay 405 ex, 542/27 em (VL2); Attune NxT with Cytkick

readout 488 ex, 530/30 em (BL1);  Autosampler flow cytometer
637 ex, 670/14 em
(Thiazole Red)
Step  Notes
1 BrandTech 781620 nonsterile 384-well plates atop a custom plate stand.

Compound/DMSO was pre-dispensed into each well. DMSO controls in
columns 1-2 or 23-24 depending on the plate.

2 Two biosensor BF cell lines (either pHL and YEMK or pHL and FLIP700) and
BF WT were washed twice in DPBS then resuspended in DPBS and pooled
after the first wash. Aliquots of each biosensor cell-line were taken to use as
single-sensor controls after the first wash.

3 The multiplexed cell solution was incubated (10 min, 37 °C, shaking at 250
rpm) to allow cell metabolism to equilibrate. The cell solution was transferred
to a reservoir compatible with the Opentrons2 robot, 9 mL/reservoir well.

3 The multiplexed cell solution was pipetted into each well using an
Opentrons2 robot; tips were changed between steps.

4 Two plates were loaded with cell solution at a time.

5 Plates were covered with plate seals and incubated at room temperature for
1.5h.

6 Plates waiting to be run were incubated in the refrigerator at 4 °C in the dark
until their turn.

7 Plates were analyzed on an Attune NxT flow cytometer using a CytKick

Autosampler; the plate was run using high-throughput mode (1 mL/min flow
rate, 20 pL/well analyzed, boost-mode used, 1 mix/well, no washes). One
plate took ~1.5 h to finish analysis on the flow cytometer.

8 Measurement settings: VL2, BL1, and Thiazole Red channels were collected
for each cell. The VL2/BL1 ratio was taken to measure the relative analyte
concentration change for each biosensor.

glycolytic inhibitors in BF T. brucei because these three analytes are
directly related to glycolysis in this life stage. Glycolysis inhibitors are
expected to decrease ATP and pHg in BF T. brucei as glycolysis is the
primary pathway through which ATP is generated, and pHg is associated
with ATP (Lin et al., 2017; Michels et al., 2021; Call et al., 2024).
Glucose transport inhibitors are expected to decrease at least intracel-
lular glucose. Compounds that only impact pHg may inhibit proton
efflux from the cell, such as the pyruvate-proton symporter (Vander-
heyden et al., 2000).

To test whether this multiplex screening assay could identify
glycolysis inhibitors, we tested two well-characterized glycolytic in-
hibitors: 2-deoxyglucose (2-DG) and salicylhydroxamic acid (SHAM). 2-
DG competes with glucose for transport into the cell (through THT1/2),
is a competitive inhibitor of hexokinase (Gruenberg et al., 1978; Morris
et al, 2006; Kovarova et al., 2018), and blocks glycolysis as
2-DG-6-phosphate (Wick et al., 1957; Barban and Schulze, 1961). A high
concentration of 2-DG (50 mM) decreased cellular ATP levels even in the
presence of glucose (Fig. 2B). This is likely because the accumulation of
2-DG-6-phosphate, which could not be metabolized further, competi-
tively inhibited glucose-6-phosphate isomerase (GPI) which decreased
glycolytic flux and subsequent ATP production (Laussel and Léon,
2020).

Interestingly, 2-DG did not significantly decrease intracellular
glucose levels (Fig. 2C), likely because glucose was present in the buffer.
Since 2-DG is structurally similar to glucose, a logical concern is whether
the glucose sensor FLIP700 could distinguish between glucose and 2-DG.
We believe FLIP700 did not respond significantly to 2-DG for two rea-
sons. First, FLIPglu-600p, the predecessor of FLIP700, could

International Journal for Parasitology: Drugs and Drug Resistance 26 (2024) 100557

discriminate between glucose and 2-DG (Fehr et al., 2003). Second,
2-DG competed with glucose and decreased the measured glucose levels
when using FLIP700 in live procyclic form T. brucei cells (Voyton et al.,
2018a, 2018b). These lines of evidence suggest that 2-DG had a minimal
effect on FLIP700 at the concentration tested. However, the sensitivity of
FLIP700 to 2-DG has not been directly tested, so we cannot rule out some
cross-sensitivity of FLIP700 for 2-DG.

