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In brief

Marek et al. show that histone
deacetylases (HDACs) from
trypanosomes diverge from human
HDACSs. Notably, T. cruzi HDACs tcDAC1
and tcDAC2 are essential. tcDAC2 has
structural features unobserved in human
HDACSs that promote specific interactions
with inhibitors. Thus, targeting atypical
HDACSs from pathogens can lead to anti-
parasitic strategies.
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SUMMARY

Writing and erasing of posttranslational modifications are crucial to phenotypic plasticity and antigenic vari-
ation of eukaryotic pathogens. Targeting pathogens’ modification machineries, thus, represents a valid
approach to fighting parasitic diseases. However, identification of parasitic targets and the development
of selective anti-parasitic drugs still represent major bottlenecks. Here, we show that the zinc-dependent his-
tone deacetylases (HDACSs) of the protozoan parasite Trypanosoma cruzi are key regulators that have signif-
icantly diverged from their human counterparts. Depletion of T. cruzi class | HDACs tcDAC1 and tcDAC2
compromises cell-cycle progression and division, leading to cell death. Notably, tcDAC2 displays a deace-
tylase activity essential to the parasite and shows major structural differences with human HDACs. Specif-
ically, tcDAC2 harbors a modular active site with a unique subpocket targeted by inhibitors showing substan-
tial anti-parasitic effects in cellulo and in vivo. Thus, the targeting of the many atypical HDACs in pathogens
can enable anti-parasitic selective chemical impairment.

INTRODUCTION

High phenotypic plasticity and antigenic variation is a hallmark of
eukaryotic parasites, enabling them to adapt to different hosts
and escape their immune surveillance. Cumulative evidence
shows that the processes regulating the writing, reading, and
erasing of protein posttranslational modifications (e.g., phos-
phorylation, acetylation, methylation) in many cellular actors
play a prominent role in these transformations, notably through
epigenetic modifications. Effectors in these regulatory pathways
in pathogens, thus, represent important potential drug targets,
and repurposing of drugs targeting them has been identified as
an effective strategy to reduce the time and financial costs asso-
ciated with anti-parasitic drug development (Andrews et al.,
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2012a, 2012b, 2014; Wang et al., 2015; Hailu et al., 2017; Schie-
del and Conway, 2018; Fioravanti et al., 2020). Combining repur-
posing with a piggyback strategy, where the chemical scaffolds
of the repurposed drugs are modified, can further foster the
design of parasite-selective compounds with little or no cross-
reactivity with human enzymes.

Currently, most approved epigenetic drugs target zinc-depen-
dent histone lysine deacetylases (HDACs) (Eckschlager et al.,
2017; Falkenberg and Johnstone, 2014; Li and Seto, 2016).
This explains why repurposing of HDAC inhibitors to fight ne-
glected diseases is receiving considerable attention (Andrews
et al,, 2012a, 2012b, 2014; Wang et al., 2015; Hailu et al.,
2017; Fioravanti et al., 2020). Acetylation of lysines in eukaryotes
is a major reversible posttranslational modification that links

Cell Reports 37, 110129, December 21, 2021 © 2021 The Author(s). 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:nilson.zanchin@fiocruz.br
mailto:romier@igbmc.fr
https://doi.org/10.1016/j.celrep.2021.110129
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.110129&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢? CellPress

OPEN ACCESS

metabolism to cell signaling and plays a critical role in the regu-
lation of key cellular processes (Choudhary et al., 2009, 2014;
Drazic et al., 2016; Marmorstein and Zhou, 2014; Seto and Yosh-
ida, 2014; Verdin and Ott, 2015; Narita et al., 2019). In humans,
the dysregulation of acetylation mechanisms is implicated in
the onset and progression of numerous diseases (Eckschlager
et al., 2017; Falkenberg and Johnstone, 2014; Fujisawa and Fil-
ippakopoulos, 2017; Li and Seto, 2016). Nevertheless, the
reversible nature of acetylation can be used to pharmacologi-
cally modulate eukaryotic acetylation pathways (Eckschlager
et al., 2017; Falkenberg and Johnstone, 2014; Li and Seto,
2016; Schiedel and Conway, 2018).

HDACs are named according to their similarity with the 11 hu-
man HDAC isozymes, which have been divided into four classes:
class | (HDACH1, 2, 3, 8), class lla (HDAC4, 5, 7, 9), class llb
(HDACS, 10), and class IV (HDAC11) (Porter and Christianson,
2019; Seto and Yoshida, 2014). Specifically, class lla HDACs
have lost their essential catalytic tyrosine, replaced by a histi-
dine, and are thought to play a scaffolding role in macromolec-
ular complexes (Desravines et al., 2017; Hudson et al., 2015;
Park et al., 2018). Not only histones, but also other non-histone
proteins, are targeted by the various active HDAC isozymes,
which can even display specific or dual deacetylation and de-
acylation activities (Sabari et al., 2017; Narita et al., 2019).

We have previously used repurposing and piggyback strate-
gies, combining structure-based and high-throughput screening
approaches on smHDACS, the homolog of human class |HDAC8
from the parasitic flatworm Schistosoma mansoni that causes
schistosomiasis. Our studies have led to the design of
smHDACS8-selective inhibitors but have also enabled the charac-
terization of the structure/function relationships of HDAC8 en-
zymes to help with the development of selective anti-cancer
drugs (Bayer et al., 2018; Heimburg et al., 2016, 2017; Marek
etal., 2013, 2015, 2018). This work has highlighted the challenge
in developing selective anti-parasitic drugs targeting HDACs,
notably due to the high structural similarity of the active sites of
smHDACS8 and human HDACs. However, HDACs from other par-
asites show stronger phylogenetic differences with human
HDAC enzymes, suggesting that the selectivity issue might be
easier to overcome in these parasites (Scholte et al., 2017;
Wang et al., 2015).

This is the case of the HDACs of Trypanosoma brucei and Try-
panosoma cruzi that are responsible for African trypanosomiasis
(sleeping sickness; Buscher et al., 2017) and American trypano-
somiasis (Chagas disease; Pérez-Molina and Molina, 2018),
respectively. While the fight against human African trypanosomi-
asis has made significant progress, with only a few tens of thou-
sands of people infected and a continuous decrease in new
cases each year, Chagas disease remains a major threat, with
millions of people infected and tens of thousands of yearly
deaths (Buscher et al., 2017; Pérez-Molina and Molina, 2018;
Varikuti et al., 2018). Notably, the side effects and the acute
phase-restricted efficacy of the drugs Benznidazole (BZN) and
Nifurtimox, currently used to treat Chagas disease, are major is-
sues and call for the development of new drugs (Scarim et al.,
2018; Varikuti et al., 2018).

Four HDACs are found in T. cruzi and T. brucei that show
restricted phylogenetic resemblance to human HDACs and
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that have been attributed to HDAC class | (tcDAC1/tbDAC1
and tcDAC2/tbDAC2) and class llb (tcDAC3/tbDAC3 and
tcDAC4/tbDAC4) (Scholte et al., 2017). So far, functional charac-
terization of these HDACs has predominantly been performed in
T. brucei, showing that tbDAC1 and tbDACS, but not tbDAC2
and tbDAC4, are essential and act in helping the parasite to
evade the host immune response (Ingram and Horn, 2002;
Wang et al., 2010). In contrast, little is known about T. cruzi
HDACs. Importantly, protein acetylation patterns in both patho-
genic species are different, even for histone proteins, suggesting
substantial functional divergences in the acetylation pathways of
these flagellate parasites (Mandava et al., 2007; Moretti et al.,
2018; Picchi et al., 2017).

Treatments of both T. brucei and T. cruzi parasites with HDAC
inhibitors have identified molecules that could potentially target
these protozoans, but direct repurposing was impaired due to
toxicity problems. However, these studies suggested the pres-
ence of unique features within the trypanosome HDACs that
could be exploited to develop selective inhibitors targeting these
enzymes (Andrews et al., 2012a; Campo, 2017; Carrillo et al.,
2015; Engel et al., 2015; Hailu et al., 2017; Kelly et al., 2012;
Scarim et al., 2018; Varikuti et al., 2018; Zuma and de Souza,
2018; Fioravanti et al., 2020).

Here, we show that trypanosome HDACs harbor very specific
features compared to human HDACs. Surprisingly, T. cruzi class
| HDACs tcDAC1 and tcDAC2 are both functionally essential to
the parasite, in contrast to T. brucei, where only tbDAC1 is
essential. Specifically, tcDAC2 has retained canonical functional
determinants and displays an acetyl-lysine deacetylase activity
that can be inhibited. The crystal structures of tcDAC2, bound
to different inhibitors, reveal a zinc-dependent deacetylase
fold, but with major differences in its overall structure as well
as in its active site compared to the various human HDACs.
Notably, the loops forming the tcDAC2 active site show struc-
tural similarities either with loops of the HDAC1/HDAC2/
HDACS (hereafter termed HDAC1-3) isozyme family or with
loops of the HDACS8 isozyme, revealing the combinatorial modu-
larity of HDAC active sites. Importantly, tcDAC2 harbors a unique
pocket in its active site that is targeted by one of the inhibitors
used in our study. In cellulo and in vivo, parasitic infection is
affected by this inhibitor, which, thus, represents a starting scaf-
fold for designing more potent and more selective inhibitors tar-
geting tcDAC2. Collectively, our results reveal the atypical nature
of the Trypanosoma cruzi DAC2 lysine deacetylase, which ex-
tends to other parasitic HDACs and paves the way to the rational
design of selective inhibitors to fight Chagas and, potentially,
other parasitic diseases.

RESULTS

Trypanosome HDACSs are atypical

Phylogenetic analyses have suggested that DAC1 enzymes are
more related to the HDAC1-3 isozyme family, but DAC2,
DACS, and DAC4 enzymes could not be assigned to a specific
isozyme family (Ingram and Horn, 2002; Scholte et al., 2017).
We have extended sequence analyses to better understand
the divergences observed. Specifically, two contiguous residues
at the tip of HDAC active site L6 loop inform on HDAC isozyme
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Figure 1. Trypanosoma cruzi tcDAC2 has specific sequence features

Multiple sequence alignment of Trypanosoma cruzi (tc) DAC2 and human (hs) HDAC1 and HDACS. Ends of sequences are indicated with an asterisk. For clarity,
the non-conserved HDAC1 C terminus has been shortened, with the number of additional residues indicated. Sequence identity is indicated with red boxes and
sequence similarity with red letters. Residues involved in zinc binding are shown with yellow stars, and the catalytic tyrosine is shown with a blue star. The yellow
diamond marks the residue distinguishing the HDAC1-3 and HDAC11 isozyme families from the other human HDAC isozymes. The blue diamond marks the

(legend continued on next page)
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family, partners, and substrates (Millard et al., 2013; Watson
et al., 2012, 2016; Hai and Christianson, 2016; Miyake et al.,
2016; Hai et al., 2017; Porter and Christianson, 2019; Marek
et al., 2018). In DAC1 enzymes, an arginine-leucine (RL) motif
is found (Figure S1A), which is typical of HDAC1-3 isozymes,
where the arginine plays an essential role for recruiting partners
and for activity (Millard et al., 2013; Watson et al., 2012, 2016).

In contrast, in DAC2 a proline-leucine (PL; tcDAC2) or proline-
tyrosine (PY; tbDAC2) motif is found, reminiscent of both class |
HDACS proline-methionine (PM) and class Il PL motifs (Figures 1
and S1B). Surprisingly, in DAC3, a leucine-leucine (LL) motif is
found, which is not observed in any other trypanosome or human
HDACs (Figure S2A), while DAC4 displays a canonical class Il PL
motif (Figure S2B). Additional sequence analyses (Figure S2)
further show that DAC3 and DAC4 have a single catalytic
domain, in contrast to the tandem domains observed in human
class llb HDACs. Compared to human HDACs, DAC2, DAC3,
and DAC4 also contain small-to-medium-size insertions in their
catalytic domains whose roles are unknown. In addition, the cat-
alytic domain of the DACS3 enzymes is split in its middle by a
~170-residue-long insertion that should protrude from the
HDAC core without affecting its structural integrity (Figure S2A).

Further analyses of sequence identities/similarities between the
catalytic domains of trypanosome and human HDACs show that
all trypanosome HDACs have low identities (<40%) compared to
human HDACs, with DAC2 and DAC4 showing the strongest
divergence (identities <30%) (Figures S3A and S3B). Surprisingly,
the identities/similarities are even lower when comparing the four
parasitic isozymes among themselves, suggesting a strong func-
tional divergence for each parasitic isozyme (Figure S3C). More-
over, comparisons of the same isozymes from T. brucei and
T. cruzi also reveal considerable divergence (Figure S3C). While
the DAC1 enzymes are strongly conserved (85% identity),
DAC3 and DAC4 show intermediate conservation (64%), and
the DAC2 enzymes have the lowest sequence identity (51%).
These differences possibly relate to the changes in acetylation
patterns observed in these two parasites (Mandava et al., 2007;
Moretti et al., 2018; Picchi et al., 2017).

Strikingly, careful comparison of tbDAC2 and tcDAC2 se-
quences reveals major differences in their respective active sites.
T. brucei DAC2, which has been shown to be non-essential (In-
gram and Horn, 2002), has many active site residues involved in
zinc coordination, acetyl-lysine binding, and catalysis replaced
by non-canonical amino acids; this includes the replacement of
its catalytic tyrosine by an asparagine, thus questioning its func-
tion as a bona fide deacetylase. In contrast, T. cruzi DAC2 has re-
tained all canonical active site residues and could, therefore, have
a fully functional deacetylase activity (Figures 1 and S1B). These
sequence analyses confirm the atypical character of trypano-
some HDAGCs, suggesting that they represent potential drug tar-
gets. Our results also highlight the unexpected difference be-
tween T. brucei and T. cruzi class | DAC2 enzymes, which

Cell Reports

prompted us to further characterize trypanosome class | HDACs,
notably tcDAC2.

T. cruzi DAC1 and DAC2 are both essential to the
parasite

We first investigated in vivo the essential character of T. cruzi
class | HDACs. Gene-targeted deletion experiments by homolo-
gous recombination showed that both tcDAC1 and tcDAC2 are
essential to T. cruzi since null parasites did not grow in culture
and ended up dying over time. In addition, single- and double-
allele knocked-out cells presented a lower proliferative rate
than did wild-type (WT) parasites (Figures 2A and 2B), and
DNA content quantification by flow cytometry revealed aberrant
cell-cycle progression (Figures 2C and 2D) that could be ex-
plained by the presence of several abnormal cells containing
multiple nuclei/kinetoplasts (Figure 2E).

