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Abstract

Toxoplasma gondiiis a leading cause of neurological birth defects and a serious opportunistic
pathogen. The authors and others have found that 7oxoplasma uses a unique nucleosome
composition supporting a fine gene regulation together with other factors. Post-translational
modifications in histones facilitate the establishment of a global chromatin environment and
orchestrate DNA-related biological processes. Histone acetylation is one of the most prominent
post-translational modifications influencing gene expression. Histone acetyltransferases and
histone deacetylases have been intensively studied as potential drug targets. In particular, histone
deacetylase inhibitors have activity against apicomplexan parasites, underscoring their potential as
a new class of antiparasitic compounds. In this review, we summarize what is known about
Toxoplasma histone acetyltransferases and histone deacetylases, and discuss the inhibitors studied
to date. Finally, the authors discuss the distinct possibility that the unique nucleosome composition
of Toxoplasma, which harbors a nonconserved H2Bv variant histone, might be targeted in novel
therapeutics directed against this parasite.
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Apicomplexan parasites are important human and animal pathogens that cause diseases of
far-reaching impact on global health [1]. In this varied phylum, there are important
pathogens like Plasmodium, Toxoplasma, Cryptosporidium and Babesia genus, all of which
have obligate intracellular lifestyles that involve multiple proliferative and latent stages that
promote transmission. 7oxoplasmais distinct from most members of the large coccidian
family contained in the Apicomplexa phylum owing to the exceptional number of animals
that are able to serve as hosts, including virtually all warm-blooded vertebrates. 7oxoplasma

© 2012 Expert Reviews Ltd
"Author for correspondence: Tel.: +1 5422 4143 0323, Fax: +1 5422 4142 4048, vanagas@intech.gov.ar.

Financial & competing interests disclosure

SO Angel (Researcher), MC Dalmasso, SS Bogado and L Vanagas (Fellows) are members of National Research Council of Argentina
(CONICET). SO Angel and L Vanagas are also professors of UNSAM. This work was supported by NIH-NIAID 1R01A1083162 (to
SO Angel and WJ Sullivan) and NIH R01 Al077502 (to WJ Sullivan). The authors have no other relevant affiliations or financial
involvement with any organization or entity with a financial interest in or financial conflict with the subject matter or materials
discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this manuscript.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vanagas et al.

Page 2

gondii completes the definitive life cycle in a single animal host (feline); the capacity of
oocysts (shed from the feline host) as well as tissue cysts to infect multiple intermediate
hosts has enabled 7. gondiito dramatically increase presence worldwide [1-4].

Toxoplasmosis is of medical health importance because 7. gondii can cause opportunistic
disease in immunocompromised individuals because of reactivation of latent infection.
Toxoplasma can also cause spontaneous abortion or congenital birth defects in newborns if
the mother contracts the parasite for the first time during pregnancy [5]. The active form of
the parasite can cause encephalitis and neurologic diseases, but also can affect the heart,
liver, inner ears and eyes (chorioretinitis). Recently, toxoplasmosis has been linked with
brain cancer, attention-deficit hyperactivity disorder, obsessive compulsive disorder and
schizophrenia [6-9]. Despite the existence of effective drug regimens, in some cases either
the therapy is not well tolerated by the patient or drug-resistant parasites develop. In patients
under immunosuppressive therapy and particularly in those with AIDS, the treatment with
sulfonamides and dihydrofolate reductase inhibitors can cause side effects despite the
preventive administration of folinic acid [10]. Moreover, failure in therapy against 7. gondii
has been observed after the treatment of toxoplasmic encephalitis, chorioretinitis and
congenital toxoplasmosis [11-13]. In addition, most of the anti- 7. gondii drugs do not kill
the latent stage [14]. Therefore, intense research is currently focused on the development of
new drugs against 7. gondii (reviewed in [15]). In this regard, it is expected that parasite-
specific proteins, which present important or essential roles in 7. gondii pathogenesis, allow
the generation of novel therapies that can overcome some of the mentioned situations.

Toxoplasma is able to differentiate from the rapidly replicating tachyzoite stage (active
form) into a latent cyst form (brady-zoite stage). The tachyzoite—bradyzoite interconversion
includes important morphological and physiological changes that require modulation of
stage-specific gene expression [16]. Epigenetics, which includes post-translational
modifications (PTMSs) of histones as well as histone variant replacement [17], has arisen as a
central player in the regulation of gene expression in apicomplexan parasites. The goal of
this review is to summarize the knowledge about the modulation of histone acetylation and
deacetylation in 7oxgplasma, and how the inhibition of these processes alters parasite
biology. Finally, the authors discuss the rationale of using drugs that target enzymes
regulating these processes as a novel therapy against this important parasite.