Both procyclic form and BF T. brucei acidify their glycosomes when
starved for glucose (Lin et al., 2017; Call et al., 2024). Similarly, 2-DG
treatment resulted in glycosome acidification (Fig. 2B and C). Notably,
2-DG did not impact cell viability during the 1.5-h incubation (Supple-
mental Fig. 3).

The combination of SHAM and glycerol perturbs T. brucei glycolysis
and decreases cellular ATP levels. SHAM inhibits the alternative oxi-
dase, which is necessary for recycling glycerol-3-phosphate to dihy-
droxyacetone phosphate and the associated removal of excess reducing
equivalents (Fig. 2A). Glycerol inhibits a backup pathway where
glycerol-3-phosphate is converted to glycerol by glycerol kinase
(Clarkson and Brohn, 1976; Clarkson et al., 1981; Helfert et al., 2001;
Ebiloma et al., 2019). The combination of SHAM and glycerol signifi-
cantly decreased cellular ATP but not glucose, while pHg also greatly
dropped (Fig. 2D and E). This suggests many compounds that impact
ATP may also impact pHg. Importantly, the impact on cellular ATP did
not decrease cell viability within the timeframe the cells were incubated
(Supplemental Fig. 3).

We next tested whether this method could identify specific types of
glycolytic inhibitors, specifically inhibitors of glucose and pyruvate/
proton transport. Phloretin has been shown to significantly decrease
glucose import in BF T. brucei (Seyfang and Duszenko, 1991). As ex-
pected, 100 pM phloretin significantly decreased intracellular glucose
and pHg but not ATP (Supplemental Fig. 4). This provides evidence that
compounds that perturb glucose levels likely target glucose transport.

Pyruvate export is important for maintaining physiological pH in BF
T. brucei (Vanderheyden et al., 2000) and is a potential drug target
(Sanchez, 2013). To test whether this method could identify inhibitors of
pyruvate/proton export, we tested the effect of pyruvate (12.5 mM) on
intracellular glucose, ATP, and pHg in the presence of glucose. We ex-
pected that a high extracellular pyruvate concentration would inhibit
normal pyruvate/proton efflux, resulting in a buildup of pyruvate and
protons in the cell. Interestingly, pyruvate decreased pHg more than the
starved control but did not affect cytosolic glucose or ATP (Supple-
mental Fig. 5). This suggests that while pHg, and likely cytosolic pH,
were impacted by pyruvate, glycolysis remained unperturbed within
this timeframe. This also provides evidence that compounds only
decreasing pHg likely target proton/pyruvate efflux.

While this multiplex screening method cannot conclusively identify
compound target(s) or MOAs, we demonstrated this method can provide
useful evidence suggesting possible targets(s)/MOA(s). This evidence
can guide target-identification studies by providing evidence of glycol-
ysis inhibition. In limited cases, this method can suggest specific targets/
MOAs, specifically glucose import and pyruvate/proton export.

While gaining clues about a compound’s MOA is very useful, the
internal validation obtained from using multiple biosensors is also an
important advantage of this method. Measuring multiple interrelated

Table 3
Individual and multiplexed measured Z-prime values in T. brucei BF for three
biosensors.

Duplex Biosensor  Analyte  Single Z’- Multiplexed Z’-
Factor* Factor*
YEMK and pHL YEMK ATP 0.97 0.93
pHL pHg 0.79 0.68
FLIP700 and FLIP700 Glucose  0.83 0.95
pHL pHL PHg 0.79 0.77