To further investigate the unexpected essential character of
tcDAC2 compared to tbDAC2, we complemented these results
by generating null mutants with the CRISPR/Cas9 technology
for tcDAC2 using three different sgRNAs to direct Cas9 to
distinct positions in the tcDAC2 gene sequence. This strategy re-
sulted in aberrant cells that were not able to divide, consistent
with the phenotype expected for an essential gene. DNA content
quantification by flow cytometry revealed abnormal cell-cycle
progression (Figure 2F), with defects ranging from cells without
DNA to cells with several nuclei/kinetoplasts (Figure 2G).

We then used the essential character of tcDAC2 to further char-
acterize this enzyme by complementation assays with different
constructions and by using a T. cruzi cell line stably expressing
Cas9. An initial construction with the original tcDAC2 DNA
sequence in the sgRNA target region and encoding WT tcDAC2
(tcDAC2_sens) was used as a negative control. After sgRNA
transfection, the cells transfected with the tcDAC2_sens
construct showed abnormal cell-cycle and cell morphology along
with reduced cell proliferation (Figures 2H, 21, and S4). In contrast,
cells transfected with a construction of WT tcDAC2 but containing
an altered sequence not recognized by the sgRNA (tcDAC2_res)
restored the WT phenotype (Figures 2H, 2I, and S4), confirming
that the depletion of tcDAC2 causes lethality.

HDACs where the catalytic tyrosine is replaced by a phenylal-
anine are known to be mostly inactive. We used the same
complementation strategy with a catalytic Y371F mutant of
tcDAC2 whose DNA sequence was not recognized by the
sgRNA (tcDAC2_Y371F). Our results showed that the cells con-
taining the tcDAC2_Y371F construct presented a deleterious
phenotype, similar to tcDAC2 knocked-out cells, as observed
by alteration in cell-cycle progression, cell proliferation, and
cell morphology (Figures 2H, 2I, and S4), showing the impor-
tance of tyrosine 371 for tcDAC2 function.

We then used the same strategy to investigate the long and
highly acidic tcDAC2 C-terminal tail (Figure 1), whose functional
role is unknown. The complementation strategy using a

residue gatekeeping the HDAC active sites. The green diamond marks the arginine that caps the tcDAC2 L6 loop. Purple circles mark important residues forming
the tcDAC2-unique pocket. Secondary structure elements (a, o helices; B, B strands; 1, 310-helices) from tcDAC2 are shown above the alignment. Sequence
insertions in tcDAC2 are boxed (orange), and the three largest ones are labeled (insertions 1-3) below the alignment. The region removed for crystallization is
shown in gray italics. Loops forming the active site are indicated and labeled in blue under the alignment.
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Figure 2. Lack of class | HDACs impacts cell cycle and proliferation of T. cruzi
(A and B) Growth curves showing that tcDAC1 and tcDAC2 knocked-out cells (purple and orange curves, respectively) present lower proliferation rates when

compared to WT cells (light blue).

(C and D) Cell-cycle analyses show abnormal progression as determined by DNA content quantification. Blue, WT cells; dark and light purple, single and double
tcDAC1 knocked-out cells; red and orange, single and double tcDAC2 knocked-out cells.

(legend continued on next page)
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construction deleted for this C-terminal tail (tcDAC2_AC)
showed that in contrast to the tcDAC2_Y371F mutant, cells ex-
pressing the tcDAC2_AC mutant did not present any detectable
phenotype, showing that this tail is functionally dispensable
in vivo (Figures 2H, 2I, and S4).

T. cruzi DAC2 possesses an acetyl-lysine deacetylase
activity that can be inhibited

We next characterized tcDAC2 biochemically and biophysically
using the shorter C-terminal construct of tcDAC2 (tcDAC2_AC),
which is sufficient for parasitic survival and shows much higher
solubility than the WT enzyme. Size-exclusion chromatography
and dynamic light scattering analyses showed that tcDAC2_AC
is mostly monomeric, suggesting tcDAC2 similarity with HDACS.
However, thermal shift assays revealed its lower thermal stability
compared to human and S. mansoni HDAC8 enzymes
(Figure 3A).

Deacetylation assays showed that tcDAC2_AC possesses an
acetyl-lysine deacetylase activity, slightly lower than human
HDACS8 on the substrates used (Figure 3B). In agreement with
our in vivo experiments, the Y371F mutant was inactive (Fig-
ure 3B), suggesting that tcDAC2 has a bona fide deacetylase ac-
tivity relying on its canonical catalytic residues. Inhibition assays
were then performed using pan-HDAC (SAHA [Vorinostat], Quisi-
nostat [QSN]), HDAC1-3-selective (Entinostat, Mocetinostat),
and HDACS8-selective (PCI-34051, NCC-149) inhibitors as well
as a set of in-house available HDAC inhibitors (TB51, TB56,
TB72, and TB75) that we developed during the work on
smHDACS8. We identified these latter compounds as putative
tcDAC2 inhibitors by in silico docking experiments with a tcDAC2
model established using human and S. mansoni HDACS8 as tem-
plates. QSN and the TB compounds had IC5g values in the low nM
and pM range, respectively, showing that tcDAC2 deacetylase
activity can be inhibited potently (Figure 3C; Table S1). However,
neither SAHA nor any of the HDAC1-3-selective and HDAC8-se-
lective inhibitors showed strong inhibitory effects in these assays.

T. cruzi DAC2 stabilization and structure determination

Attempts to crystallize the tcDAC2_AC protein yielded only unre-
producible, poorly diffracting crystals. Since tcDAC2 contains
several medium-sized insertions compared to human HDACS8
that could hamper crystallization (insertions 1, 2 and 3; Figure 1),
we removed specific regions in these insertions to stabilize the
enzyme and facilitate its crystallization. Our experiments on
tcDAC2_AC showed that only partial deletions in insertion 2
can be tolerated in terms of solubility. Specifically, one precise
deletion in this insertion led to a construct (tcDAC2_AIns2; Fig-
ure 1) showing significant increase in thermal (~10°C) and pro-
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teolytic stability compared to tcDAC2_AC (Figures 3A and
S5A), suggesting that the part removed is a solvent-exposed,
possibly unstructured loop. The tcDAC2_AIns2 construct
showed a moderately increased DAC activity compared to
tcDAC2_AC (Figure 3B).

Importantly, the tcDAC2_AIns2 mutant could rescue the death
phenotype of the tcDAC2 knockout in vivo, indicating that the
part removed is not functionally essential for parasite survival
(Figure S5B). The tcDAC2_AlIns2 protein could be reproducibly
crystallized, but the small crystals obtained did not diffract.
Therefore, we looked at inhibitor-induced tcDAC2_AIns2 ther-
mal stabilization using the most potent inhibitors characterized
in our in vitro inhibition study. All inhibitors tested increased the
thermal stability of the enzyme (Figure S5C). The highest in-
crease was observed with the pan-HDAC inhibitor QSN
(~18°C), followed by the inhibitors TB56 and TB75 (~13°C).
Co-crystallization experiments with all tested inhibitors yielded
crystals only in the presence of QSN and TB56.

The crystals of both complexes showed good diffraction, and
complete crystallographic datasets could be collected at 1.75 A
(@SN) and 2.3 A (TB56) resolution. Structure determination was
performed by molecular replacement using our initial homology
model of tcDAC2, and both tcDAC2/QSN and tcDAC2/TB56
structures were refined through manual building and automated
refinement (Table S2).

T. cruzi DAC2 has an atypical class | HDAC structure

Our structures showed that tcDAC2_AIns2 (hereafter termed
tcDAC2 for simplicity) possesses a classical arginase/HDAC
fold composed of a central § sheet sandwiched between several
a helices (Figure 4A). A search with DALI (Holm, 2020) showed
unambiguous similarity of tcDAC2 with class | HDACs, notably
HDACS. Precise comparison revealed, however, that although
a large N-terminal part of tcDAC2 superposes well with human
class | HDACs, the majority of the C-terminal part of tcDAC2
turns out to be structurally divergent (Figure 4B). This was sur-
prising since all human class | enzymes (HDAC1-3 and
HDACS8) show a high similarity in their overall structures, with dif-
ferences being mostly observed at the amino acid level and for
the conformation of some active site loops (Figure 4B).

The differences observed between tcDAC2 and class | human
HDACs start from the end of tcDAC2 «8-helix, which is longer
than its human counterparts. Following this helix, insertion 3 is
fully visible in our two tcDAC2 structures and packs tightly
against the tcDAC2 core, forming specific interactions (Fig-
ure 4B). Interestingly, many of the aforementioned small-
sequence insertions found in tcDAC2, compared to human
HDAC1-3 and HDACS (Figures 1 and S1B), appear to form small

(E) Light microscopy images showing an increase in the number of nuclei/kinetoplasts in tcDAC1 and tcDAC2 knocked-out cells.
(F) Abnormal cell-cycle progression observed for all three different sgRNAs used in tcDAC2 disruption using the CRISPR-Cas9 methodology. Cyan blue curve,

WT cells; red line curves, null mutant cells.

(G) Light microscopy images showing an increase in the number of nuclei/kinetoplasts in tcDAC2 knocked-out cells using the CRISPR-Cas9 methodology.

(H and I) Cell proliferation rates (H) and light microscopy images (I) of parasites from tcDAC2 complementation assays. tcDAC2_sens, negative control (knockout
phenotype); tcDAC2_res, positive control; tcDAC2_Y371F, substitution of the catalytic tyrosine residue by a phenylalanine; tcDAC2_AC, deletion of the glutamic
acid-rich C-terminal region. n, nucleus; k, kinetoplast; dpt, days post-transfection.

Assays reported were done as biological duplicates (A and B) and technical triplicates (H). In (A), (B), and (H), data are represented as mean + SD. Cell-cycle
analyses shown in (C), (D), and (F) represent data from at least 10,000 single cells. In (E), (G), and (1), scale bars represent 5 uM.
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Figure 3. tcDAC2 is a functional acetyl-lysine deacetylase that is inhibited by drug-like inhibitors

(A) Thermal stability (°C) of human (h) HDACS8 (dark blue), Schistosoma mansoni (sm) HDACS8 (green), and the Trypanosoma cruzi (tc) DAC2_AC and DAC2_AIns2
constructs (cyan). The thermal stability of tcDAC2 is lower than that of HDAC8 enzymes but can be increased by removing a small region of insertion 2.

(B) Measurements of the deacetylase activity of hHHDAC8 and various tcDAC2 constructs. The deacetylase activity is increased upon removal of the small region
of insertion 2 that stabilizes the enzyme but is decreased by the mutation of important active site residues.

(C) Structures and IC5g values for tcDAC2 of various inhibitors. Detailed IC5q values, including for other human HDACs, are provided in Table S1. All assays done in

triplicate. All data are represented as mean + SD.

extended loops in the vicinity of insertion 3, defining a specific
surface on tcDAC2. Similarly, insertion 1, which is only partially
seen in the density in our structures, is also found in the vicinity
of insertion 3, packing against the tcDAC2 core and also partici-
pating in this tcDAC2-specific surface (Figure 4B).

Following insertion 3, the only structurally similar part between
the tcDAC2 C-terminal region and the same region in human
HDAC1-3 and HDACS8 concerns the region spanning the 31o-he-
lix n10 that adopts a common fold and is similarly positioned in
all these enzymes (Figures 1 and 4B). However, tcDAC2, again,
diverges structurally from human class | HDACs immediately af-
ter this region. Specifically, whereas human class | HDACs have
a short, straight stretch of residues (LC loop) that links the 110
region to their aC-helix, the tcDAC2 LC loop harbors additional
residues that form a bulge extending toward the active site.
This tcDAC2 extended LC loop lies over the active site L6
loop, with the side chain of arginine R439 forming a bidentate
interaction with L6 loop main chain carbonyls (Figure 4C).

This longer LC loop of tcDAC2 ends at the same position
where human HDAC «C-helices start, with these latter human
helices packing tightly against their HDAC cores through multiple
hydrophobic interactions. Surprisingly, an «C-helix in tcDAC2 is
observed only for the tcDAC2/TB56 complex and not for the
tcDAC2/QSN complex, where no electron density is observed.
In addition, the tcDAC2 aC-helix does not pack against the
HDAC core but, instead, projects away from this core and is
involved in crystal packing (Figure S6A).

We have tentatively modeled the binding of the tcDAC2 «.C-
helix as observed in human HDAC1 and HDACS8. An interaction

similar to that observed in the human HDACs appears impos-
sible in tcDAC2, with both surfaces displaying a positive charge
(Figure SBA). In fact, as seen in our two tcDAC2 structures, a few
residues preceding and starting the tcDAC2 oC-helix form spe-
cific hydrophobic interactions with the tcDAC2 core and position
the start of the tcDAC2 a.C-helix differently (Figure S6B). The fact
that this helix is not observed in the tcDAC2/QSN structure—
although our two structures otherwise superpose very well—
suggests that this region is disordered and could fold only
upon interaction with a partner and/or a substrate.

Finally, we have shown that part of tcDAC2 insertion 2 could
be removed for crystallization. While the remaining part of inser-
tion 2 mostly interacts with the tcDAC2 core, our structures show
that the region removed for crystallization would most likely
bulge out of the structure without making strong contact with
the rest of the protein (Figure 4A). Interestingly, superposition
of tcDAC2 with the hsHDAC1/MTA1 (PDB code 4bkx) and
hsHDAC3/NCOR (PDB code 4a69) complexes shows that inser-
tion 2, but also insertion 1, would clash with the binding of either
MTA1 or NCOR homologs (Figure 4D). This latter feature, in addi-
tion to the absence of an arginine in the tcDAC2 L6 loop and the
observed monomeric form of this enzyme, further supports the
functional difference between tcDAC2 and the isozymes of the
HDAC1-3 family.

T. cruzi DAC2 active site displays HDAC1-3 and HDACS8
features

As expected from our sequence analyses, tcDAC2 has a zinc ion
at the bottom of its active site, which is coordinated canonically
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Figure 4. Atypical structure of tcDAC2

(A) Ribbon representation of the tcDAC2 structure in different views as observed in the tcDAC2/TB56 complex. The zinc (orange) and potassium (purple) ions are
shown as spheres, helices are colored cyan, and B strands are colored yellow. The largest insertions found in tcDAC2 compared to human HDACs are shown in
orange. The C-terminal o9 helix of tcDAC2, which binds in a non-canonical position, is labeled.

(B) Ribbon representation of the tcDAC2-specific surface. Regions that diverge strongly at the sequence and structural level from the canonical sequences and
folds observed in human class | HDACs are colored red, revealing that they mostly concentrate on a single side of the enzyme.

(C) Close-up view of tcDAC2 LC loop (orange) that caps the tcDAC2 active site L6 loop (green). Notably, LC loop arginine 439 interacts with L6 loop main chain
carboxyl oxygens, firmly maintaining its capping position.

(D) Positioning of tcDAC2 insertions 1 and 2 that would interfere with partners binding as observed for human class | HDAC1 and HDACS3.
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activity of tcDAC2.
(B) Active site loops of the three enzymes showing that most tcDAC2 loops have a similar conformation to those of HDACS8, with the major exception of the

tcDAC2 L6 loop, whose conformation is similar to that of HDAC1.