Toxoplasma has a unique nucleosome composition

Cellular development, differentiation, growth and survival would not be possible without
tight control of gene expression, replication and DNA repair, processes that are linked to
nucleosome organization. Core histones are the building blocks of the nucleosome. They
have been classified into two groups: canonical histones and histone variants [18]. In every
protist parasite analyzed so far, the four core histones (H2A, H2B, H3 and H4) have been
identified, but the linker histone H1 appears to be absent in some cases, including
Apicomplexa [18]. Histone variants are paralogs of the canonical histones that assemble into
nucleosomes with specialized functions [19,20]. H4 and H2B lineages are practically
invariant, whereas H2A and H3 have extensively specialized variants (H2AZ, H2AX,
macroH2A, H2ABDbd, H3.3, cenH3) for many roles in transcription, DNA organization and
repair [21]. To date, macroH2A and H2ABbd have been detected only in vertebrates,
whereas the other histone variants have been identified in almost all of the protozoan
species. Interestingly, apicomplexan parasites contain a novel variant of H2B family named
H2Bv [22]. In T. gondii, H2Bv forms dimers mainly with H2AZ, but not with H2AX [23].
Moreover, H2AZ and H2AX are not present in the same nucleosome. It is interesting that
acetylated H3 can be present in the same nucleosome with these three variants but mainly
with H2Bv and H2AZ, also linking H2AZ and H2Bv with transcriptional activity [23].
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These findings reveal that the nucleosomal arrangement is not random in protozoa and may
exhibit intriguing differences relative to their mammalian counterparts.

T. gondii H2Bv, a unique hyperacetylated histone variant

Canonical histone H2B is often present in a number of nearly identical subtypes in higher
eukaryotes and there is currently no evidence of specific functions for each of the subtypes
[19]. Very few functional variants of H2B have been reported in nature and those that are
reported completely replace the canonical H2B and have very specialized functions related
to gametogenesis [24-26]. There are also reports of a highly divergent H2B variant located
on the X-chromosome of human testis (TH2B-175) that may have telomere-associated
functions and participate in the telomere-binding complex in human sperm [25,27].

By contrast, trypanosomatids and apicomplexan parasites possess two lineages of H2B, one
resembling canonical H2B and the other harboring characteristics of variant histones (Figure
1A) [22,28-30]. Plasmodium falciparum and T. gondii H2Bvs are constitutively transcribed,
in contrast to canonical H2Bs that exhibit replication-associated transcription [22,29].
H2Buvs differ from canonical H2Bs mainly in their long N-terminal sequence [18]. Recently,
it has been determined that this longer N-tail is hyperacetylated on K3, K8, K13, K14 and
K18 in P. falciparum (Figure 1B) [31]. Lysine acetylation is widespread on proteins of
diverse function and localization in the protozoan parasite 7. gondii, and also there exists
extensive histone acetylation among the unusual H2A and H2B variants expressed in
Toxoplasma [32]. Lysine acetylation was detected at four positions (K8, K13, K14 and K18)
within the N-terminal of the H2B variant [32], and also in lysines 107, 108, 113 and 117
[Jeffers V, Unpublished Data].. By contrast, no acetylation of canonical H2B has been
observed in P. falciparum [31] or in the N-terminal of 7. gondii H2Ba/H2Bb [32], but new
data indicate that some lysines of 7. gondiicanonical H2B are acetylated at the core and C-
terminal region of this histone [Jeffers V, Unpublished Data]. In addition, a preliminary
western blot analysis using antiacetylated H2B confirms that 7. gondii H2Bv is acetylated
[Vanagas L, Unpublished Data].. The observation of two fairly distinct H2B subtypes
suggests a novel divergence of H2B function in 7. gondiiand P. falciparum. Considering the
unique features of H2Bv in parasites, one might expect that its acetylation is important for
chromatin modulation. The presence of such hyperacetylated histone variants unique for 7.
gondii (and api-complexans), linked to active promoters, opens the possibility to find unique
remodeler enzymes whose inactivation could have a relevant effect on parasite development
and survival. If this is the case, we could hypothesize that unique and specific inhibitors
could also be developed against H2Bv-associated remodelers.

Histone acetylases & deacetylases as drug targets

Acetylation is one of several PTMs that occur in canonical and variant histones, and is
widely studied as one of the most prominent modifications influencing gene expression [33—
35]. Other PTMs include methylation, phosphorylation, ubiquitination, poly-ADP-
ribosylation and sumoylation, most of which are located on the N-terminal tails [36]. These
modifications can alter the chromatin structure directly by modulating the interactions of
proteins with DNA or allowing the recruitment of specific effector proteins. The different
PTMs on canonical histones and variants generate different marks on the chromatin that are
read by numerous transcriptional regulators as a unique histone code [37].

The role of histone acetylation in the regulation of chromatin structure in higher eukaryotes
involves neutralization of the positive charge of the histone N-terminal tails. This
attenuation between the histone proteins and the DNA leads to chromatin decondensation,
thereby enhancing transcriptional activity. On the other hand, histone hypoacetylation
restores the positive charge of histone N-tails, which tightens the binding of DNA and
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histones, leading to condensed chromatin and gene silencing [38]. The level of histone
acetylation is controlled by the concerted activity of histone acetylases (HATS) and
deacetylases (HDACs). In addition to weakening the interaction between DNA and
nucleosomes, acetylation contributes to the histone code by virtue of recruiting
bromodomain proteins. Acetylated lysines can be recognized by bromodomains, a domain
that is found on several transcriptional effectors [39].