“ With slope correction.
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Fig. 3. Pilot screen of 14,976 compounds against ATP, glucose, glycosomal pH (pHg) sensors, and viability. A) Results from the pilot screen included all
compounds (gray), high controls with an equal DMSO concentration (0.1%) (blue), and hits (red). The red line on each graph indicates the —5 Z-score threshold used
to distinguish hits. Compounds were measured twice for pHg and Viability as part of the duplex screen; replicate hits are shown in red for these two analytes.
Compounds were measured once for the Glucose and ATP biosensors, so all hits from these sensors are presented in red. B) Number of hits for each sensor and the hit
rate for each sensor. C) Venn diagram of hits for each sensor, showing how information can be gained about a hit compound’s possible target(s)/modes of action
when using multiple sensors synergistically. Compounds that inhibit glucose transport are expected to perturb glucose, ATP, and pHg. Inhibitors of glycolysis are
expected to perturb ATP and pHg but not glucose. Inhibitors of pyruvate/proton export are expected to perturb pHg but not ATP or glucose. All hits for the ATP and
glucose sensors are shown, while for the pHg and viability sensors, only compounds that replicated activity are shown.(For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

analytes simultaneously provides internal validation of potential
glycolytic inhibitors (Fig. 2B-D). This can increase confidence in hit
compounds and decrease the impact of false positives in downstream
testing.

3.4. Development of an HTS assay using flow cytometry and multiplexed
biosensors

A multiplexed HTS assay using three different biosensor cell lines

was used to screen for compounds that inhibit different parts of
glycolysis. Supplemental Fig. 6 presents a diagram describing the sample
preparation and data analysis for the HTS assay. Table 1 outlines the
screening parameters according to the HTS Method Communication
Guidelines (Inglese et al., 2007) with details provided in the Materials
and Methods.

To make the assay as high throughput as possible while maintaining
high data quality, various parameters and approaches were considered,
including incubation conditions, robotic plate loading, incubation
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Fig. 4. Multiplex flow cytometry High-throughput screen workflow for
discovering glycolytic inhibitors in T. brucei. A pilot screen of 14,976
compounds was screened at 10 pM against four sensors (ATP, glucose, glyco-
somal pH, and viability). We obtained an overall hit rate of 0.9% with 135
compounds that were hits in one or more sensors. We rescreened 44 of these
hits to confirm activity; 64% (28 compounds) exhibited repeatable activity in
one or more sensors. We identified helpful information about the putative mode
of action for each repeatable hit based on what sensor(s) the hit impacted. Last,
we determined the potency of the repeatable hits by measuring their ECsg
values for each sensor they impacted. This diagram was created with BioR
ender.com.

temperature, number of cells collected, and flow rate.

Table 2 presents the protocol. For a more detailed protocol
description, see the Methods section. To increase throughput to a
reasonable level, multiple plates were prepared simultaneously and
analyzed by flow cytometer at the fastest flow rate (1 mL/min). This did
not significantly impact the measured Z-factor (Zhang et al., 1999),
supporting that this flow rate could be used without negatively
impacting data quality (Supplemental Fig. 7, Supplemental Table 1).
Through these optimization studies, we found that one mix per well was
necessary to overcome cell settling, particularly when analyzing cold
samples. Additionally, cells plated remained viable after a 1.5-h refrig-
eration incubation even after the 1.5-h room temperature incubation
(~95% viable, Supplemental Fig. 8), with viability impacted only after a
3-h incubation (~92% viable). Based on these results, two 384-well
plates were prepared at a time since each plate required ~1.5 h to run
on the flow cytometer at the fastest flow rate. Together, these findings
indicate this assay could be performed with moderately high
throughput.

3.5. Pooling biosensors did not impact sensor response

To determine if multiplexing the three biosensors impacted data
quality, we measured the Z-factor value (Zhang et al., 1999) for each
biosensor cell line both individually and multiplexed. As shown in
Table 3, both multiplexed and individually ran biosensors gave
acceptable Z-factor values. Multiplexing only had a minor impact on
sensor Z'-factor values. Individual and pooled Z'-factor figures are found
in Supplemental Fig. 9 and Supplemental Fig. 10.