(legend continued on next page)
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by the two aspartates (D237 and D328) and one histidine (H239)
(hsHDACS8 D178, D267, and H180). Similarly, the catalytic tyro-
sine Y371 (hsHDAC8 Y306) is perfectly positioned to play a
role in catalysis, as well as the histidine dyad H197 and H198
(hsHDACS8 H142 and H143) (Figure 5A). In addition, phenylala-
nines F207 and F267 (hsHDAC8 F152 and F208) form the hydro-
phobic tunnel that normally accommodates the aliphatic part of
the incoming acetylated lysine. Finally, glutamate E156 is pre-
sent at the position where hsHDAC8 D101 is positioned to
interact with the main chain of the incoming acetylated lysine
substrate (Figure 5A). Mutation of this glutamate to alanine
(E156A) causes the reduction by half of tcDAC2 DAC activity
(Figure 3B). Thus, tcDAC2 has a bona fide DAC active site also
observed in other human class | enzymes (Figure 5A).

We next looked at the conformations of the loops forming the
tcDAC2 active site and compared them to those of active site
loops from human class | HDACs. Similar to what is observed
among the different human HDACs, the loops forming the bot-
tom of the tcDAC2 active site (L3, L4, and L7 loops) show no
strong conformational changes compared to their human coun-
terparts. Looking at the loops forming the upper part of the
tcDAC2 active site pocket, we observe that the tcDAC2 L1
loop is very similar to the hsHDACS8 L1 loop; this loop is much
shorter than that of the hsHDAC1-3 isozyme family (Figure 5B).
Likewise, a strong structural similarity is observed between
tcDAC2 and hsHDAC8 L2 and L5 loops, while those of
hsHDAC1-3 adopt a slightly different conformation (Figure 5B).

Surprisingly, however, this is not the case for the tcDAC2 L6
loop that adopts a bona fide hsHDAC1-3 L6 loop conformation,
markedly different from that of the hsHDACS8 L6 loop (Figure 5B).
A conformational change of this loop in tcDAC2 appears highly
unlikely since it is covered and appears kept in position by the
LC loop of tcDAC2, notably R439 (Figure 4C). This agrees with
our previous observation of the high conformational stability of
the hsHDACS8 L6 loop despite its full replacement by that of
hsHDAC1 (Marek et al., 2018).

T. cruzi DAC2 contains a unique active site pocket that
can be targeted by inhibitors

The presence of both HDAC1-3- and HDAC8-specific loops in
the tcDAC2 active site clearly confers an atypical and specific
character to the active site of this parasite enzyme. We previ-
ously showed that HDAC8 enzymes have a unique pocket in their
active site that can specifically accommodate HDAC8-selective
inhibitors and could also be employed for specific substrate
recognition, which we termed the HDACS8-selective pocket
(Marek et al., 2018). This pocket is composed of the catalytic
tyrosine side chain at its bottom, and its walls are made up of res-
idues from HDACS8 L1 and L6 loops.

Notably, HDACS8 active site L6 loop composition, specific
conformation, and rigidity are critical for the design of HDAC8-
selective inhibitors but also for the activity of this enzyme, mirror-
ing the functional importance of this loop in other HDACs (Millard
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et al., 2013; Porter and Christianson, 2019; Watson et al., 2012,
2016; Marek et al., 2018; Hai and Christianson, 2016; Miyake
etal., 2016; Hai et al., 2017). The HDAC8-selective pocket exists
only in HDACS, being filled in by hydrophobic residues from the
L1 and L6 loops (L1-L6 lock) in other human HDACs (Marek
et al., 2018). Because of the HDAC8 character of the tcDAC2
L1 loop and the HDAC1-3 character of the tcDAC2 L6 loop,
this pocket is also partially filled in tcDAC2, causing a partial
L1-L6 lock (Figure 5C) and, thus, explaining that HDAC8-selec-
tive inhibitors cannot strongly inhibit tcDAC2 (Table S1).

Analysis of the tcDAC2 active site reveals, however, the pres-
ence of a unique pocket in this enzyme that is not observed in the
structures of other human HDACs (Figure 5C). This pocket is
located between the tcDAC2 L5 and L6 loops. The unique char-
acter of this pocket is due to the replacement of a bulky phenyl-
alanine/tyrosine residue—observed in all human HDAC
structures solved so far—by a smaller isoleucine residue (1266)
in the tcDAC2 L5 loop (Figures 1, 5D, and S1B). In addition, the
back of the pocket is freed by a short alanine residue (A261), re-
placing longer arginine or lysine residues in human HDAC struc-
tures, and is overlooked on the side opposite the active site zinc
by a long glutamate residue replacing generally shorter residues
in human HDACs (Figures 1, 5D, and S1B).

We next analyzed the binding mode of the QSN and TB56
HDAC inhibitors to tcDAC2. Both inhibitors bind in the tcDAC2
active site with their hydroxamate warhead coordinating the cat-
alytic zinc, interacting with the hydroxyl group of Y371 catalytic
tyrosine and with both histidines H197 and H198 (Figure 6), as
observed in many HDAC/hydroxamate inhibitor-containing
structures. The rigid linker of QSN binds into the hydrophobic
channel formed by F207, F267, and L6 loop L335, with its
capping group stacking on top of the L5 loop, notably F267 (Fig-
ure 6A). However, QSN does not interact with residues of the
tcDAC2-unique pocket. This is different for TB56, whose diben-
zofuran moiety also binds into the pocket formed by F207, F267,
and L6 loop L335 but also occupies the entrance of the tcDAC2-
unique pocket (Figure 6B). This demonstrates that the tcDAC2-
unique pocket can be targeted to develop novel inhibitors that
could be selective for this trypanosome enzyme.

Not only the active site, but also the foot pocket at the base
of HDAC active sites, can be targeted by inhibitors. In
hsHDAC1-3, this pocket is reduced in size due to various hy-
drophobic residues that fill it in, while in hsHDACS, its size
can change according to the conformations adopted by tyro-
sine Y111 and tryptophan W141. Interestingly, in tcDAC2, an
arginine (R196) is found in replacement of hsHDAC8 W141
and the equivalent leucine in hsHDAC1-3, thus increasing the
charged character of this foot pocket that could also be used
to selectively target tcDAC2. The unique character of the
tcDAC2 foot pocket could also explain why the benzamide-
based HDAC1-3-selective inhibitors (Mocetinostat, Entinostat),
which bind selectively into this pocket, perform poorly in our in-
hibition studies (Table S1).

(C) Surface representation of the active site of the three enzymes. The conformation of tcDAC2 L6 loop causes an L1-L6 lock that prevents the formation of a
selective and functionally important pocket observed in HDAC8 (Marek et al., 2018). In contrast, tcDAC2 has a unique pocket formed between its L5 and L6 loops

that does not exist in human HDACs due to an L5-L6 lock.

(D) Residues forming the tcDAC2-unique pocket. This pocket is created by the replacement by small residues in tcDAC2 of larger residues found in other HDACs.
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(A) Binding of Quisinostat (QSN) to tcDAC2. The QSN inhibitor shows a canonical binding mode, as observed for many pan-HDAC inhibitors bound to different

HDACs.

(B) Binding of TB56 to tcDAC2. TB56 occupies the entrance of the tcDAC2-unique pocket, demonstrating the potential of this pocket to accommodate tcDAC2-

selective inhibitors.

Anti-parasitic effects of inhibitors

We next investigated the effects of QSN and the tcDAC2-spe-
cific pocket-targeting compound TB56, together with the anti-
trypanosome drug BZN, in in cellulo infection models using
two previously validated protocols using different cell lines and
two different T. cruzi strains (Buckner et al., 1996; MaclLean
et al., 2018; Romanha et al., 2010). Specifically, these protocols
made use of (1) the T. cruzi Tulahuen strain infecting L929 cells
with an indirect readout determining the B-galactosidase activity
and (2) the T. cruzi Dm28c strain infecting Vero cells using a
direct high-content image-based readout.

Cytotoxicity assays were performed at different time points
for both protocols and revealed that BZN has no effect on
L929 cells and only very little toxicity on Vero cells, as previ-
ously reported (Araujo-Lima et al., 2018; MacLean et al,
2018; Martin-Escolano et al., 2018) (Figures 7A and 7B). In
contrast, QSN showed significant cytotoxicity (CCso in the
range of 0.01-0.09 uM) for both cell lines, in agreement with
recently reported cytotoxicity assays for different cell lines (Mo-
rales Torres et al., 2020). TB56 showed a lower cytotoxicity
than QSN, with CCs, values ranging between 3.8 and 9.9 pM,
depending on the cell line (Figures 7A and 7B).

We next tested the effect of the three compounds on the
T. cruzi parasite in infected cells using three readout time points
(24, 48,and 72 h) (Figures 7C, 7D, and S7). Later time points were
not used since the infected cells start to be lysed by the parasites
after 72 h. In these assays, BZN showed ECsq values between
2.1 and 15.2 uM for both T. cruzi strains. Similarly, TB56 showed
ECso values in the range of 1.7-3.8 uM on both T. cruzi strains.
Importantly, we observed in our high-content image-based ex-
periments that TB56 is more toxic to the parasite than to the cells
when kept at sufficiently low concentration (3.3 uM; Figures S7D
and S7E). These assays, therefore, indicated that TB56 repre-
sents a potentially promising anti-parasitic lead compound.

In contrast to BZN and TB56, the ECso values measured for
QSN were different depending on the protocol used, with values
in the range of 2.5-115.7 uM for the Tulahuen strain and 0.05-
0.18 uM for the Dm28c strain (Figures 7C and 7D). Further con-
trasting with the two other compounds, even when the ECsq
values of QSN were close to the CCsq for the infection of Vero
cells by the Dm28c strain, our high-content image-based assays
showed that QSN is more toxic to the cells than to the T. cruzi
strain (Figures S7C and S7E). Therefore, in contrast to its poten-
tial use for treating cancer cells reported recently (Morales Torres
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et al., 2020), QSN appears less suited as a potential anti-Chagas
disease agent.

The positive results obtained with TB56 prompted us to inves-
tigate this compound further in a mouse infection model in com-
parison with BZN. We first carried out a pharmacokinetic study
to assess the TB56 dose to be used. We administered 50 mg/
kg TB56 to two male mice intravenously (i.v.) and to two male
mice orally by gavage (p.o.). The doses were well tolerated,
and we observed during the first hour a high TB56 plasma con-
centration with i.v. administration and a moderate TB56 plasma
concentration with p.o. administration (Figure 7E). However, the
plasma concentrations decreased rapidly to below 1 uM at 3 h
post-administration. A TB56 dose of 50 mg/kg/day was chosen
for the mouse infection model.

While the mice treated with BZN recovered fully at 9 days post-
infection (dpi), the mice treated with TB56 showed a significant
reduction in parasite load at 7 dpi compared to the control group,
but much less at 9 dpi, showing that TB56 had an effect but could
not fully stop the infection (Figures 7F-7H). The TB56 plasma
concentration decrease observed during the pharmacokinetic
study could explain the milder effect of TB56 in these in vivo as-
says. Nevertheless, although TB56 does not reach the same
level of in vivo efficacy as observed with the drug BZN, it shows
a potential as a starting lead compound for the development of
new drugs against T. cruzi and paves the way for the design of
inhibitors binding into the tcDAC2-unique pocket.

DISCUSSION

The fight against eukaryotic parasites remains a major health
issue when no vaccine and only a few drugs are available to treat
them. We have previously shown that targeting the epigenetic
machinery of eukaryotic pathogens through repurposing and
piggyback strategies represents a valid approach to tackle this
issue, although selectivity has to be addressed (Bayer et al.,
2018; Heimburg et al., 2016, 2017; Marek et al., 2013, 2015,
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2018; Schiedel et al., 2015; Monaldi et al., 2019). Here, we
have used a similar approach to target HDACs from the eukary-
otic flagellate Trypanosoma cruzi that causes tens of thousands
of deaths yearly. Our study shows that trypanosome HDACs
could be bona fide anti-parasitic drug targets, as they have
evolved specific features that should facilitate addressing the
selectivity issue.

Specifically, our structure of tcDAC2 shows major changes in
its C-terminal part that distinguish this enzyme from human
HDACs and define specific structural elements at its surface
that could be used by tcDAC2 to interact with specific partners
and targets. This specificity is reinforced by tcDAC2 insertions
1 and 2 and the absence of an arginine in its L6 loop, which pre-
vent interactions being made with partners, as observed for the
human HDAC1/MTA1 and HDAC3/NCoR complexes (Millard
et al., 2013; Watson et al., 2012, 2016), or by the unique posi-
tioning of the tcDAC2 aC-helix. Thus, the atypical character of
tcDAC2 suggested by the initial phylogenetic analyses is
confirmed at the structural level.

The specific character of tcDAC2 is also found in the organiza-
tion of its active site. While most of the loops that form the
tcDAC2 active site adopt a conformation close to that of
HDACS loops, the L6 loop conformation is highly similar to that
observed for the HDAC1-3 isozyme family. However, in contrast
to the tcDAC2 C-terminal half, whose structure has evolved spe-
cific features, tcDAC2 active site loops still retain canonical
structural features as observed in human HDACs; only the com-
bination of the loops is different and creates specificity. This
modularity of the tcDAC2 active site raises the question of target
recognition by tcDAC2: one possibility is that tcDAC2 deacety-
lates several targets that are normally processed by different
HDACSs in humans.

Another non-mutually exclusive possibility would be that the
combination of these different loops creates a surface that rec-
ognizes a completely different sequence motif specific to
T. cruzi proteins. Accordingly, we observe the presence in the

Figure 7. Inhibition of T. cruzi in cellular and mice infection models

(A) Dose-response curves obtained from L929 cells treated with Benznizadole (BZN), QSN, and TB56 for 24 and 96 h. BZN does not show toxicity to L929 cells
with the concentrations used in these assays. The toxicity values (CCso) for BZN, QSN, and TB56 are indicated in the figure.

(B) Dose-response curves obtained from Vero cells treated with BZN, QSN, and TB56 for 24, 48, and 72 h. The toxicity values (CCso) for BZN, QSN, and TB56 are
indicated in the figure. BZN shows very little toxicity, while TB56 shows the same toxicity as for the L929 cells. QSN shows higher cytotoxicity than for the L929
cells.

(C) Dose-response curves of T. cruzi Tulahuen strain inhibition obtained from infected L929 cell cultures treated with BZN, QSN, and TB56 for 24, 48, and 72 h. The
respective ECsq values are indicated in the figure.

(D) Dose-response curves obtained from Vero cell cultures infected by the T. cruzi Dm28c strain treated with BZN, QSN, and TB56 for 24, 48, and 72 h. The
respective ECsg values are indicated in the figure.