HATSs are divided into two classes depending on their subcellular localization. Type A
HATSs include a number of heterogenic enzymes that share nuclear localization and global
functional similarity due to catalysis of transcriptional-related processes [40,41]. Within this
group, HAT members can be classified into five distinct families based on structural
homology in the primary sequence as well as the biochemical mechanism of acetyl transfer:
GNATSs (GCN5 N-acetyltransferases), MYSTs (MOZ, Ybf1/Sas3, Sas2 and Tip60), p300/
CBP (CREB-binding protein), general transcription factor HATs and nuclear hormone-
related HATSs [41-43]. By contrast, Type B HATS, like human HATL, are cytoplasmic and
responsible for acetylation of newly synthesized histone proteins, but not those that are
deposited. Type B HATS are also required for the transport of de novo-translated histones
through the nuclear membrane for subsequent replacement into newly replicated DNA [44].

HDAC: in eukaryotes have been divided into four classes [45-47], with classes | and |1
comprising enzymes that share similar catalytic domains and a Zn?* -dependent catalytic
mechanism. HDAC class | is represented in mammals by HDACs 1, 2, 3 and 8 and are
generally smaller than the class Il HDACSs with relatively short N- and C-terminal domains
surrounding the catalytic domain. The apicomplexan Cryptosporidium parvum HDAC3 was
identified as a member of a distinct group of Rpd3-like class | histone deacetylase proteins,
and it has also been identified in other apicomplexan parasites, including 7oxoplasma and
Plasmodium spp, and in photosynthetic eukaryotes as well [48]. In mammals, class Il
HDAC:s include HDAC4-7, HDAC9 and HDAC10 [47]. Class Il Sir2-related protein
(sirtuin) HDACs contain seven members (SIRT1-7) that share homology with yeast Sir2
[47]. Sirtuins (Sirt) 3, 4 and 5 are localized in the mitochondria, Sirts 6 and 7 are exclusively
nuclear, Sirt 1 has a dual nuclear/cytosolic localization and Sirt 2 is cytosolic [49]. Unlike
other known protein deacetylases, which simply hydrolyze acetyllysine residues, sirtuins can
act as mono-ADP-ribosyltransferases and the sirtuinmediated deacetylation reaction couples
lysine deacetylation to NAD™ hydrolysis [50]. Mammalian HDAC11 is in a separate class
(1V), the only member in this group to date [45].

As central factors in the regulation of chromatin and gene expression, histone remodelers are
often associated with cancer, prompting an increasing interest in HATs and HDACs as
targets for chemotherapy [51-54]. Inhibition of HDAC activity has been largely validated as
a viable therapeutic strategy for cancer treatment, with one hydroxamate-based HDAC
inhibitor (HDACI), suberoylanilide hydroxamic acid (vorinostat) [55], approved for the
treatment of persistent or refractory T-cell lymphoma [56]. It is widely accepted that
HDACis perform their antiproliferative activity through perturbation of chromatin
remodeling and altering the acetylation states of key nonhistone proteins [57]. HDACis are
also capable of inducing apoptosis via several pathways, including death receptors, the
mitochondrial pathway, selective activation of BH3-only proteins, or via the regulation of
the production of reactive oxygen species (ROS) [58]. Many HDACIs induce cell-cycle
arrest at G1/S [59]. As more HDACis become approved and enter the market, it becomes
increasingly important to test their efficacy against infectious diseases like toxoplasmosis. If
HDAC:s exhibit potent antiparasite effects in vivo, this could lead to a rapid new
advancement in therapy against 7oxoplasma and related pathogens. In this sense, an
important goal in this field is to identify aspects of the acetylation/deacetylation machinery
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that contain significant differences between human and 7. gondii, as these differences may
form the basis for novel and highly specific antiparasitic drugs.

Toxoplasma histone acetylases

Toxoplasma possesses homologues of the type A GCN5 and MYST family HATS, but not
the p300/CBP families (Figure 2) [60]. In addition, 7oxoplasma possesses an Elp3
homologue, the catalytic component of the elongator complex [60], and TAF250 [61]. A
noteworthy feature regarding the 7oxgp/asma GCN5 family is the presence of two members
(TgGCN5-A and -B) that exhibit different H3 acetylation activities and differentially
associate with two 7Toxgplasma ADA2 homologues /n vitro [62]. In higher eukaryotes,
recombinant GCN5 was found to acetylate histone H3 strongly and H4 weakly in a free
histone mixture. The primary sites of acetylation were lysine 14 on histone H3, and lysines 8
and 16 on histone H4 [43]. In contrast to other GCN5s, TJGCN5-A exhibits an unusual bias
to preferentially acetylate lysine 18 of histone H3 (H3K18) [63]. In humans, this
modification is mediated by the metazoan HAT CBP/p300 and facilitates recruitment of an
arginine methylase, coactivator-associated arginine methyltransferase 1, to activate
transcription [64]. It is important to note that, despite having nearly identical catalytic
domains, TJGCNb5-A and -B display different substrate specificity in HAT assays [62].
When individual lysine residues were examined for acetylation, TgGCN5-B was found to be
more like a prototypical GCN5 HAT because it is capable of targeting H3 [K9], [K14] and
[K18] [62]. TQGCNS5-A appears to be dispensable for normal tachyzoite growth, but it has
been detected by chromatin immunoprecipitation (ChlP) at the promoters of genes
upregulated during alkaline stress, which induces tachyzoite to bradyzoite differentiation.
Supporting a role in alkaline-induced bradyzoite development, the 7. gondii gcn5-A null
mutant fails to upregulate 74% of the genes normally activated in response to alkaline pH,
including key bradyzoite-specific genes [65]. Similar attempts to disrupt TJGCN5-B have
been unsuccessful, suggesting that in contrast to TgGCN5-A, TgGCN5-B may be essential
in tachyzoites.