10
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3.6. The pilot screen identified hits for each analyte

After optimizing the multiplex screening method, we performed a
pilot screen on 14,976 compounds from the Life Chemicals Compound
Library. To directly compare data across all plates, we chose to use the Z-
Score method as this adequately allows samples to be compared across
plates without the drawbacks inherent in using high and low controls
(Brideau et al., 2003). We set the hit threshold at five SD below the mean
of each plate, or a —5 Z-score, to achieve a hit rate between 0.1% and
1.0%, similar to most HTS assays (Shun et al., 2011). The number of hits
and distribution of Z-scores for compounds and controls were different
for each sensor (Fig. 3A). We observed that some high control wells with
low numbers of total events or sensor events (less than 5000 events)
sometimes resulted in Z-scores below the —5 threshold, so these were
manually excluded due to poor data quality.

Interestingly, several compounds for each sensor had high Z-scores
(5 SD above the mean). The flow cytometry data for many of these
compounds showed the violet channel fluorescence of both biosensors
was altered more than typically possible (Supplemental Figs. 11 and 12).
Similar results have been observed when using fluorescent biosensors
with the fluorescent compound doxycycline (Khader et al., 2014), sug-
gesting these compounds were fluorescent. When we inspected samples
with high Z-scores more closely, we observed that the less fluorescent
subpopulation of each biosensor tended to increase the most in
VL2-channel intensity, as expected for fluorescent compounds. Alter-
natively, some compounds with high Z-scores were due to the pHL
population partially moving into the FLIP700 or YEMK gate. Based on
this, we attributed these high Z-scores to compound fluorescence or
movement of one biosensor into another’s gate and did not pursue them
further.

The ATP and pHg sensors resulted in the most hits. In contrast, the
glucose and viability sensors had the least (Fig. 3B). Many of the hits for
the pHg and viability sensors were found in replicate experiments,
supporting the likelihood of their authenticity. The low hit rate for the
glucose sensor may be because hexose transporters are the only known
targets whose inhibition could decrease intracellular glucose (Fig. 2A).
Many possible mechanisms could affect intracellular ATP, pHg, or cell
viability, supporting that these sensors would have higher hit rates. The
low viability hit rate is likely because of the short incubation (1.5 h)
compared to other viability screens (Siqueira-Neto et al., 2010; Bowling
et al., 2012). The hit rates for all the sensors were below 1% but above
0.1% (Fig. 3B), a hit rate expected for most HTS assays (Shun et al.,
2011). The hit rates for pHg and viability were also decreased since
non-repeatable hits were excluded when calculating these hit rates.

A Venn diagram was used to visualize the potential target(s)/MOAs
of hits from the screen (Fig. 3C). Compounds perturbing glucose trans-
port are expected to decrease glucose and possibly pHg, ATP, and
viability. Inhibitors of glycolysis and/or the associated glycerol-3-
phosphate oxidase pathway were anticipated to decrease ATP, pHg,
and possibly viability while unaffecting glucose levels (Fig. 2A). Com-
pounds that only impacted pHg were hypothesized to target pH regu-
lators in the glycosome, acidocalcisome, or plasma membrane as pH
regulation from each of these cellular locations could influence pHg
(Vanderheyden et al., 2000; Lemercier et al., 2002; Lin et al., 2017).
Compounds that only decreased viability likely target other cellular
processes besides glycolysis.

While most hit compounds impacted only one sensor, several hits
impacted multiple sensors (Fig. 3C). Surprisingly, most (~65%) of the
compounds that perturbed glucose did not decrease ATP. This was un-
expected as glucose is the primary source of ATP in BF T. brucei,
particularly under these experimental conditions (Michels et al., 2021).
A possible reason ATP was often unaffected by glucose inhibitors is
intracellular glucose levels need to drop below a certain threshold before
ATP levels decrease. This could be due to the ATP sensor’s sensitivity
range and/or the parasite’s ability to maintain ATP under
glucose-limiting conditions. To test this hypothesis, we incubated the
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Fig. 5. A rescreen of 44 selected hit compounds demonstrated reproducible activity. A) Results from the rescreen for each sensor, including compounds that
were hits for that sensor in the initial screen (blue) and compounds that were not (gray). The red line on each graph indicates the threshold used to distinguish hits.
Two compounds were excluded as they showed evidence of autofluorescence. B) The percentage and number of compounds that were repeatable hits for each sensor
in the rescreen compared to the initial screen. Some of these rescreen hits were hits in the initial screen (initial hits) and others were not (novel hits). C) Venn diagram
of compounds that exhibited repeatable activity against one or more sensors. Comparing the compound’s activity in these four sensors gives useful information about
its potential target(s)/modes of action.(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