(E) Results of the pharmacokinetic study showing the TB56 concentration versus time in mouse plasma samples after administration of 50 mg/kg TB56 p.o.
(mouse 126 and 127) or i.v. (mouse 128 and 129).

(F) Analysis of T. cruzi infection in a mouse model. In vivo luminescence images are shown for the untreated control group (left), the group treated with TB56
(center), and the group treated with BZN (right) acquired at 3 days post infection (dpi), before the treatment started, and at 7 and 9 dpi, respectively, after 3 and
5 days of treatment with the indicated compounds. A visual reduction of luminescence levels can be observed both for TB56- and BZN-treated mice.

(G) Luminescence quantification of the images shown in (F), confirming a significant inhibition of T. cruzi in TB56-treated mice relative to the control group at 7 dpi,
albeit weaker than for the BZN-treated mice.

(H) Weight of the mice used and reported in (F) and (G) measured at the start and at the end of the experiment (0 and 9 dpi). The differences observed are
statistically non-significant.

All assays in (A)-(D) were performed with two to six biological replicates tested in technical quadruplicates (A), one to five biological replicates tested in technical
quadruplicates (C), and technical quadruplicates (B and D). In (A)-(D), data are represented as mean + SD. In (G) and (H), data are shown for each individual
mouse, represented by an individual symbol, and the mean and SD are represented, respectively, as light gray horizontal and vertical lines, n = 5. p values were
calculated using one-way ANOVA with spherical data and Tukey’s multiple tests.
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tcDAC2 active site of a unique pocket that potentially does not
exist in human HDACs. This pocket recalls the unique pocket
found in HDACS8 that appears important for HDAC8 activity
(Marek et al., 2018). Importantly, reminiscent of the HDAC8-se-
lective pocket, the tcDAC2-unique pocket could be used to
develop selective inhibitors to fight Chagas disease.

Specifically, we show that one inhibitor used in our study can
partially occupy this pocket (Video S1) and shows anti-parasitic
effects in in cellulo and in vivo models of infection. Although the
in vivo effects are surpassed by the Chagas-disease-approved
drug BZN, the fact that our compound has potency in the low
micromolar range and is rapidly degraded in vivo leaves room
for the development of novel stable drug candidates. The fact
that it does not make use of the full interaction potential of the
tcDAC2-unique pocket potentially explains its reduced selec-
tivity and provides a clear path for structure-guided improve-
ment. Other hydroxamic-acid-based HDAC inhibitors are
approved for therapy of human diseases, which shows that the
pharmacokinetic weakness can be overcome in this class of
inhibitors.

Thus, tcDAC2 represents an important target to develop new
drugs against T. cruzi since this enzyme is functionally essential
to the parasite, in contrast to the T. brucei tbDAC2 homolog.
Importantly, analysis of the conservation of active site residues
in different trypanosome species shows that most of them
have a DAC2 enzyme that resembles tcDAC2 and not tbDAC2
(Table S3). DAC2, therefore, also represents a potential thera-
peutic target in these other trypanosome species. More gener-
ally, our results show that the different trypanosome HDACSs,
due to their atypical character, could also be used as drug tar-
gets. Most importantly, this also applies to the other major path-
ogens causing leishmaniosis and malaria that harbor evolution-
arily distinct zinc-dependent HDACs (Scholte et al., 2017) but
whose structures still remain unknown. Therefore, our work
opens new avenues toward the species-specific targeting of eu-
karyotic pathogens.

Limitations of the study

Two common potential technical limitations of our study
concern its structural and chemical inhibition analyses. First,
the reported structural analyses could be impacted by the mo-
lecular interactions within the protein crystals. The comparison
between our two unrelated crystal forms with totally different
crystal packings, however, supports the robustness of the con-
clusions drawn. Second, we cannot exclude off-target effects
of the inhibitors tested when performing in cellulo and in vivo
studies. More generally, epigenetic mechanisms are essential
to the life cycle of many pathogens, and targeting of epigenetic
effectors represents an important field of the anti-parasitic in-
vestigations. The current study does not address the involve-
ment of tcDAC2 in epigenetic mechanisms. This will require
the dedicated identification of its specific targets, which may
reveal, considering the small number of HDACs in trypano-
somes, a dual involvement in both epigenetic and non-epige-
netic mechanisms. Similarly, this study does not address the
question of whether tcDAC2 possesses a deacetylation activity
or a deacylation activity, or even a dual deacetylation/deacyla-
tion activity in vivo. This will also require the independent iden-
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tification of tcDAC2 substrates, as well as their posttransla-
tional modifications.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Escherichia coli BL21(DE3) Invitrogen Cat#C600003
DH5a. Invitrogen Cat#18265017
Chemicals, peptides, and recombinant proteins

Hygromycin B GIBCO Cat#10687010
G418 GIBCO Cat#10131027
Trizma Base Sigma Cat#T1503-1KG
Blasticidin GIBCO Cat#A1113903
RPMI 1640 GIBCO Cat#31800022
PBS Invitrogen Cat#003002
RNase A Sigma Cat#R5503
Propidium iodide Invitrogen Cat#P3566
Panotico Laborclin Cat#620529
Ndel New England Biolabs Cat#R0111S
BamHI New England Biolabs Cat#R0136S
Ampicillin Sigma Cat#A9393-25G
LB Broth medium Sigma Cat#L.3022-1KG
Isopropyl-1-thio-B-D-galactopyranoside Sigma Cat#16758-1G
(IPTG)

Fetal Bovine Serum (FBS) GIBCO Cat#12657029
KClI Fluka Cat#P3911-500G
Talon Superflow Metal Affinity Resin Merck Cat#GE28-9574-99
TCEP Sigma Cat#C4706-10G
Aluminum sheets coated with Silica gel 60 Merck Cat#1055540001
F254

CHCl3 Sigma-Aldrich Cat#650498
Formic acid Sigma-Aldrich Cat#F0507
MeOH Sigma-Aldrich Cat#82762
CDCl3 Sigman-Aldrich Cat#151823
DMSO-dg Sigma-Aldrich Cat#151874
Liver Infusion Tryptose (LIT) medium Prepared in house (Camargo, 1964)
Piperidine Sigma-Aldrich Cat#8.22299
PyBOP Sigma-Aldrich Cat#8.51009
DIPEA Sigma-Aldrich Cat#D125806
HoNOTHP Synthesized in house (Heimburg et al., 2016)
NaHCO3 Sigma-Aldrich Cat#S8875
MgSO, Sigma-Aldrich Cat#M3409
EtsN Sigma-Aldrich Cat#8.08352
HCOOH Sigma-Aldrich Cat#F0507

Ac-Leu-Gly-(TFA)Lys-AMC
Z-(FzAc)Lys-AMC
AreaPlate-96 F microplates
KH,PO4

DMSO

Trichostatin A

Synthesized in house
Synthesized in house
PerkinElmer

Sigma

Sigma

Sigma
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(Bradner et al., 2010)
(Heltweg et al., 2004)
Cat#6005540
Cat#P5655-100G
Cat#D2650
Cat#T8552-1MG
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Trypsin Sigma Cat#T0303-1G
HDACH1 BPS Bioscience Cat#50051
HDAC6 BPS Bioscience Cat#50006
Bovine Serum Albumine (BSA) Sigma Cat#A7030-10G
OptiPlate TM-96 F black microplates PerkinElmer Cat#6005279

Swissci 48-Well MRC Maxi Optimization
Plates

Swissci 96-Well MRC Maxi Optimization
Plates

Molecular Dimensions

Molecular Dimensions

Cat#MD11-004-10

Cat#MD11-00-10

Glycerol Sigma Cat#G9012-100ML
PEG200 Sigma Cat#P3015-250G
Glutamine GIBCO Cat#21051024
alamarBlue Invitrogen Cat#DAL1100
Chlorophenol red B-D-galactopyranoside Roche Cat#10884308001
Benznidazole Sigma Cat#419656
DMEM low glucose medium GIBCO Cat#31600034
Penicillin-Streptomycin GIBCO Cat#15140148
Paraformaldehyde Sigma Cat#P6148
Evan’s Blue Sigma Cat#E2129

DAPI Sigma Cat#D9542
(2-Hydroxypropyl)-B-cyclodextrin Sigma Cat#332607
DPBS GIBCO Cat#21600010
Propanolol Sigma Cat#40543
Acetonitrile Sigma Cat#34851
D-luciferin Biovision Cat#7903-100
Quisinostat Euromedex Cat#S1096

NP40 (Nonidet P-40) Sigma Cat#74385

TB51 Synthesized, this paper N/A

TB56 Synthesized, this paper N/A

TB72 Synthesized, this paper N/A

TB75 Synthesized, this paper N/A

Mocetinostat Selleck Chemicals S1122

Entinostat Selleck Chemicals S1053

NCC-149 MedKoo Biosciences Cat#407293
Vorinostat (SAHA) Clinisciences HY-10221-250MG
PCI-34051 Selleck Chemicals S2012

Critical commercial assays

MEGAshortscript T7 kit Invitrogen Cat#AM1354

Fluor de Lys drug discovery kit

Enzo Life Sciences

Cat#BML-KI178

Deposited data

Crystallographic structures PDB PDB: 7Q1B, 7Q1C

Experimental models: Cell lines

Mouse L929 Fibroblasts ATCC NCTC clone 929 [L cell, L-929, derivative of
Strain L]; Cat#CCL-1

Vero cells ATCC Cat#CCL-81

Experimental models: Organisms/strains

Trypanosoma cruzi Tuhaluen strain

Provided by Frederick S. Buckner, from
University of Washington.

Tulahuen LacZ clone C4

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Trypanosoma cruzi Cas9-GFP expressing
strain

Trypanosoma cruzi Dm28c strain
NMRI mice

Balb/C mice

Trypanosoma cruzi Dm28c strain
expressing firefly luciferase

Previous work from G. Picchi-Constante
team

Stock from Fiocruz Parana
Charles River Laboratories

Provided by Laboratory of Animal Models,
from Fiocruz Parana

Provided by Wanderley de Souza lab, from
UFRJ

(Romagnoli et al., 2018)

(Contreras et al., 1988)

https://www.criver.com/
products-services/find-model/nmri-mouse

N/A

(Henriques et al., 2014)

Oligonucleotides

Oligonucleotides See Table S4 N/A
Recombinant DNA
pGEM-T-Easy Promega Cat#A1360

pTc2KO-bsd, -hyg and -neo

pnEA/3CH-tcDAC2

pX330 plasmid
ptcDAC2

Provided by Fragoso lab, from Fiocruz
Parana

This paper

Genscript
This paper

(Pavani et al., 2016)

(Diebold et al., 2011; Vincentelliand Romier,
2016)

(Peng and Tarleton, 2015)
N/A

Software and algorithms

EMBOSS-Needle
FlowdJo Ver. 10.1r7.

Eukaryotic Pathogen CRISPR guide RNA/
DNA Design Tool

MAFFT

OriginPro Ver. 9.0.0.

XDS BUILT = 20200131
Phenix Ver. 1.19rc4_4035
Coot

MolProbity

GraphPad Prism Ver. 7.05.
Harmony Software Ver. 4.8.

Living Image Software Ver. 4.3.
UCSF Chimera Ver. 1.15.
Espript 3

EMBL-EBI, EMBOSS-Needle
BD Bioscience, FlowJo
http://grna.ctegd.uga.edu/

EMBL-EBI, MAFFT
OriginLab

XDS

PHENIX

Coot

MolProbity

GraphPad
PerkinElmer, Harmony High-Content
Imaging and Analysis Software

PerkinElmer, Living Image Software
UCSF Chimera
Espript

(Madeira et al., 2019)
N/A
(Peng and Tarleton, 2015)

(Katoh et al., 2019)

N/A

(Kabsch, 2010)

(McCoy et al., 2007; Liebschner et al., 2019)
(Emsley et al., 2010)

(Williams et al., 2018)

N/A

N/A

N/A
(Pettersen et al., 2004)
(Robert and Gouet, 2014)

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Christophe

Romier (romier@igbmc.fr).

Materials availability

All unigue/stable reagents generated in this study will be made available upon request but may require a complete Materials Transfer
Agreement if there is potential for commercial applications. The TB compounds are available upon request but can also be synthe-
sized using the protocol provided in this manuscript.

Data and code availability

The crystallographic structures reported in this manuscript have been deposited at the PDB and are publicly available from the
date of publication (PDB: 7Q1B, 7Q1C). Accession numbers are listed in the key resource table. Data reported in this manuscript
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will be shared by the lead contact upon request. This manuscript does not report original code. Any additional information required to
reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In vivo animal studies

For the in vivo infection assays, all animal procedures were approved by the Animal Care and Testing Committee of the Tuiuti Uni-
versity of Parana (CEUA-UTP No. 006-18) and follow the current ethical regulations. All mice were housed in a pathogen-free animal
care facility at Fiocruz Parand and were kept under controlled environmental parameters of temperature, humidity and positive pres-
sure. Female 5-week-old isogenic BALB/c mice housed 5/cage were used for experiments and grouped in the same cage according
to each treatment. The pharmacokinetic study was performed at the CRO Adlego Biomedical (Uppsala, Sweden) with ethics approval
granted by the regional animal experimental ethics committee in Stockholm, Sweden. The male NMRI mice were 7-8 weeks at arrival
to Adlego’s test facility and were acclimatized for a minimum 5 days prior to the study under controlled environmental parameters of
temperature and humidity. There were 4 mice in each individually ventilated cage.

Cell lines and microbe strains

Vero cells were cultured in DMEM low glucose medium supplemented with 10% FBS, 10 units/mL of penicillin and 10 ng/mL of strep-
tomycin. Mouse L929 fibroblasts were cultured in RPMI-1640 medium, containing 10% FBS and 2 mM glutamine. Both cell lines were
maintained at 37°C in a humid 5% CO, environment and passed every 3-4 days.

T. cruzi Dm28c (Contreras et al., 1988) epimastigotes were cultured in liver infusion tryptose (LIT) medium (Camargo, 1964) sup-
plemented with 10% fetal bovine serum (FBS) without agitation at 28°C. Infective trypomastigote cells of T. cruzi Dm28c were ob-
tained by in vitro differentiation of epimastigotes (Bonaldo et al., 1988) followed by infection of Vero cells cultured in supplemented
DMEM low glucose medium at 37°C in a humid 5% CO, environment. After 96 h, infective trypomastigote cells released in the me-
dium were collected by centrifugation and stored under liquid nitrogen.

Infective trypomastigote forms from T. Cruzi Tulahuen strain were obtained by in vitro infection of mouse L929 fibroblast mono-
layers cultured in RPMI-1640 medium containing 10% FBS and 2 mM glutamine at 37°C in a humid 5% CO, environment (Romanha
et al., 2010).