It is interesting to note that the related apicomplexan parasite P. falciparum contains only a
single GCN5 member, PFGCN5, which preferentially acetylates H3K9 and K14 /n vitro
[66]. PFGCNS5 has an unusually long N-terminal extension, which appears to harbor the
nuclear localization signal, like in the 7. gondii GCN5-A and -B [67-69].

GCNS5 HATS function in multisubunit complexes and the substrate profile could vary /n
vivo. The coactivator ADAZ2 is a subunit of the GCN5 HAT complexes. While most lower
eukaryotes have one ADA gene, Toxoplasma contains two independent ADA2 homologues
(TYJADAZ2-A and -B) [62]. The ADA2 domain of each 7. gondiihomologue contains the
trademark regions present in other species, including the zinc finger ZZ domain, SANT
domain and ADA3-binding domain [62]. In the light of yeast two-hybrid tests, it was
observed that 79gGCN5-A only interacted with TQJADA2-B, whereas TgGCN5-B could
interact with both TQJADAZ2s [62].

Undoubtedly, TJGCN5-A and -B are not the only histone-modifying proteins involved in
regulating 7oxoplasma gene expression. 7oxoplasma has a couple of novel MYST family
HATSs (TgMYST-A and -B), each possessing a chromodomain (Figure 2) [70]. In
Toxoplasma, recombinant TgMYST-A has been verified to preferentially acetylate histone
H4 in vitro, a modification identified by ChIP to be a mark of gene activation pertinent to
parasite differentiation [17]. Further characterization of 7gMYST-A reveals that its
transcript gives rise to a long and short version of the HAT protein, both of which are more
abundant in the tachyzoite stage than in the bradyzoite stage. Attempts to knock out
TgMYST-Aor TgMYST-B have failed, and overexpression of either TgMYST HAT
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severely attenuates growth unless the HAT domain is rendered inactive by mutation,
suggesting that the expression levels of these HATS require precise regulation [70,71].

Collectively, these unique features of 7oxoplasma GCN5 and MY ST remodelers and their
essential role in parasite viability make these proteins attractive targets that could be used
against toxoplasmosis.

Toxoplasma histone deacetylases

Based on data retrieved by mining the 7. gondii genome project it could be observed that the
parasite genome encodes genes for five class I/l HDAC homologues as well as a
homologue to the Sir2 (class I11) subtype (Figure 3) [63]. A Sir2 orthologue in the
apicomplexan P, falciparum has been noted to have a critical role in mediating vargene
expression [72,73]. It has been proposed that PfSir2A and B could be potential targets for
antimalarial therapies because it is essential for P. falciparum growth in vitro[74], probably
due to the role in regulating virulence gene expression associated with erythrocyte
cytoadhesion [73,75]. PfSir2A, which has both histone deacetylase and ADP-
ribosyltransferase activity, and PfSir2B, are classified as type Il and type IV sirtuins,
respectively [75-77]. An analogous form of antigenic variation does not appear to occur in
Toxoplasma, and the characterization of subtelomeric region remains unstudied. Our
preliminary data suggest that the subtelomeric region in 7oxoplasmais a gene-free region
that is silenced with heterochromatin markers and a group of uncharacterized 7oxoplasma
specific gene family [DalmassoMC, Unpublished Data]. It will be of interest to elucidate if
TgSir2 has a role similar to PfSir2.

By using ChlIP analysis, it has been possible to deduce which histone-modifying proteins
may be controlling certain genes. For example, TgGCN5-A and TgHDAC3 work in concert
to activate or repress stage-specific genes, respectively [63]. TJHDACS3 has been shown to
localize in the nucleus [63] and is part of a large multiprotein complex termed the 7. gondii
corepressor complex (Tg-CRC) [74]. This complex includes TJHDAC3, TgTBL1, actin,
HSP70-like proteins, subunits of a 7. gondii TCP-1 ring complex (TRiC), and AP2 factors
[78]. AP2 domain proteins may represent a major lineage of transcription factors in
apicomplexan parasites [79]. Homologues of the human HDAC3-containing complexes are
present in the TJgHDAC3 complex, allowing us to predict that TgHDAC3 removes acetyl
groups from H4K5, H4K8 and H4K12 [80].