two biosensor duplexes in serial dilutions of glucose and measured
cytosolic glucose, ATP, and pHg levels. ATP and pHg began to drop at
much lower concentrations of extracellular glucose than cytosolic
glucose (Supplemental Fig. 13), supporting our hypothesis that intra-
cellular glucose needs to drop close to the starved/low control before
ATP and pHg are impacted. This difference in the response for different
sensors could also explain why most compounds impacting ATP or
glucose did not affect pHg in this initial screen. Alternatively, pHg may
not always correlate with ATP or glucose. This was observed when
proton efflux was inhibited with high extracellular pyruvate while ATP
and glucose levels remained unperturbed (Supplemental Fig. 5). Addi-
tionally, the pHg and viability sensors experienced a more stringent
selection before calculating hit rates and being included in the Venn
diagram, as these two sensors had replicate measurements and
non-repeating hits were excluded. This extra level of stringency could
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have resulted in fewer compounds being hits for ATP/glucose and pHg.

3.7. Rescreening hits and determining their potency

After performing the pilot screen, we validated initial hits for each
sensor (see the HTS workflow in Fig. 4). To validate initial hits, 44
compounds identified in the screen were reacquired from the University
of Wisconsin-Madison Small Molecule Screening Facility and rescreened
at 10 uM (Fig. 5). Most of the compounds we chose to rescreen were hits
for more than one sensor. We excluded compounds that did not repeat
activity against the pHg sensor as each compound had two replicate
measurements for this sensor. A few compounds that only impacted one
sensor were also chosen for comparison. We used these criteria to
confirm activity against multiple sensors and to determine if this
screening method could identify compounds perturbing glycolysis.
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Fig. 6. A representative compound exhibited ECs, values below 10 pM for both ATP and glycosomal pH (pHg) sensors. A) Structure of compound 34. B)
Measured ECsq values for ATP and pHg, with their associated 95% confidence intervals (CI). C) Impact of compound 34 on relative ATP. D) Impact of compound 34
on pHg. The ECsq values were calculated by non-linear regression using the 4-parameter model shown in equation (6), where the Top and Bottom parameters were

fixed to 1 and 0, respectively, for ATP, while only the TOP was fixed for pHg.

Since we primarily rescreened compounds that perturbed more than
one sensor, we expected most of these compounds to exhibit activity
against multiple sensors. Overall, a high percentage of initial hits
confirmed activity when rescreened (Fig. 5A and B) and most com-
pounds did impact multiple sensors (Fig. 5C). We were surprised that
some rescreened compounds exhibited significantly decreased Z-scores
for sensor(s) that had not been perturbed in the initial screen (Fig. 5A
and B). This was particularly true for pHg. This was somewhat expected
as the thresholds defining hits were different between the initial screen
and the rescreen. This also suggests that rescreening hits in this assay can
reveal activity against other sensors that may have been missed in the
initial screen.

As seen in the initial screen, several compounds exhibited high Z-
scores, particularly for the glucose sensor. We again attributed these
high Z-scores to compound fluorescence and did not pursue those
compounds. The Venn diagram in Fig. 5C shows that all compounds that
impacted ATP also impacted pHg, suggesting a strong biological rela-
tionship between these two analytes for the compounds tested. Most of
the compounds that impacted glucose levels also impacted pHg, again
suggesting a relationship between these two analytes for these
rescreened compounds. We also observed that most compounds
impacting cell viability also impacted the other sensors, suggesting the
toxicity of these compounds was due to their metabolic effect. Together,
these results support that this screening method can identify compounds
that perturb glycolysis, with each biosensor possessing a reasonable
percentage of repeatable hits.