Organisms
The tcDAC2 protein was produced in the Escherichia coli BL21(DE3) bacterial strain. More information is provided on the growth con-
ditions in the Methods details section.

METHOD DETAILS

Sequence comparisons

For sequence comparisons, only the deacetylase domains were considered. Those of human HDACs were chosen based on avail-
able structural data. For those of trypanosome HDACs, the boundaries of these domains were defined based on inter-parasitic
seguence conservation, sequence conservation between the parasitic and human HDACs, secondary structure predictions and dis-
order predictions. These analyses revealed the existence of a large, almost 200 residues long and potentially disordered region in the
center of the trypanosome DAC3 enzymes. Sequence similarities and identities were calculated on the identified deacetylase do-
mains (excluding the DAC3 insertion) using the global EMBOSS-Needle alignment program. Multiple sequence alignments were
done with MAFFT and displayed using Espript.

Gene targeted deletion by homologous recombination

Gene targeted deletion was achieved by homologous recombination. The flanking sequences of the tcDAC1 and tcDAC2 genes were
initially amplified by PCR from T. cruzi Dm28c genomic DNA, using specific primers. Neomycin phosphotransferase or hygromycin
phosphotransferase B containing cassettes were amplified from pTc2KO-neo and pTc2KO-hyg (Pavani et al., 2016), respectively.
Complete knockout cassettes were obtained by fusion PCR using the individual fragments and external primers.

Single and double knock out strains for both tcDAC1 and tcDAC2 were obtained as previously described (de Souza et al., 2010).
Briefly, epimastigote forms of T. cruzi Dm28c were transfected with 20 ug of 5'flank-hyg-3'flank cassette DNA and selected in LIT
medium supplemented with hygromycin B (500 pg/ml). The hygromycin resistant population was subsequently transfected with
20 ug of 5'flank-neo-3'flank cassette DNA and selected in LIT medium supplemented with hygromycin B (500 ug/ml) and G418
(500 pg/ml). The selected population was used for further analyses.

Gene targeted deletion mediated by CRISPR-Cas9

Null mutants were also obtained by the CRISPR/Cas9 methodology using a T. cruzi Cas9-GFP expressing strain (Romagnoli et al.,
2018). For this purpose, sgRNA sequences were designed using the Eukaryotic Pathogen CRISPR guide RNA/DNA Design Tool
(Peng and Tarleton, 2015). DNA templates were generated by using PCR to amplify the sgRNA scaffold sequence from plasmid

Cell Reports 37, 110129, December 21, 2021 e4




¢ CelPress Cell Reports

OPEN ACCESS

pX330 (Peng and Tarleton, 2015) with specific forward primers that contain the T7 promoter and a 20-bp target-specific sequence
(Figure S8). The sgRNA was obtained by in vitro transcription using the MEGAshortscript T7 kit according to the manufacturer’s
instructions.

CRISPR-Cas9 mediated knock out was obtained by transfection of 5 x 10° Cas9-GFP expressing cells with 20 ug of specific
sgRNA using the U-033 program in an Amaxa Nucleofector device as previously described (Romagnoli et al., 2018). All the analyses
were carried out between 1- and 3-days post-transfection.

tcDAC2 complementation assays

A genetic complementation strategy was designed to investigate specific mutations of tcDAC2 which are relevant for the functional
characterization of this enzyme. The experimental strategy is based on the CRISPR-Cas9 technology combined with two variants of
the tcDAC2 gene sequences, one sensitive and another resistant to a specific sgRNA. The sensitive variant (tcDAC2_sens) serves as
a negative control (knock out phenotype) since it has no alteration in the original tcDAC2 sequence (Figure S8A), being cleaved by
Cas9 at the same time as the genomic tcDAC2 copy, while the resistant versions contain silent mutations at the sgRNA recognition
site, so that the sequence is not cleaved by Cas9 as it is not recognized by the sgRNA (Figure S8B).

Thus, DNA templates designed to be resistant to Cas9 cleavage allow gene replacement by specific mutants of the tcDAC2 gene to
test for complementation of genomic knockout (tcDAC2_res, tcDAC2_Y371F, tcDAC2_AIns2 and tcDAC2_ACQC). Briefly, tcDAC2_res
corresponds to the positive control of the complementation assay, since it contains no change outside the sgRNA recognition site. In
contrast, tcDAC2_Y371F, tcDAC2_AC and tcDAC2_AIns2 are the test molecules, since they contain, respectively, a substitution of
the catalytic residue, a deletion of the acidic-rich C terminus, and deletions of an internal loop and of the acidic-rich C terminus.

All five different DNA templates were obtained by site-directed mutagenesis followed by fusion PCR and cloning of the resulting
PCR products into pPGEM-T-Easy. In addition, a blasticidin S resistance cassette digested from pTc2KO-bsd (derived from pTc2KO-
hyg; Pavani et al., 2016) was cloned into all plasmids and the complete constructs were confirmed by DNA sequencing.

Cas9-expressing T. cruzi cells were independently transfected with 30 ug of each construct (ptcDAC2_res, ptcDAC2_Y371F,
ptcDAC2_AlIns2, ptcDAC2_AC and ptcDAC2_sens; Figure S8C) and the five resulting populations were stably maintained under se-
lection marker pressure (12.5 pg/ml blasticidin) (Figure S8C). For the complementation assays, the blasticidin-selected populations
were transfected with a tcDAC2 specific sgRNA to knockout the endogenous tcDAC2 gene (Figure S8C). All the analyses were per-
formed between 1- and 10-days post-transfection.

Cell cycle analysis

Cell cycle analyses were performed in a FACSAria Il (Becton Dickinson) cytometer. A total of 1 x 10° cells was harvested (3000 x g,
5 minutes), suspended in 100 pL of PBS and mixed with 100 uL of propidium iodide staining solution (3.4 mM Tris-HCI pH 7.4, 0.1%
NP40, 10 png/ml RNase A, 10 mM NaCl, 30 pg/ml propidium iodide). Propidium iodide was excited by a 488 nm laser and emitted light
was recorded using a 616/23 bandpass filter (PE-Texas Red channel). At least 10,000 single cell events were collected and then
gated based on pulse area versus pulse width of the PE-Texas Red channel, excluding cell aggregates and debris. DNA content
of gated cell population was analyzed (Nunez, 2001) using FlowJo V10.1r7.

Morphological characterization

Morphological characterization was obtained as previous described (Romagnoli et al., 2018). Specifically, a total of 1-10 x 10° cells
was deposited on a glass slide, allowed to dry and fixed in methanol. After drying, samples were clarified for 4 min with 5 M HCI and
washed 5 times with water. After a second drying step, the samples were stained with Panotico. Parasites were observed by light
microscopy using a Nikon Eclipse E600 or a Leica DMi8 microscope.

Cell proliferation analysis
For cell proliferation analysis, epimastigote cultures were established at a density of 0.5 - 1 x 10° cells/ml and population growth was
monitored during four days by cell counting in a Z series Coulter counter (Beckman Coulter).

Molecular cloning and mutagenesis

The tcDAC2 wild-type gene and its mutants were PCR-amplified and cloned between the Ndel and BamHI restriction sites of the
pnEA/3CH vector that encodes a C-terminal His-tag preceded by a protease 3C site (Diebold et al., 2011; Vincentelli and Romier,
2016). E. coli DH5q cells were used for cloning and re-amplification of plasmid vectors, whereas E. coli BL21(DE3) cells were
used for recombinant production of tcDAC2. The tcDAC2 gene mutants were generated by fusion PCR or rolling circle strategies,
gel-purified and ligated into the plasmid pnEA/3CH. All clones were verified by DNA sequencing.

Large-scale production of tcDAC2

E. coli BL21(DE3) cells were transformed with the plasmid coding for the various tcDAC2 constructs of interest using 100 pg/ml ampi-
cillin for plasmid selection. Ampicillin-resistant colonies were inoculated in large agar plates (15 cm) which were then incubated over-
night at 37°C. Film-forming E. coli cells were suspended in 10 mL 2xLB medium per large agar plate (15 cm). The bacterial suspension
was used to inoculate 5-L Erlenmeyer flasks (1 L 2xLB medium, ampicillin 100 ug/ml) where cells grew (200 rom, 37°C, and 6 h) until
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reaching ODgqg of 0.8. Induction was done at 22°C by adding 0.7 mM isopropyl-1-thio-B-D-galactopyranoside (IPTG). Harvested
bacteria were suspended in lysis buffer (50 mM KCI, 10 mM Tris-HCI pH 8.0) and lysed by sonication. The lysate was clarified by
centrifugation (17,000 rpm, 55 min, 4°C, Sorvall Lynx 6000 Thermo Scientific). The supernatant was loaded onto Talon Superflow
Metal Affinity Resin pre-equilibrated with the lysis buffer. The His-tagged proteins were released from the Talon resin by protease
3C (home-made) treatment and subsequently loaded onto a 16/60 Superdex 200 gel filtration column pre-equilibrated with the lysis
buffer supplemented with 0.5 mM TCEP (pH 7.0).

TB compounds synthesis

All solvents were analytically pure and dried before use. Thin-layer chromatography (TLC) was carried out on aluminum sheets coated
with silica gel 60 F254. For column chromatography under atmospheric pressure, silica gel 60 (0.036-0.200 mm) was used. Medium-
pressure liquid chromatography was used for more thorough purification of compounds that after gravity column chromatography
had purities of < 95%. As stationary phase, silica gel 60 (0.040-0.063 mm) was used. Filling of the columns was performed with the aid
of a Cartriger C-670. The elution solvent was mixed and pumped through the column via two pumps (both Pump Module C-601) and
the Pump Manager C615. Fractions were collected by a Fraction Collector C-660. All equipment mentioned above was acquired from
the manufacturer Buchi. The eluent was also CHCI3; with 0.25% formic acid and a MeOH gradient. For detection of the product a
C-630 UV Monitor was used as well as TLC.

Final compounds were confirmed to be of > 95% purity based on HPLC. Purity was measured by UV absorbance at 254 nm. HPLC
instrumentation consisted of an XTerra RP18 column (3.5 mm 3.9x100 mm; Waters, Milford, MA, USA) two LC-10AD pumps, an SPD-
M10A VP PDA detector, and an SIL-HT auto sampler all from the manufacturer Shimadzu (Kyoto, Japan). The mobile phase was in all
cases a gradient of MeOH/H,0 (starting at 95% H,0 going to 5% H,0).

Mass spectrometry analyses were performed with a Finnigan MAT 710C (Thermo Separation Products, San Jose, CA, USA) for
ESI-MS spectra, and with a LTQ (linear ion trap)-Orbitrap XL hybrid mass spectrometer (Thermo Fisher Scientific, Bremen, Germany)
for HRMS-ESI (high-resolution mass spectrometry) spectra. For HRMS analyses, the signal for the isotopes with the highest preva-
lence was given and calculated for 3Cl and "°Br.

"H and '*C NMR spectra were taken on a Varian Gemini 2000 and a Varian Inova 500 using CDCl; and DMSO-dg as solvents.
Chemical shifts (3, ppm) are referenced to the residual solvent signals.

The general procedure for the synthesis of the cinnamic acid derivatives 2a-e is represented in Figure S9 and described below:

To the respective aldehyde 1a-e (1 eq) and malonic acid (1.2 eq) in pyridine was added piperidine (0.1 eq) and the mixture was
stirred at 80°C until completion of reaction was confirmed by TLC. After that, ice and concentrated hydrochloric acid were added.
The formed precipitate was collected by filtration, washed with water and dried under reduced pressure to afford the corresponding
carboxylic acid 2a-e.

General procedure for conversion of the carboxylic acid into the corresponding hydroxamic acid derivatives 4a-e: PyBOP (1.2 eq)
was added to a solution of carboxylic acid 2a-e (1.0 eq) and DIPEA (2.5 eq) in dry THF and the reaction mixture was stirred at RT. After
15 min HoNOTHP (1.5 eq) was added and the resulting mixture was stirred at RT overnight. The mixture was concentrated and the
residue was taken up in DCM and washed with 5% aqueous NaHCO3. The organic layer was separated, dried over MgSQy,, filtered
and evaporated. The crude residue was purified by column chromatography on silica gel (eluent: CHCI3 with 0.25% EtzN / MeOH).
The THP-protected intermediate 3a-e was dissolved in MeOH and a catalytic amount of 1M aqueous HCI was added. The reaction
mixture was stirred at RT until completion of reaction was observed by TLC. The solvent was evaporated and the crude product was
purified by column chromatography on silica gel (eluent: CHCI3 with 0.25% HCOOH / MeOH) to obtain the hydroxamic acid 4a-e.

(2E)-3-(dibenzo[b,d]furan-4-yl)-N-hydroxyprop-2-enamide (4a, TB56): pale pink powder; yield: 26%; 'H NMR (400 MHz, DMSO-
d6) & 10.97 (s, 1H, NHOH), 9.11 (s, 1H, NHOH), 8.22 — 8.16 (m, 2H), 7.81 — 7.70 (m, 3H), 7.59 (ddd, J = 8.4, 7.4, 1.3 Hz, 1H), 7.45
(dd, J =10.8, 4.3 Hz, 2H), 7.02 (d, J = 15.9 Hz, 1H, Ha); "*C NMR (101 MHz, DMSO-d6) 5 162.71 (s), 155.35 (s), 153.26 (s), 132.60
(s), 127.95 (s), 127.67 (s), 124.24 (s), 123.50 (d, J = 6.4 Hz), 123.12 (s), 122.35 (s), 122.03 (s), 121.35 (s), 119.75 (s), 111.68 (s); MS
(ESI-, MeOH) m/z (%): 252.34 (100) [M-H]"; HRMS-ESI m/z [M+H]* calcd for C15H12NO3*: 254.0817, found: 254.0809. Purity is higher
than 95% as assessed by HPLC.

(2E)-N-hydroxy-3-(naphthalen-2-yl)prop-2-enamide (4b, TB75): off-white powder; yield: 62%; 'H NMR (400 MHz, DMSO-d6)
5 10.80 (s, 1H, NHOH), 9.07 (s, 1H, NHOH), 8.07 (s, 1H, H1), 7.97 - 7.89 (m, 3H, H5, H6, H8), 7.71 (d, J = 8.7 Hz, 1H, H3), 7.62 (d,
J =15.8 Hz, 1H, HB), 7.54 (m, J = 6.3, 3.1 Hz, 2H, H4, H7), 6.60 (d, J = 15.8 Hz, 1H, Ha); MS (ESI-, MeOH) m/z (%): 212.28 (100)
[M-H]"; HRMS-ESI m/z [M+H]* calcd for C13H12NO,*: 214.0868, found: 214.0864. Purity is higher than 95% as assessed by HPLC.