Remarkably, TJHDAC3 has been shown to pull down with a slicer-deficient Toxoplasma
Argonaute (Tg-AGO), an enzyme associated with RNA. silencing [78]. 7. gondiihas a vast
and complex repertoire of SRNA, including rdsRNA, satRNA, miRNA and siRNA [78]. It is
known that rdsSRNA and satRNA could be associated to maintain a repressive state of
heterochromatin [81,82]. In fact, 7. gondiisatellite regions are enriched in H3K9met1 and
H4K20met1, both marks of hetero-chromatin [78]. Based on that, Braun et a/. [78]
hypothesized that TJAGO-rdsRNA and TgAGO-satRNA complexes recruit TgHDAC3 to
guide this deacetylase to the heterochromatin region of the parasite genome, spreading
chromatin silencing.

Histone acetylation & Toxoplasma biology

A key report regarding the importance of epigenetics on 7oxoplasma physiology was
described in 2005, when researchers showed that histone-modifying complexes regulate
gene expression pertinent to brady-zoite differentiation [63]. The study was the first to use
ChIP assays to establish that bradyzoite-specific promoters are hypoacetylated in tachyzoites
but become acetylated under differentiation conditions. The authors extended this analysis to
show that TgGCN5-A was present at tachyzoite-specific promoters acetylating lysine
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residues in amino-terminal histone tails at the tachyzoite SAGZ promoter to allow
transcription. In addition, TJHDACS3 was present at bradyzoite-specific promoters,
inhibiting transcription at brady-zoite-induced BAGI and LDHZ promoters [63,83]. As
expected, promoters of constitutively expressed genes had acetylated histones in both life
cycle stages. Overall, these data indicate that there is a correlation between the patterns of
histone acetylation at gene promoters and the expression patterns of the respective gene,
which supports that acetylation is a mark of gene activation in 7oxop/lasma[17]. Microarray
analysis of Toxoplasma treated with an HDAC: further supported an important role for
histone acetylation in life cycle stage conversion [84].

By using the ChIP-chip method, Kim and colleagues were able to verify that acetylation of
H3 at lysine 9 (H3K?9), H4, and trimethylation of H3K4 occurs at promoters of actively
expressed genes [85]. Similar methods were used to identify that trimethylation of H3K9
and H4K20 is found at repressed genes localized at heterochromatic domains. It should be
noted that perfect correlations between acetylation levels and gene activation are not always
observed. For example, nucleosomes in the promoters of bradyzoite-specific genes bagZ and
ldh2have been found to be H3-acetylated in low-passage tachyzoites from strains that
differentiate more readily, whereas long-term strains (RH), which present a low efficient
rate of differentiation, did not show acetylated H3 in bradyzoite-specific genes [86]. These
results seem to suggest that in low passage tachyzoite strains these genes are pre-activated or
poised for expression but not necessarily expressed yet in the tachyzoite stage.

Histone acetylase and histone deacetylase inhibitors & T. gondii

Intense research is being conducted to explore the application of HDACI/HAT inhibitor
(HATI) to diseases other than cancer, where chromatin remodeling and protein acetylation
states may play significant roles [87]. Parasites can be likened to tumors in that they undergo
intense metabolic activity that is outside the control of the host. In 1996, Darkin—Rattray et
al. made the notable discovery that a novel antiprotozoal agent called apicidin (API)
inhibited a parasite HDAC [88]. The antiparasitic spectrum of API is unique in that it
appears to be specific for the api-complexan protozoa but is inactive against several of the
flagellated protozoa, including Giardia lamblia, Tritrichomonas foetus, Leishmania major,
Trypanosoma cruziand Trypanosoma brucei [88]. Table 1 summarizes the HDACis/HATiIs
that have been examined in parasites to date, including 7. gondii, and the specificity and
effectiveness demonstrated.