Next, we determined the potency of compounds that had repeatable
activity by performing the multiplex screening assay on serial dilutions
of each compound. Compound 34 (Fig. 6A) was representative of com-
pounds that exhibited micromolar potency for both ATP and pHg sen-
sors. Compound 34 had similar ECsg values for both the ATP and pHg
sensors (Fig. 6B), suggesting these two analytes are associated with this
compound. Compound 34 is likely an inhibiter of glycolysis as it impacts
both ATP and pHg in a dose-dependent manner (Fig. 6C and D). Inter-
estingly, this compound caused pHg to drop below the starved control
(Fig. 6D), indicating this compound significantly acidified the
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glycosome, perhaps by inhibiting proton efflux from the cell/glycosome.
4. Conclusions

In this study, we developed a phenotypic HTS assay with some in-
ternal validation. Importantly, this HTS assay can provide clues about
hit compounds’ target(s) and MOA(s) by simultaneously measuring
multiple glycolysis-relevant analytes. This fills an important gap present
in most phenotypic screens: beginning the process of discovering the
target(s) of hit compounds. While this method does not identify the
precise molecular target(s) of hits, it does provide guidance by nar-
rowing down the possible inhibitor targets. We accomplished this by
multiplexing cell lines expressing FRET and GFP-based biosensors
together and analyzing by flow cytometry, which builds upon recent
related methods (Doucette et al., 2016). Sensors for glucose, ATP, and
glycosomal pH have provided useful readouts of glycolysis in this or-
ganism, as BF T. brucei relies on glucose and glycolysis as its sole source
of ATP in the mammalian bloodstream (Michels et al., 2021). Addi-
tionally, glycosomal pH is influenced by glucose in both BF and procy-
clic form T. brucei (Call et al., 2024), and ATP levels were shown to
influence glycosomal pH in procyclic trypanosomes (Lin et al., 2017).

The results from this pilot screen show expected hit rates for each
sensor and identify inhibitors with low micromolar potency. We are
currently using this HTS assay to screen a large chemical library, and we
will report on it soon.

The multiplexing strategy central to our HTS assay has several ad-
vantages compared to conventional screening methods, where only one
analyte is measured. While multiplexing sensor cell lines together de-
creases flow cytometry run time and instrument cost, it also enables all
sensor cell lines to experience the same treatment conditions. This in-
creases the confidence in cross-correlations between different sensors
during data analysis. As the analytes are interrelated, they can help
validate hit compounds internally. A disadvantage of multiplexing is the
increased assay and data analysis complexity. This increased complexity
can somewhat decrease the assay throughput, but in our experience, this
was minimal. One of the greatest challenges we found with multiplexing



D.H. Call et al.

was ensuring all sensor cell lines grew properly, as all cell lines were
necessary to perform the assay.

Another disadvantage of screening with fluorescent biosensors is that
compound fluorescence can negatively influence biosensor readings,
preventing accurate measurement of the desired analyte(s) (Khader
et al., 2014). We expect this problem will usually be small, as most li-
braries typically only have a small percentage of fluorescent compounds.
If the library being screened has a high percentage of fluorescent com-
pounds, a different method/strategy may be more appropriate.

While this screening assay can identify potential target(s) of hit
compounds, further studies would be needed to determine their target(s)
and MOA. These studies could include assays on specific suspected
targets, such as in vitro enzymatic assays (Chambers et al., 2008; Joice
et al., 2013), RNA interference (Han and Shi, 2018), and gene knock-
out/genetic mutation (Li et al., 1996; Morris et al., 2006). Unbiased
approaches to identify drug target(s) include thermal proteome profiling
(Mateus et al., 2017; Corpas-Lopez et al., 2019) and many others (Pas-
quer et al., 2020).

This multiplex screening method has the potential to identify novel
glycolytic inhibitors that could be used as chemical probes to study
metabolism in T. brucei and related parasites such as T. cruzi and
Leishmania spp. We expect that chemical probes discovered from this
screening method will improve our understanding of kinetoplastid
metabolism and biology, opening new ways to treat these diseases and
combat drug resistance.
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