(2E)-3-(2,4-dichlorophenyl)-N-hydroxyprop-2-enamide (4d,TB51): pale yellow powder; yield: 48%; "H NMR (400 MHz, DMSO-d6)
510.88 (s, 1H, NHOH), 9.16 (s, 1H, NHOH), 7.72 (d, J = 8.8 Hz, 1H, H6), 7.70 (d, J = 2.1 Hz, 1H, H3), 7.67 (d, J = 15.9 Hz, 1H, Hp), 7.48
(dd, J=8.4,1.8Hz, 1H, H5), 6.53 (d, J = 15.7 Hz, 1H, Ha); MS (ESI-, MeOH) m/z (%): 230.17 (100) [M-H]"; HRMS-ESI m/z [M+H]* calcd
for CgHgCI,NO,*: 231.9932, found: 231.9928. Purity is higher than 95% as assessed by HPLC.

(2E)-N-hydroxy-3-(3-phenoxyphenyl)prop-2-enamide (4e, TB72): off-white powder; yield: 39%; '"H NMR (400 MHz, DMSQ-d6)
5 10.72 (s, 1H, NHOH), 9.05 (s, 1H, NHOH), 7.47 — 7.36 (m, 4H, HB, H3', H4’, H5'), 7.33 (d, J = 7.7 Hz, 1H, H6), 7.22 - 7.13 (m, 2H,
H2, H5), 7.04 (dd, J = 8.6, 0.9 Hz, 2H, H2’, H6’), 7.00 (dd, J = 8.0, 1.8 Hz, 1H, H4), 6.43 (d, J = 15.8 Hz, 1H, Ha); MS (ESI-, MeOH)
m/z (%): 254.30 (100) [M-H]; HRMS-ESI m/z [M+H]* calcd for C45H14,NO3™: 256.0974, found: 256.0969. Purity is higher than 95%
as assessed by HPLC.
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tcDAC2 activity and inhibition assays

Upon initial purification of the tcDAC2 enzyme, several assays were investigated to measure tcDAC2 activity. Two assays have been
shown to measure reproducibly tcDAC2 deacetylase activity and have been used subsequently for our mutational and inhibition
studies. First, tcDAC2 activity tests were carried out with the Ac-Leu-Gly-(TFA)Lys-AMC substrate, according to the manufacturer’s
instructions with a substrate concentration of 50 uM. Fluorescence was measured in a plate reader (BMG Polarstar) with excitation at
A =390 nm and emission at A = 460 nm. ICs, values were determined with OriginPro (version 9.0.0, Northampton, Massachusetts).
Second, tcDAC2 activity tests were carried out with the fluorogenic substrate ZMTFAL (Z-(F3Ac)Lys-AMC) (Heltweg et al., 2004) in 1/
2 AreaPlate-96 F microplates (PerkinElmer). The total assay volume of 30 uL contains 12.5 ul assay buffer (15 mM Tris, pH 7.5, 50 mM
KH,PO,4, 3 mM MgSO,-7 H,O and 10 mM KCI), 10 uL of enzyme solution in assay buffer, 2.5 uL of increasing concentrations of in-
hibitors in DMSO and 5 pL of the fluorogenic substrate ZMTFAL (Z-(F3Ac)Lys-AMC) in assay buffer (25 uM). After incubation (90 min,
37°C) 30 pL of stop solution, containing 2.5 uL Trichostatin A (TSA) (33 uM) and 5 pL trypsin (6 mg/mL) in trypsin buffer (50 mM Tris-
HCI, pH 8.0, 100 mM NaCl), were added. After incubation (30 min, 37°C), the fluorescence signal (Aex = 390 Nm, Ao, = 460 NmM) was
measured on a BMG LABTECH POLARstar OPTIMA plate reader (BMG Labtechnologies, Germany).

hsHDAC1/6 activity and inhibition assays

Commercially available human recombinant HDAC1 and human recombinant HDAC6 were used. Activity assays were performed as
described before (Heltweg et al., 2005). Total amount of assay volume (60 pL), containing 52 pL of enzyme solution in incubation
buffer (50 mM Tris-HCI, pH 8.0, 137 mM NaCl, 2.7 mM KCI, 1 mM MgCl,, and 1 mg/mL bovine serum albumin), 3 uL of increasing
concentrations of inhibitors in DMSO and 5 pL of the fluorogenic substrate ZMAL (Z-(Ac)Lys-AMC, 126 uM), were pipetted into Op-
tiPlateTM-96 F black microplates (PerkinElmer). Followed by an incubation step (90 min, 37°C). Stop solution (60 pL), containing 5 uL
Trichostatin A (TSA, 33 uM) and 10 pL trypsin (6 mg/mL) in trypsin buffer (Tris-HCI 50 mM, pH 8.0, NaCl 100 mM), were added. After
incubation (30 min, 37°C) the fluorescence signal signal (Aex = 390 nm, Aem = 460 nm) was measured on a BMG LABTECH POLARstar
OPTIMA plate reader (BMG Labtechnologies, Germany).

hsHDACS activity and inhibition assays

For HDACS activity testing the commercially available Fluor-de-Lys (FDL) drug discovery kit was used. The assay was performed
according to the manufacturer’s instructions. Enzyme solution (15 pl), inhibitor in increasing concentrations (10 pL) and FDL sub-
strate solution (25 pL) were pipetted into 1/2 AreaPlate-96 F microplates (PerkinElmer) and the assay was incubated for 90 min at
37°C. Developer solution (50 puL) was added. After incubation (45 min, 30°C) the fluorescence signal signal (Aex = 390 Nnm, Aem =
460 nm) was measured on a BMG LABTECH POLARstar OPTIMA plate reader (BMG Labtechnologies, Germany).

Dynamic light scattering

The dynamic light scattering (DLS) experiments were conducted with tcDAC2 protein solutions (2mg/ml) in a buffer containing 50 mM
KClI, 10 mM Tris-HCI (pH = 8.0) and 0.5 mM TCEP using a DynaPro NanoStar instrument (Wyatt). Protein solutions were centrifuged at
13,000 rpm for 10 min prior to DLS measurement in order to remove impurities. Before measurement the temperature was equili-
brated to 20°C.

Differential scanning fluorimetry

Thermal stability of tcDAC2 was measured by a label-free differential scanning fluorimetry (DSF) approach using a Prometheus NT.48
instrument (NanoTemper Technologies). Specifically, the shift of intrinsic tryptophan fluorescence of tcDAC2 proteins upon gradual
temperature-triggered unfolding (temperature gradient 20°C to 95°C) was monitored by detecting the emission fluorescence at 330
and 350 nm. The measurements were carried out in nanoDSF-grade high sensitivity glass capillaries (NanoTemper Technologies) at a
heating rate of 1°C/min. Protein melting points (Tm) were inferred from the first derivative of the ratio of tryptophan emission inten-
sities at 330 and 350 nm. All the assays were done in triplicate.

Limited proteolysis assay

Limited proteolysis reactions contained 20 pL reaction buffer (50 mM KCI, 10 mM Tris-HCI pH 8.0), 7 uL protein (6.5 mg/ml) and 3 pL
serially diluted trypsin protease (0.1 to 0.000001 mg/ml). The reactions were incubated at 4°C for 1h, and then stopped by addition of
15 pL Laemmli buffer. Limited proteolysis products were analyzed by SDS-PAGE and visualized by Coomassie Brilliant Blue staining.

Protein crystallization experiments and data collection

The tcDAC2 enzyme in complex with Quisinostat (QSN) or TB56 inhibitors was prepared for crystallization by mixing the purified pro-
tein (concentration of 0.12 mM to 0.3 mM) with a three or five-fold molar excess of the inhibitors and incubated for 1 h at 4°C. Crys-
tallizations were performed in 96-, 48- or 24-well plates (MRC). Crystals of the tcDAC2/QSN complex were obtained in 5% PEG 6000
and 0.1 M HEPES pH 7.0 or pH 7.5. Crystals of the tcDAC2/TB56 complex were obtained in 8% PEG8000, 0.2 M MgCl,, and 0.1 M
Bis-tris or Bis-tris propane pH 6.5. Crystals used for X-ray data collection were briefly transferred into reservoir solution supple-
mented with 22% glycerol or PEG200 and flash-frozen in liquid nitrogen. Crystallographic data were collected at 100 K on Swiss Light
Source (SLS) synchrotron beamline PX-Il and SOLEIL synchrotron beamline PROXIMAZ2.
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Structure determination and refinement

Crystallographic data were processed and scaled using XDS (Kabsch, 2010). The structure of tcDAC2/QSN complex at 1.7 A reso-
lution was solved by molecular replacement with Phaser (McCoy et al., 2007) implemented in Phenix (Liebschner et al., 2019) using
our tcDAC2 homology-derived model as a search model. The structure of the tcDAC2/TB56 complex at 2.3 A resolution was solved
by molecular replacement with Phaser (McCoy et al., 2007) implemented in Phenix (Liebschner et al., 2019) using the tcDAC2/QSN
structure. The initial models were refined through several cycles of manual building using Coot (Emsley et al., 2010) and automated
refinement with Phenix (Liebschner et al., 2019). The final models were validated using tools provided in Coot (Emsley et al., 2010) and
Molprobity (Williams et al., 2018). Video animations were produced with Chimera (Pettersen et al., 2004).

Determination of cytotoxicity on L929 cells

To assess the cytotoxicity over L929 cells, 4,000 L929 cells suspended in 200 pL of RPMI-1640 medium plus 10% FBS and 2 mM gluta-
mine were added to each well of a 96-well microtiter plate and were incubated for three days at 37°C in a humid 5% CO, environment.
The medium was then replaced, and the cells were exposed to compounds at eight different concentrations. After up to 72 h of incu-
bation with the compounds, alamarBlue™ was added, incubated for 4-6 h, and the absorbance at 570 and 600 nm was assessed. Con-
trols including untreated and 1% DMSO-treated cells were run in parallel. Four technical replicates were run in the same plate and the
experiments were repeated at least in two biological replicates. The results were expressed as the percent difference in the reduction
between treated (TC) and untreated cells (UT), using the equation: ((117,216) (Absszo TC) - (80,586) (Absgag TC))/((117,216) (Abss7o UT) -
(80,586) (Absggg UT)) x 100. Dose-response curves were plotted using GraphPad Prism version 7.05. Non-linear regression was used to
determine CCsq values.

L929 cell infection assays

The in vitro test of trypanocidal activity was performed as previously described (Romanha et al., 2010; Buckner et al., 1996), using the
T. cruzi Tulahuen strain expressing the Escherichia coli B-galactosidase gene. Specifically, 4,000 L929 cells were added in 80 pL of
supplemented medium, without phenol red, to each well of a 96-well microtiter plate. After an overnight incubation, 40,000 trypomas-
tigotes suspended in 20 uL volume were added to the cells and incubated for 2h. Medium containing parasites that did not penetrate
the cells was replaced with 200 pL of fresh medium and incubated for an additional 48h, allowing the establishment of infection. The
medium was then replaced by compounds diluted at different concentrations in fresh medium (200 pL) and the plate was incubated
for 96h at 37°C. After this period, 50 pL of 500 uM chlorophenol red B-D-galactopyranoside in 0.5% Nonidet P40 was added to each
well, followed by an incubation of 18 h at 37°C, after which the absorbance at 570 nm was measured. Controls included: uninfected
cells, untreated infected cells, infected cells treated with 3.8 uM benznidazole (positive control) or cells exposed to 1% DMSO. The
results were expressed as the percentage of T. cruzi growth inhibition in compound-tested cells as compared to the infected cells and
untreated cells. Quadruplicates were run in the same plate and the experiments were repeated at least in two biological replicates.
Compounds and the reference drug benznidazole were serially diluted (1:4 ratio) in RPMI medium, to obtain eight-points (from 80 pM
t0 0.0025 uM). Dose-response curves were plotted using GraphPad Prism version 7.05. Non-linear regression was used to determine
the ECsq values.

Intracellular T. cruzi inhibition in infected Vero cells

Vero cells were cultured in DMEM low glucose medium supplemented with 10% FBS, 10 units/mL of penicillin and 10 pg/mL of strep-
tomycin at 37°C in a humid 5% CO, environment. Infective trypomastigote cells of T. cruzi Dm28c were obtained as previously
described (Bonaldo et al., 1988) and stored under liquid nitrogen. Trypomastigotes from a frozen stock were amplified in Vero cells
for one passage before starting the assays. For Vero cells infection assays, 3x10° cells adhering to 96-well plates were infected with
6x10* trypomastigotes in a MOI of 20:1 in four technical replicates for 16h. After this time, the wells were washed twice with PBS to
remove the parasite cells that remained free. TB56, Quisinostat (QSN) and the reference drug benznidazole (BZN) were initially diluted
in DMSO to obtain a ten-point serial dilution (1:3 ratio) from 18 mM to 0.905 uM. Subsequently, 1 uL of each dilution was added to
200 pL of culture medium to obtain final culture concentrations from 90 uM to 0.045 uM in 10 points of 1:3 factor each (final DMSO
was 0.5% v/v). The medium containing the compounds was homogenized prior to addition to cells. Medium containing 0.5% DMSO
(v/v) was administered to control wells of uninfected and untreated cells. Cultures were maintained under the same conditions for 24,
48 and 72h to determine EC5o and CCsq values. For image analysis, the cells were washed twice with PBS prior to and after fixation
with 4% paraformaldehyde (PFA) for 15 min and stained with 0,001% Evans’ blue and 1 ng/mL DAPI. Images of 25 fields per well were
acquired on an Operetta Image System (PerkinElmer) and analyzed using the Harmony software to discriminate nucleus, cytoplasm
and the spots delimited for the intracellular amastigotes. The number of cells and amastigotes per well were determined and dose-
response curves were plotted using GraphPad Prism version 7.05. Non-linear regression was calculated to determine CCso and ECsg
for cells and parasites, respectively. The inhibition ratio (in %) was calculated based on the mean of cells or amastigotes from the
infected untreated wells.

Pharmacokinetic study

The TB56 pharmacokinetic study was performed using four NMRI mice (Charles River, Germany) where two mice were administered
50 mg/kg TB56 intravenously (i.v.) and two mice were administered 50 mg/kg TB56 orally by gavage (p.o.). The formulation of TB56
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was: 5mg/ml TB56 in 7% DMSO, 35% (w/v) HPBCD in DPBS, pH ca 7. The health status of the mice was followed and blood sampling
took place at 15, 60 and 180 min (i.v.) and 30, 60 and 180 min (p.o.). Following the last blood sampling the animals were euthanized.
The blood samples were immediately centrifuged and the plasma transferred and frozen. Bioanalysis of the plasma samples was
performed by LC-MS/MS using an ACQUITY UPLC-TQD (Waters). Propranolol was used as an internal standard. Preparation of
plasma samples: 20 pl of each plasma sample and the standard samples (prepared from TB56 DMSO stocks using inactive mouse
plasma) were added to 100 pl (5 volumes) cold acetonitrile with 2 uM propranolol (internal standard) in a 96-well plate. The plate was
left for 20 minutes equilibration on a shaker table. The plate was then centrifuged for 15 min at 2800 rpm, 4°C and 50 pl of the su-
pernatants were transferred to wells containing 100 pl distilled water in another 96-well plate. The plate was left to equilibrate on
a shaker table for 10 minutes. The plate was sealed and the LC-MSMS experiments performed. The analysis of each sample was
performed in duplicate. The quantification of the plasma concentrations was done with the eight point calibration curve obtained
from the TB56 standard plasma samples ranging from 160 uM to 9.8 nM (R? = 0.999).