Histone deacetylase inhibitors

It is now recognized that HDACSs control gene activation as well as gene repression [89],
and participate in many reactions that might impact tachyzoite proliferation and survival.
Comparing the impact of different HDACis on 7. gondii proliferation shows that cyclic
tetrapeptides (e.g., API, HC-toxin and FR235222) are more effective than other HDACis,
such as trichostatin A, and the clinically relevant compound pyrimethamine (Table 1)
[88,90]. The use of 7. gondii cDNA arrays to analyze parasites exposed to the HDACi API
showed that transcriptional activity during bradyzoite development is largely affected,
perhaps because of the importance of gene-specific acetylation and deacetylation of histones
in parasite development [84]. The HDACi FR235222 is a novel cyclic tetrapeptide that
selectively targets TJHDACS3; it can cause induction of bradyzoite differentiation at
sublethal concentrations [90]. FR235222 also blocks the growth and differentiation of 2.
falciparum and P. berghei parasites in red blood cells [90]. Sonda et a/. found that exposure
of parasites to the HDACi FR235222 increased the levels of histone acetylation, altered
gene transcription and inhibited Giardia lamblia encystation, thus providing evidence that
epigenetic mechanisms are involved in stage differentiation in other parasitic protozoa [91].
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The inhibitory activity of FR235222 depends on a two-residue insertion within the catalytic
site of TJHDAC3, which is present exclusively in the HDAC3 family of proteins in
Apicomplexa; this insertion is absent from all other HDACs identified so far in other
organisms [90]. Using ChIP-chip assays, Bougdour et a/. were able to identify 369 7. gondii
genes that contained hypera-cetylated nucleosomes upon FR235222 treatment, one-third of
which are mainly expressed in the sporozoite and/or bradyzoite stage of the parasite [90]. In
the presence of 40 nM FR235222, growth was inhibited and approximately 80% of the
parasitic vacuoles expressed the bradyzoite-specific surface antigen glyco-protein-related
sequence 9/P36 at levels comparable to alkaline-stressed parasites, a stress that is known to
induce stage conversion. Inhibition of TJHDAC3 also prevents the formation of the
daughter cells. This is consistent with observations that a transient slowing of S phase leads
to mature bradyzoites, which possess a uniform genome content (LN DNA) consistent with
cell-cycle arrest in G1/G0 [92]. Taken together, these findings support that histone
acetylation plays an important role in the control of parasite differentiation and that
TgHDACS participates in the regulatory pathway leading to bradyzoites [90]. In a
subsequent study, FR235222 and derivatives were able to affect bradyzoites differentiated /in
vitro [93]. Interestingly, some FR235222 derivatives have shown a significant increase in
selectivity and a complete absence of cysts in infected mice upon treatment. This study also
showed the ability of FR235222 to permeate cell membranes, which is an important
advantage because anti- Toxoplasma therapeutics should be able to cross the blood—brain
barrier to access the central nervous system tissue where cysts are frequently located [93].
These studies suggest new approaches to develop drugs that are selective against 7. gondii,
especially in patients with cysts who are at risk of reactivating acute toxoplasmosis (patients
with HIV infection, hematological malignancies or undergoing organ transplantation).

Histone acetylase inhibitors

In contrast to the growing number of HDACI, only a few HATIs have been described. This
is a strange disparity since the modulation of HAT activities might contribute to the
treatment of cancer, AIDS, pulmonary diseases, Alzheimer’s disease, neurodegenerative
disorders or fungal infections [94]. Up to now, there are no studies analyzing the effect of
HATIs in toxoplasmo-sis, largely because of the paucity of specific HATis. The quinolone
derivative MC1626, a putative GCN5 HATI, slowed parasite growth but did not appear to
have activity against TJGCN5-A or -B enzymes [95]. There are some examples where
HATIs have been used in the related parasite P. falciparum. The treatment of different ~.
falciparum strains with the polyphenolic compound curcumin inhibited the growth of
parasites [96]. Another effect observed was a retardation of cell cycle and changes in
parasite morphology. The cytotoxic effect on P. falciparum was attributed to its pro-oxidant
activity resulting in the generation of ROS [96]. The analysis also showed that curcumin
inhibited PFGCN5 and reduced the acetylation level of H3, a process that could be partially
reversed by ROS scavengers, suggesting that curcumin’s effect on HAT enzymatic activity
could be through oxidation of its essential residues [96]. Another HATI studied against
malaria was anacardic acid (AA). AA inhibited the HAT activity of recombinant PFGCN5
directly in a reversible manner [97]. In addition, AA showed inhibitory effects on parasite
growth /n vitro. Further analysis showed that AA inhibited PFGCNS5 in the parasite, resulting
in a reduced acetylation of H3K9 and H3K 14, but not H4 and H3K9. As expected, the
downstream effect of AA is an important decompensation in global gene expression, mainly
in genes associated with cell signaling, stress response and detoxification [97]. It will be of
interest to examine additional HATis for antiprotozoal activity as they become available.
Given the genetic data to date, it seems clear that most parasite HATS are essential and
would serve as excellent candidate drug targets.
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Acetylation of nonhistone proteins

HDACIs/HATIs may have further mechanisms of action beyond the dysregulation of gene
expression. It is now understood that protein acetylation represents an additional level of
regulation for metabolic enzymes [98] and, considering the prevalence of this modification
on many other proteins [34], could dictate the flux of many other cellular processes. In
Toxoplasma, a number of HATs have been observed to localize predominantly in the
parasite cyto-sol, suggesting that they may also target nonhistone substrates [70]. To
determine the extent of protein acetylation in 7oxoplasma, a recent study utilizing high-
resolution liquid chromatography-mass spectrometry in combination with enrichment of
acetylated peptides by acetyllysine immunopurification, reported the ‘acetylome’ of
intracellular tachyzoites [32]. This approach successfully identified over 400 novel
acetylation sites on a wide variety of proteins throughout the parasite cell, including those
with roles in transcription, translation, metabolism and stress responses. Intriguingly, an
extensive set of parasite-specific proteins are acetylated in the parasite, including those
found in organelles unique to Apicomplexa such as the apicoplast and rhoptries. With
protein acetylation emerging as a regulatory process analogous to phosphorylation,
HDACIs/HATIs could conceivably disrupt not only gene expression patterns, but also
critical cellular and enzymatic processes in the parasites. The expanding relevance of lysine
acetylation beyond histone proteins should spur further efforts to identify specific inhibitors
of parasite HDAC and HAT enzymes.