Mouse infection assays

Mouse infection assays were performed with three groups of five mice each of 5-week old Balb/C females infected by intraperitoneal
injection with 2x10° T. cruzi Dm28c trypomastigotes expressing firefly luciferase (Henriques et al., 2014). One group comprised the
untreated controls and a second group was treated with the reference drug benznidazole, while the third group received TB56. TB56
and benznidazole were prepared in 7% DMSO (v/v), 40% (2-Hydroxypropyl)-B-cyclodextrin (v/w) in DPBS. Intraperitoneal injections
were performed from day 4 to day 8 post-infection with 50 mg/kg/day of each compound. Mice from the control group were treated
with vehicle only. Parasite load was determined by luminescence quantification using D-luciferin administered at 150 mg/kg 10-
20 min before data acquisition using a IVIS Spectrum CT (Perkin-Elmer) on dorsal and ventral positions, on days 3, 7 and 9 post infec-
tion. Images were processed using the Living Image v.4.3 software. Regions of interest (ROI) were selected to the full body including
tail. Background auto luminescence was calculated using the same ROI size where indicated. Total flux [photons/second] was
considered for calculations and average radiance [photons/sec/cm?/steradian] for image units. Statistical analysis was performed
by using one-way ANOVA with spherical data and Tukey’s multiple tests in GraphPad Prism v.7.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification methodologies and details of specific statistical tests are included under the relevant subsections of the Methods de-
tails section. Information regarding the number of mammalian host cells, T. cruzi cells, animals, biological and technical replicates is
provided in figures, figure legends and in the respective subsections of the Methods details section. In all cases, biological replicates
are defined as independent experiments and technical replicates as replicates done in the same experiment.

In vitro HDAC inhibition assays are represented as mean + SD of technical triplicates. For T. cruzi cell proliferation analysis, the data
points represent the average of biological duplicates shown as mean + SD. Cell Cycle diagrams represent the distribution of the
different stages of the 10,000 single cell analyzed. In L929 and Vero cell toxicity assays and in the respective L929 and Vero cell infec-
tion assays with T. cruzi Tulahuen and Dm28c strains, the datapoint represent the mean of technical replicates and the error bars
represent standard deviation (SD) of the experimental values. CCsq and ECs, for cells and parasites, respectively, were determined
by using non-linear regression. Statistical analyses for the in vivo data were performed by using one-way ANOVA with spherical data
and Tukey’s multiple tests in GraphPad Prism.
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Figure S1. Multiple sequence alignments of the trypanosome class | HDACs. Related to Figure 1. (A)
Multiple sequence alignment of trypanosome (tc, Trypanosoma cruzi; tb, Trypanosoma brucei) DAC1
enzymes with class |, class Ilb and class IV human (hs) HDACs. Residues involved in zinc binding are
shown with yellow stars, the catalytic tyrosine as blue star. The yellow diamond marks the residue in
the active site L6 loop distinguishing the HDAC1-3 and HDAC11 isozymes subfamilies from the other
human HDAC isozymes. The blue diamond marks the neighboring residue in the L6 loop gatekeeping
the HDAC active sites. Secondary structure elements from hsHDAC1 are shown above the alignment.
The C-terminal sequences of some HDACs have been removed for clarity and the number of residues
removed is indicated. ‘*’ marks the end of the sequences. (B) Same as in (A) for DAC2 enzymes.
Insertions specific to DAC2 enzymes are boxed and active site loops are indicated. The green diamond
marks the arginine that caps tcDAC2 L6 loop. Purple circles mark important residues forming the
tcDAC2-unique pocket. Grey diamonds mark non-conserved active site residues in tbDAC2. Secondary
structure elements (o, a-helices; 3, B-strands; 1, 310-helices) are those observed in tcDAC2 structure.

The alighments were produced with Espript (Robert and Gouet, 2014).



DAC3 DAC4
n000 000000000000 QOO0 =k noag L0000
110 120 120 is0 160 170 - 130 1590 160 170

tcDAC3 GVVYDDVMLQHEST.DPT..D TLEEPRAI[FILQcERRISREVAR TKEPR LVEEIAHTID tcDacC4 LEVPPIDR. .. I RAIELFRSAPRAGELLPEELLCPDKGEVDTMT. . . . .

tbDAC3 GVAYDEVTLLHAST.DPG..D TLDH| RRLHHRSHRTRIFIRLVEITEHTD tbDAC4 EHVPPVDR. ..V RAVEASRSAPRAAHFLPMELQSSGERSPPREGAPVGT

hsHDAC6-CD1 GLVLDEQLNEFHCLWDDS . . FP| 1IKEQ SFQARFLERESIMLV . LJLEYID hsHDAC6-CD1 CLWDDS. .F ATKEQIIQ..... s e

‘hsHDACE-CD2 GLVYDONMMNHCNLWDSH. .HP IMCR| LTLTPRPATEALTCLEAEYVE hsHDAC6-CD2 NHCNLWDSH. .H RIMCREEE. .. .. A i

‘ThsHDAC10 ALVYHEDMTATRLLWDDPECET ALDR| LRLSARENSEEFIGLV PEYVS hsHDAC10 LL DPECE AAMLDRRO. ... . aais L

hsHDAC4 GLVYDTLMLKHQCTCGSSSSHP IWSR| ECIRGREMNTLEBIQTV/ CJEAHT . heHDAC4 L QCTC\jSBSSH SIWSREQE..... b e

'hsHDAC7 GLIYDSVMLKHQCSCGDNSRHP)| TwsR| ECLRGRREISLEF4QSVEEIERHY . hsHDAC7 MLKHQCSCGDNSRH SIWSRIQE..... e e
— 2000 400000000000 0Q0000QQ

00Qo000 000QQ000Q 000000000000000000000 feen
180 190 200 210 220 180 190 210 220

tcDAC3 SVDQLEVAALLRHPETSYS. . . SRR opLyanTsTsxARRMEVECV IaARALSHVRGE tcDAC4 GATRGDVNDTSLS[EVISPEYW] vS...RYREFVEQGTALP e

tbDAC3 SVDQLEVATLLRKPGESCN.............. LY.\NEN‘I!;SR AR\RAR\A[ECA TAAAL S VIRGE tbDAC4 GATAGETPSAAPSET. . . PLW]I| IH...R ncrz!zsman‘n P

hsHDAC6-CD1 LMETTQYMNEGELRVLAD. . A VYLEPNSYSCHC LSSV LRLVDAYLGAE :lmﬂz-gg; . v E ;" ;;c:.'n. ;eﬁ::iég’ﬁ'm:: 2::::]51:2 e

hsHDAC6-CD2 HLRATEKMKTRELHRESS.. styicesTraciloLi\TEAACRLVEAYLSGE SHDAC6 -~ = i1 | y

hsHDAC10 LVRETQVLGKEELQALSG. . ciiiiiaiae.....QFDATYFEPSTFECHRLAAEAGLOLVDAYLTGA hsHDAC10 - -+« .RELEQR L LGLVESPEYVSLVRETQVLGREELQALSG. e

hsHDAC4 LLYGTNPLNRQKLDSKKLLGSLAS .VFVRLPCGGVGVDSDTIWNEVHSAGANRLIAVECVVELVFRATGE hsHDAC4 . v...TELRGRCECIRGUKNTLENLOTVISEART . LLYGTNPLNRQKLDSKKLLGSLAS . VF

hsHDAC? LLYGTNPLSRLKLDNGKLAGLLAQRMFVMLPCGGVGVDTDTIWNELHSSNANRWAA[SVTDLAFKASRE hsHDAC? . « . -RELRSQCECLRGUKLSLELLQSVLISEREV . LLYGTNPLSRLKLDNGELAGLLAQRMF

20000 0000000000000000
230 240 230 240 250 260 270

teDAC3 iy RVAQQELR. ..... tcDACA . . . LESDVYlcNDMT|S S AV I/DA AR RAL S GAPS[F AlFiC L VEEEEEEC

tbDAC3 RAAQRELKKLQEGGNAAPSPRSSGGECE tbDACS . ..LETDVYCNGKT|SSI AVVDAARRALSGSPAFAFCLVESIIIEA

hsHDAC6-CD1 RYAQQKHR. hsHDAC6-CD1 - .. TYDSVYLHP 1o 8VLRLVDAVLGAETRN fSirrpouEL)

hsHDAC6-CD2 RHAQTISG. hsHDACS-CD2 . ..NFDSIYICPSTFAC] AACRLVEAVLS

heHDAC10 AHAKQKHG . hsHDAC10 g ...QFDATYFHPSTFHC AGLQLVDAVLTGAV

hsHDAC4 KLLQORLS. . hsHDACA VRLPCGGVGVDSDTIWNEVESAGA CVVIELVIFKVATGELKN

hsHDAC? RQLOQQSK. e e ..ASK hsHDAC? VMLPCGGVGVDTDTIWNELHS|SN SVTDLAFKVASRELRN

310 3z0 330 300 310
HGTGRGHVLRKAPTVF TDTIDLDALAALMEETTG - 145~ tcDAC4 DWRDNNNG.........SGDSDGGPP|
GHILREKNPTVVDNIVELDDLAALMDPIED-136- tbDAC4 QDWHVKYDCGVGGSRSVPSEERDIPER
B it sitimas hsHDAC6-CD1 QOKHR isssnasenus «aff
hsHDAC6-CD2 AQTIISGH L
hsHDAC10 H ool
_____________ hsHDAC4 ..M
_____ hsHDAC7 T . B
00p  — 02000000000 200 — 0000000000
490 500 510 530 540 370 3so 3so 400 410
teDAC3 GDTRAER . TLGHICDLENLQVFLDI VARV tcDACY GYEYDPRGDTAYI[ERYRNVCNVAVHTAANDFACCEEVVSDAVFERVVDDIFV
tbDAC3 GDANP . TENQIGDLENLQVVLDVVLFVMR tbDACA Y JCDPAGATSYV[IQHRNICNVAVDTAATDFARCEEVISDMLFARVVDDVFL
hsHDAC6-CD1 B .QVGUIRDADMIAAFLHVLL)ZVA hsHDAC6-CD1 WYJELEASNWSTTEFGQGQ.GYTINVPWHNQ «..MRDADYIAAFLHVLL
hsHDAC6-CD2 «...RA .GPREIGDADMLAAWHRL VLI Al hsHDAC6-CD2 JFrdMGDECASSQI[ERAAGT . GFTVNVAWNG] «..MGDADYLAAWHRLVL
hsHDAC10 ...RG .QVGIGNADMVAAFLHLLL)ILA hsHDAC10 LW FLRESDADAV{ERGQGL . GFTVNLPWHQ -..MGNADYVAAFLHLLL
hsHDAC4 ki GLDPPIGDAEMLAAFRTVVHMITA hsHDAC4 rilG8G. . APDEV[ETGPGV . GFNVNMAF . -PMGDAEYLAAFRTVVHN
hsHDAC? ...AG AGGLDPPIGDPENLAAFRIVVMIIIA hSHDACT HriiGSG. . AVDEV[EAGS|GE . GFNVNVAWAGGLDP . . PMGDPEYLAAFRIVVM
200 =——s K 00000000000 i
51? 58? 59? 509 6 l‘q I!l? 46? I'Jl?
tcDAC3 SMCVSPSGYYLLTRKAVSALC. PHLVVAPELE Y NS NVARC SER VMR A tcDAC4 [RMAVE| . GG[F|TY KQFCRTQQQSSRGL
tbDAC3 | . PELVVV|B:telely IS NVARC SEA VM tbDACA [RMAVE . GGFIAY| KRFCL.....QSQGTI
hsHDAC6-CD1 GGKLT LSpEYeley: ALAEGVSAS| hsHDACE-CD1 [EMAATPAGFAQ e GL
hsHDAC6-CD2 SGRIILIIAAEY TSI SE[SMAACIT| hsHDAC6-CD2 IGCQVSPEGYAH .+ GLAS
hsHDAC10 GGRVCAVAAelely HME S /L AE(S VCMTV| hsHDAC10 QMQATPECFAH o wie eV
hsHDAC4 GGRIVLAPEIIEEDATA ICDASEAC| hsHDAC4 GYNLSARCFGY oo m miml N
hsHDAC? GGAVVLARLlIHDIATIA I CDA SEAC]V] hsHDAC? GYHVSAKCFIGY 5 5
620 630 ﬁ‘l? 650 0 51? 529 53?
tcDAC3 2 .?:‘GT.APLF"“E 'WY?E!WERERQE!G RCFSHPE* tcDACA AR . [PaNDA B nyﬂn@npafn TJRFARMARQQYEM
£bDAC3 . .SNGSRSELPRSRMLWCOAEELVQQ THGGYOCLNPNSFDEMCK* +bDACA .PFDDV. YARLRTPKTWMELRSRLSRRMEVRT
hsHDAC6-CD1 . .DECPMLESFPGAPC..RSAQASVSCALEALEPFEVLVRSTETVERDN -cp1 L MLESPGAPCRSAQASVSCALEALERFWEVLVRSTETVERDN
hsHDAC6-CD2 . .DEPPLLTLPRPPL..SGALASITETIQVHRRYRSLRVMKVEDREGP hsHDAC6-CD2 [ YNL/TST TRSALGDEPP. .. LLTLPRPPFLSGALAS rmzmr|q HRRYWRSLRVMKVEDREGP
hsHDAC10 . .DEAPPLSGPMAPC. .QSALESIQSARAAQAPHUKSLQQQDVTAVPMS hsHDAC10 LE TVQTHLGDPAP. .. PLSGEMAPCQSA :15;9 RAAQAPHWKSLQQQODVTAVEMS
hsHDAC4 ELDPLPEKVLQQRPN. .ANAVRSMEKVMEIHSKY(JRCLOQRTTSTAGRSL hsHDAC4 HDLTAIC ViSAMLGNELDPLPERVLQQRPNANAVRE gn".,H;ngKymzm QRTTSTAGRSL
hsHDAC7 RVDELSEEGWKQKEN. . LNAIRSLEAVIRVHSKY[IGCHQRLASCEDSWV hsHDAC? DLTATICDASEACVAAMNLGNRVDPLSEEGWKQKPNLNA IRS LUEAV IRVESKYWGCMQRLASCPDEWY




Figure S2. Multiple sequence alignments of the trypanosome class llb HDACs. Related to Figure 1. (A)
Multiple sequence alignment of trypanosome (tc, Trypanosoma cruzi; tb, Trypanosoma brucei) DAC3
enzymes with class lla and Ilb human (hs) HDACs. For clarity, the large insertion in the middle of the
DAC3 enzymes is only partially shown and the number of residues removed from the alignment is
displayed. Residues involved in zinc binding are shown with yellow stars, the catalytic tyrosine as blue
star. The yellow diamond marks the residue in the active site L6 loop distinguishing the HDAC1-3 and
HDAC11 isozymes subfamilies from the other human HDAC isozymes. The blue diamond marks the
neighboring residue in the L6 loop gatekeeping the HDAC active sites. Secondary structure elements
are shown above the alighment. The C-terminal sequences of some HDACs have been removed for
clarity. “*” marks the end of the sequences. (B) Same as in (A) for DAC4 enzymes. The alignments were

produced with Espript (Robert and Gouet, 2014).



hHDAC1 hHDAC2 hHDAC3 hHDACS thDACL teDAC1 thDAC2 teDAC2
hHDAC1 63,0 39,5 39,1 39,1
hHDAC2 61,7 39,7 38,7 36,4
hHDAC3 39,8 37,7 39,6
hHDACS 60,5 61,0 59,4 33,4 Identities
thDACL 55,3 55,4 50,4
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thDAC2 37,1 38,4
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B
hHDAC4 hHDAC? | hHDAC6CD1 hHDAC6CD2 | hHDAC10CD1|  thDAC3 tcDAC3 thDAC4 tcDACA
hHDAC4 37,9 36,2 30,1 32,9
hHDAC7 36,8 36,6 32,6 33,0
hHDAC6CD1 52,6 51,9 54,0 30,2 31,8
hHDAC6CD2 57,8 54,1 63,9 50,8 32,5 33,9 |dentities
hHDAC10CD1 52,4 51,1 64,9 33,2 333
tbDAC3 64,0
tcDAC3
tbDAC4 37,7 31,2 36,1 36,2 31,6 38,1 633
tcDACA 33,4 38,7 37,8 39,0 39,3 39,2
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C
thDACL teDAC1 thDAC2 tcDAC2 thDAC3 tcDAC3 tbDAC4 tcDAC4
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tcDACL
thDAC2 37,2 38,1 51,0
tcDAC2 33,5 38,9 64,7 Identities
thDAC3 36,0 34,9 34,3 64,0
tcDAC3 35,4 33,6 30,4
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Figure S3. Sequence identities/similarities between human and trypanosome HDACs. Related to
Figure 1. (A-C) Sequence identities (upper right part of the tables) and sequence similarities (lower left
part of the tables) between (A) class | human and trypanosome HDACs, (B) class Il human and
trypanosome HDACs, and (C) trypanosome HDACs. The colour code is provided at the bottom of the
figure. Sequence identities/similarities were calculated with the EMBOSS Needle program using only
the catalytic domains of each HDAC as defined by structural data. Sequence boundaries of the catalytic
domains for the trypanosome HDACs, except for the DAC2 enzymes, were defined based on their

multiple sequence alignments. The large additional domain within DAC3 enzymes was removed for

sequence identities/similarities calculations.
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Figure S4. tcDAC2 complementation assay shows lethal phenotype for the Y371F mutation but not
for removal of the non-conserved acidic C-terminal tail. Related to Figure 2. The genetic
complementation strategy is based on the CRISPR-Cas9 technology combined with two variants of the
tcDAC2 gene sequences, one sensitive and another resistant to a specific sgRNA, as described in the
STAR Methods section. Cell cycle progression of the cell lines carrying the different genetic variants
was analyzed at the indicated times after sgRNA transfection. Cyan curves show wild-type cell profiles.
The red, blue and green line curves show mutant cell profiles. The tcDAC2_sens variant is the negative
control (knockout phenotype) and the tcDAC2_res variant is the positive control for tcDAC2
complementation. The tcDAC2_Y371F and tcDAC2_AC variants contain, respectively, the substitution
of the catalytic tyrosine residue by a phenylalanine and a deletion of the glutamic acid-rich C-terminal
region. The tcDAC2_Y371F variant shows phenotype similar to the tcDAC2_sens variant which does
not complement the deletion of the genomic copy of tcDAC2. dpt — days post-transfection. All assays
were performed with biological triplicates. Each cell cycle analysis represents data from at least 10,000

single cells.
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Figure S5. Stabilization of tcDAC2 by protein engineering and inhibitors. Related to Figures 3 and 4.
(A) Comparative limited proteolysis analysis of tcDAC2_AC and tcDAC2_AlIns2. Removal of a part of
Insertion2 in tcDAC2 has a strong protective effect on proteolysis, suggesting that Insertion2 is an
accessible surface loop. (B) T. cruzi complementation assay with tcDAC2_AIns2 shows no deleterious
effect of this variant. Cell cycle progression (left) and light microscopy images (right) of parasites
carrying the different genetic variants were analyzed at the indicated times after sgRNA transfection.
Cyan curves show wild-type cell profiles. The red and yellow line curves show mutant cell profiles.
tcDAC2_sens: negative control (knockout phenotype); tcDAC2-res: positive control for tcDAC2
complementation; tcDAC2_AIns2: loop deletion. The phenotype of cells carrying the tcDAC2_Alns2 and
tcDAC2_res variants is similar showing that tcDAC2_Alns2 can efficiently complement tcDAC2 gene
deletion. n — nucleus, k — kinetoplast, dpt — days post-transfection. All assays were performed with
biological duplicates. Each cell cycle analysis represents data from at least 10,000 single cells. (C)
Thermal stability of tcDAC2_AIns2 in presence of various inhibitors. The values on the abscissa
represent the gain in °C of melting temperature (ATm) of the inhibited enzyme compared to the

enzyme alone.
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Figure S6. Non-canonical nature of tcDAC2 C-terminal helix (09). Related to Figure 4. (A)
Crystallographic contacts made by tcDAC2 o9 C-terminal helix. The electrostatic potential (red,
negative potential; blue, positive potential) is displayed at the surface of the crystallographic
symmetric tcDAC2 monomer. This shows that both tcDAC2 a9 C-terminal helix and the region of
tcDAC2 core, where HDACs normally interact with their C-terminal helices, are both positively charged.
This explains that these two regions cannot interact with each other due to repulsive electrostatic
contacts. (B) Hydrophobic interactions positioning differently the start of tcDAC2 aC-helix. These
features are conserved in both structures solved, showing that they cannot be due to the crystal

packing observed in the tcDAC2/TB56 structure.
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Figure S7. Representative images from high-content image-based experiments for the determination
of T. cruzi inhibition by Benznidazole (BZN), Quisinostat (QSN) and TB56 in Vero cells infection assays.
Related to Figure 7. (A) Representative images of uninfected (left images) and infected (right images)
control cells both treated with DMSO showing the relevant features for assay quantification. Nuclei
from Vero cells and from intracellular T. cruzi amastigotes were visualized by staining the DNA with 1
pg/mL DAPI. The images of the left panels show the DNA-stained nuclei of Vero cells (grey) and T. cruzi
amastigote spots (green). In the right panels, Vero cells border and T. cruzi amastigotes spots were
determined using the Harmony software (PerkinElmer). In addition, the images on the right panels
show overlays of the DNA-stained images with the images of the cell borders and T. cruzi amastigotes
spots (white). The non-infected and infected Vero cells are shown in red and green, respectively.
Irregularities in nuclei staining of non-infected Vero cells can be misidentified by the software and are
labelled as spurious spots. Size bars = 100 um. (B) Images from the assays performed to determine the
inhibition effect of BZN on T. cruzi amastigotes in infected Vero cells. Sample images from the cells
treated with DMSO and 0.04 uM, 3.3 uM and 10 uM of BZN are shown. (C) Images from the assays
performed to determine the inhibition effect of QSN on T. cruzi amastigotes in infected Vero cells.
Sample images from the cells treated with DMSO and the concentrations of 0.04 uM, 0.12 uM and
0.37 uM of QSN are shown. (D) Images from the assays performed to determine the inhibition effect
of TB56 on T. cruzi amastigotes in infected Vero cells. Sample images from the cells treated with DMSO
and 0.04 uM, 3.3 uM and 10 uM of TB56 are shown. The images shown in (B-D) are from the median
48h time point. Size bars are 100 um for all images. (E) Determination of the ratio of the number of
intracellular T. cruzi amastigotes that remain in Vero cell in cultures treated with BZN, QSN and TB56
for 24, 48 and 72 hours. For the QSN (green line) and TB56 (blue line) assays, only the concentration
points with living Vero cells are shown in the graphs. As expected, the BZN (red line) treatment leads
to a consistent reduction of intracellular amastigotes reaching nearly zero in the higher concentrations
at the 48h and 72h time points. In the TB56 assay, the ratio of amastigotes per cell remains constant
in the first 24h but decreases similarly to the BZN treatment in the 48h and 72h treatment times. In
the case of QSN assay, the ratio of intracellular amastigotes increases. This indicates that the Vero cells
die at a faster rate than the intracellular amastigotes. All assays were done through technical

quadruplicates.
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Figure S8. Cas9-cleavage resistant sequences and tcDAC2 complementation assays. Related to Figure
2 and to STAR Methods. (A) Original tcDAC2 nucleotide sequence at the sgRNA_238 recognition site.
This sequence was maintained unaltered in the Cas9 sensitive variant. The sensitive variant
(tcDAC2_sens) serves as a control for the knockout phenotype. (B) tcDAC2 nucleotide sequence at the
sgRNA 238 recognition site with altered nucleotides (indicated in red) to generate a Cas9-resistant
variant but keeping the protein sequence unchanged. This resistant variant (tcDAC2_res) was
combined with the catalytic site (tcDAC2_Y371F), C-terminal deletion (tcDAC2_AC) and loop/C-
terminal deletion (tcDAC2-Alns2) mutants in T. cruzi expression plasmids (tcDAC2 plasmids) allowing
for gene replacement to test for complementation of genomic tcDAC2 knockout by the plasmid-borne
copy variants of tcDAC2. (C) Sequential steps of the complementation assay. Initially, tcDAC2 plasmids
were transfected into Cas9-expressing T. cruzi cells (left panel). After selection of the five derivative T.
cruzi transfectants (middle panel), the recombinant populations were transfected with the tcDAC2

sgRNA to knock out the genomic copies of tcDAC2 (right panel) for the phenotypical analyses.
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Figure S9. Scheme of synthesis of hydroxamic acids 4a-e. Related to Figure 3 and to STAR Methods.
Scheme for the synthesis of the new molecules used in this study. The different steps are summarized
as follows: (i) malonic acid, pyridine, piperidine, 3-6 h, 70-80°C, (ii) HCl, 0°C, O/N, 4-8h, (iii) PyBOP,
DIPEA, HoNOTHP, THF, room temperature, O/N, and (iv) HCl, MeOH, room temperature, 6-24h.



Table S1. Inhibitors ICso values (nM resp. % inhibition at the given concentration) for tcDAC2 and
selected human HDACs. Related to Figure 3.

Compound Chemical structure tcDAC2 | hsHDAC1 | hsHDAC6 | hsHDAC8
N~ 117 104 400
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\ YN s ] 182 6s
A7

t5 +0.3 +22 t4

Quisinostat O:IJVHMOI
N

~
Mocetinostat \ N\/ \N)\H/O\Q/H\&Z n.i.2 iolb @62%?”\/' > 10,000
X
Entinostat @Ao H/\Q\KH% n.i. T:; @:11ng >10,000°
H

4

N.
PCI-34051 (N\’©\r OH n.i. >10,000 | >10,000
N i +15
&)
NN i 69 % 96 %
_ = _OH % % 44
NCC-149 @( \/KQAH 10000 1 @ 25um | @25uMm +5
Cl (]
851 L oH 3000 3630 700 420
H £320 +190 £320 +60
Cl

(6]
OH
O o W 1150 3450 298 770

O +220 £100 +2 +185
O
o N _OH 1350 2200 119 113
1872 ©/ \©/\)LH +240 £200 +10 £20
O
H

o 824 2220 80 816

™ B
N
875 OO B +111 +60 +21 +198

an.i., no inhibition observed.

v

TB56

bvalues already published (Hess-Stumpp et al., 2007, Krieger et al., 2019, Marson et al., 2015).



Table S2. Data collection and refinement statistics. Related to Figures 4, 5 and 6.

Data collection* tcDAC2/QSN tcDAC2/TB56

Space group 1222 P21

Cell dimensions

a b, c(A) 82.17, 93.58, 119.46 66.07, 95.35, 96.92
o, B,y (°) 90.00, 90.00, 90.00 90.00, 103.50, 90.00
Resolution (A) 50 — 1.70 (1.81 — 1.70) 50.0 — 2.3 (2.44 — 2.3)
Rsym or Rmerge 11.0 (238.7) 19.5 (168.7)
I/ol 14.2 (1.0) 7.76 (1.23)
Completeness (%) 99.9 (99.5) 99.7 (98.8)
Redundancy 13.3 (13.0) 7.00 (6.78)
CC(1/2) 99.9 (67.4) 99.5 (42.5)
Refinement
Resolution (A) 46.79-1.75 48.1-2.30
No. reflections 46459 51993
Rwork / Rfree 0.192/0.218 0.196/0.224

Number of atoms

Protein 3042 6478

Ligand/ion 38 44

Water 226 230
B-factors

Protein 39.86 45.53

Ligand/ion 39.17 66.97

Water 4291 41.24

R.m.s. deviations

Bond lengths (A) 0.006 0.007

Bond angles (°) 0.743 0.927

* Values in parentheses are for the highest-resolution shell.




Table S3. Sequence differences of major active site residues in Trypanosoma strains. Related to

Figures 1 and 4.

. E156 H197 H198 F207 D237 | H239 F267 D328 | P334 | L335 | Y371
Strain L2 Ac Bind | AcBind | Channel Zn Zn Channel Zn L6 L6 Cat
T. cruzi E H H F D H F D P L Y
T. conorhini D H H F D H F D P L Y
T. rangeli D N H F D H F D P L Y
T. grayi D H H F D H Y D P I Y
T. theileri D H H F D H Y D P L Y
T. brucei D H N S D H F N P Y N
T. equiperdum D H N S D H F N P Y N
T. vivax 1 S H S ¢ R Y D P D Q

Residues diverging from canonical HDAC active site amino acids but potentially playing the same role are shown in red.
Residues potentially incompatible with a bona fide lysine deacetylase activity are shown in red and bold and are highlighted
yellow.

Ac Binding: residue participating to acetyl group binding.

Channel: residue participating to the active site pocket channel accommodating the lysine side chain aliphatic part.

Zn: residue participating in zinc binding.

L2: residue of L2 loop normally interacting with the main chain of the incoming acetylated target.

L6: residue in L6 loop.
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