Expert commentary

T. gondiiis an obligate intracellular protozoan parasite that can cause severe infection in
humans and livestock. The pathology of toxoplasmosis is due to repeated cycles of host cell
invasion and lysis by actively dividing tachyzoites, but slowly dividing brady-zoite forms
can remain latent for years, capable of reactivating the acute infection [16]. The present
chemotherapy for toxoplasmosis is not ideal; there are significant shortcomings to current
treatments that target tachyzoites, creating an urgent need for newer, better-tolerated
therapies to target this proliferative stage. Besides, new anti- 7. gondlii drugs, active against
the bradyzoite stage /n vivo, are also urgently needed to overcome the possibility of
reactivation of acute illness in immunosuppressed patients. Therefore, the need to develop
new, safer drugs based on the knowledge of the biochemistry and physiology of this
pathogen is underscored.

In the last few years, attention has been drawn to PTMs that occur in canonical and variant
histones as one of the major factors influencing gene expression. Acetylation is one of
several PTMs, and HATs and HDACSs are crucial organizers of chromatin structure and gene
transcription. HATis and HDACIis have emerged as new potential therapeutic agents for a
variety of pathologies, including infectious diseases like toxoplasmosis. Up to now, the
experience in cancer treatment with HDACIs is based only on vorinostat for treatment of a
very specific white blood cell cancer [55,58]. The fact that some 7. gondif HATSs and
HDAC:Ss present unique features could favor the development of effective inhibitors, which
could be used as alternative therapies or in combination with existing ones.

One of the goals to develop new anti- 7. gondii drugs relies on the ability to be active against
the bradyzoite stage /n vivo. Research in this field has shown that histone acetylation plays
an important role in the control of parasite differentiation. Although inhibitors like
FR235222 have shown to induce cyst formation at sublethal concentrations, it is clear that
other HDAC:is (or higher concentrations) are parasiticidal, as can be read from Table 1.
Moreover, FR235222 proved to prevent bradyzoite to tachyzoite stage conversion, and was
also able to eliminate the brain cysts /in vitro [93]. Besides, other drugs like API have been
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shown to affect transcriptional activity during bradyzoite development. In our opinion, the
analysis of inhibitors of proteins or enzymes involved in gene regulation, like epigenetic
mechanisms, are always of relevance because of their potential to attack the differentiation
of the parasite and therefore affect its pathological process. We consider that the 7. gondii
HAT/HDAC system is unique and interesting enough to explore more drugs that could be
tested to be specific to control or even eliminate bradyzoites, which is an unresolved subject
in the control of toxoplasmosis.

There are some important considerations in the development of new antiparasitic drugs.
Compounds must:

» Demonstrate high potency and selectivity for the parasite;

«  Have high safety profile, so as to be used in children and pregnant women;

« Avoid the generation of drug-resistant organisms;

»  Have the ability to cross the blood—brain barrier, especially in the case of 7. gondli.

The unusual nucleosome composition, expression of unique histone variants like H2Bv, and
the presence of unique HAT/HDAC remodelers, represent a promising opportunity to find
compounds that cover all these criteria. We have highlighted recent findings that suggest the
parasite epigenetic machinery is an exciting new area for therapeutic exploitation.

Five-year view

The next few years are likely to shed new light on the role of epigenetics in parasite
physiology, which in turn will reveal important ways that these mechanisms could be
exploited for therapeutic value. For example, epigenetic mechanisms are involved in
modulating stage-specific gene activation and parasite differentiation in 7. gondii. The
tachyzoite—bradyzoite interconversion includes important morphological and physiological
changes that require modulation of stage-specific gene expression. Learning the mechanisms
of interconversion is important to develop new treatments for chronic toxoplasmosis.

A better understanding of the parasite nucleosome composition and the PTMs that
coordinate gene expression is required. With the development of histone variant-specific
antibodies and the use of ChIP-chip, it should be possible to map the Toxoplasma
epigenome in the context of these unusual nucleosomes. This information should also lead
to a better understanding of how HATs and HDAC:s fit into the overall gene expression
network.

The HATis/HDACIs studied to date have been demonstrated to target acetylation
modulation of histones H3 and H4. Although canonical H2B also presented some
acetylation, the hyperacetylation of H2Bv, together with its association to active chromatin,
suggests an important role for this PTM in the parasite biology. Future research will reveal
which HATs and HDACs modulate H2Bv histone, and the analysis of the biological role of
this hyperacetylated state of H2Bv as well as the identification of the remodelers will open a
promising source of new chemotherapies.

While a number of HDACis have been characterized and even show activity against
protozoan parasites, there are few HAT-specific inhibitors. Given the unique features of
Toxoplasma GCN5 and MY ST HATS and their essential role in parasite viability, efforts
should be made to identify small molecules that interfere with HAT activity.
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Key issues

Toxoplasmosis is a medically important disease, especially in
immunocompromised individuals and congenitally infected newborns.

The present chemotherapy for toxoplasmosis suffers serious shortcomings,
highlighting the need to develop new, safer drugs.

Histone acetylase and histone deacetylase (HDAC) inhibitors are being
investigated as anticancer agents and may be adapted to treat parasitic diseases
like toxoplasmosis.

Epigenetic mechanisms are involved in parasite gene regulation and stage
differentiation, both vital processes of Toxoplasma gondii pathogenesis and
transmission.

T. gondii exhibits novel nucleosome composition and chromatin remodelers
with divergent properties that could be exploited as specific drug targets.

The histone H2BV is a unique H2B variant of Apicomplexa associated with gene
activation and is highly acetylated in contrast with the canonical H2B.

The HDAC inhibitor FR235222 and its derivatives have been shown to be
specific for 7. gondifHDACS3, affecting gene regulation, cell cycle and
bradyzoite viability.

Given the great importance of chromatin biology on parasite viability and stage
conversion, targeting these systems with novel therapeutics holds significance
promise.
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TgH2Ba TLSSREIQTAVRILWLPGELAKHAVSEGTK
TgH2Bv TLSSREIQTAVRLLLPGELSKHAVSEGT

HuH2B1 IAVTKY TIS
HuH2Bte NWILRTSLYATIQQQRK

TgH2Ba AVTKY TIehCEEEEr
TgH2BV INERRATRCA - - - - -
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Figure 1. Human and Toxoplasma H2B family

(A) Sequence alignment of human and 7Toxoplasma gondii H2Bs. Comparison by multiple
alignment (Clustal W). Identical amino acids are denoted by a black shadow and similar
amino acids are denoted by gray shadow. (B) N-tail of TgH2Bv and PfH2Bv (Plasmodium
falciparum H2B variant, Gene 1D: 2655098 PF07_0054). Comparison by multiple alignment
(Clustal W). Identical amino acids are denoted by a black shadow and similar amino acids
are denoted by gray shadow. Black triangles denote the lysine residues found to be
acetylated in P. falciparum, whereas gray triangles denote the lysine residues found to be
acetylated in 7. gondii.

AN: Accession number; HuUH2B1: human canonical H2B1 (AN: AAN06695.1); HuH2Bte:
Human testis H2B (AN:AAH38109.1);

TgH2Ba: Canonical 7. gondii H2Ba (Gene ID: TGME49 105160); TgH2Bv: 7. gondii H2B
variant (AN: AAL01371).
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GNAT family Histone lysines
acetylated

GCN5 Homo sapiens (AN: AAC50641.1)

. - H3K9,14,18,36

GCNS5-A Toxoplasma gondii (AN: AAF29981.1)

E W -

GCN5-B Toxoplasma gondii (AN: AAW72884.1)

HE W

MYST family

MYST1(KAT8) Homo sapiens (AN: NP_115564)

H - H4K16

MYST-A Toxoplasma gondii (TGME49_118330)

u - H4K5,8,12,1,16

MYST-B Toxoplasma gondii (AN: AAZ79483.2)
i e ’

i HAT domain i Bromodomain H Chromodomain i MOZ_SAS domain

Figure 2. Human and Toxoplasma histone acetylase remodelers

The figure shows examples of the nuclear type A HAT families from human and
Toxoplasma. The AN or gene ID are indicated in brackets. Domains of these proteins are
illustrated. On the right, there are indicated the lysine position and/or histone that are
acetylated by the remodeler. MOZ_SAS domain: MOZ_SAS family, proteins with this
region have been suggested to be homologous to acetyltransferases.

?: Unknown; AN: Accession numbers; HAT: Histone acetyltransferase.
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Class |
HDAC1 Homo sapiens (AN: CAG46518.1)

HDAC2 Toxoplasma gondii (TGME49_049620)

HDACS3 Toxoplasma gondii (AN: AAY53803.1)

Class Il
HDAC9 Homo sapiens (AN: AAI11736.1)

HDAC1 Toxoplasma gondii (TGME49_0081420)

HDAC5 Toxoplasma gondii (TGME49_002230)

Class Ill
Sirté Homo sapiens (AN: NP_057623)

Sir2 Toxoplasma gondii (TGME49_027020)

Sir2 domain-containing protein (TGME49_067360)

Class IV
HDAC11 Homo sapiens (AN: NP_079103)

B HDAC domain | dG(')';gf:N ik [ ANk [ SRz domain

Figure 3. Human and Toxoplasma histone deacetylase remodelers

The figure shows examples of the human class | (HDAC1), class Il (HDACD9), class Il
(Sirt6) and class IV (HDAC11) HDACs and 7oxoplasma HDACs. The accession humbers
or gene ID are indicated between brackets. Domains of these proteins are illustrated.

AN: Accession number; ANK: Ankyrin repeats (ankyrin repeats mediate protein—protein
interactions in very diverse families of proteins); GlIn-rich N-domain: Glutamine-rich N-
terminal helical domain of HDAC9. This domain confers responsiveness to calcium signals
and mediates interactions with transcription factors and cofactors; HDAC: Histone
deacetylase; IPK: Inositol polyphosphate kinase.
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