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Abstract

Toxoplasma gondii is a protozoan parasite of great importance in human and veterinary health. 

The frontline treatment of antifolates suffers a variety of drawbacks, including toxicity and allergic 

reactions, underscoring the need to identify novel drug targets for new therapeutics to be 

developed. We previously showed that the Toxoplasma lysine acetyltransferase (KAT) GCN5b is 

an essential chromatin remodeling enzyme in the parasite linked to the regulation of gene 

expression. We have previously established that the KAT domain is a liability that can be targeted 

in the parasite by compounds like garcinol; here, we investigate the potential of the bromodomain 

as a targetable element of GCN5b. Bromodomains bind acetylated lysine residues on histones, 

which helps stabilize the KAT complex at gene promoters. Using an inducible dominant-negative 

strategy, we found that the GCN5b bromodomain is critical for Toxoplasma viability. We also 

found that the GCN5-family bromodomain inhibitor, L-Moses, interferes with the ability of the 

GCN5b bromodomain to associate with acetylated histone residues using an in vitro binding assay. 

Moreover, L-Moses displays potent activity against Toxoplasma tachyzoites in vitro, which can be 

overcome if parasites are engineered to over-express GCN5b. Collectively, our data support the 

GCN5b bromodomain as an attractive target for the development of new therapeutics.
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1. Introduction

The obligate intracellular protozoan parasite Toxoplasma gondii poses a significant health 

risk to humans and livestock, necessitating the development of safe and effective drugs (1). 

Toxoplasma belongs to phylum Apicomplexa, which is comprised of other medically 

relevant pathogens including Plasmodium (malaria), Cryptosporidium (cryptosporidiosis), 
and Eimeria (poultry coccidiosis). Toxoplasma resides in nucleated cells of warm-blooded 

animals and has been estimated to have infected about one-third of the world’s population 

(2).

Acute infection is characterized by rapidly proliferating parasites (tachyzoites) but is often 

asymptomatic in immunocompetent hosts. A healthy immune system controls the infection 

within weeks, at which point Toxoplasma establishes a chronic, latent infection 

characterized by its conversion into tissue cysts (bradyzoites) (3). As the parasite is not 

eradicated from the host, it can reactivate to cause acute opportunistic disease in 

immunocompromised individuals, such as those infected with HIV. Extensive tissue damage 

can occur during reactivated toxoplasmosis that results in severe complications including 

Toxoplasma encephalitis and ocular toxoplasmosis (4).
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The first line of therapy for toxoplasmosis is a combination of pyrimethamine and 

sulfadiazine, often administered with leucovorin to reduce cytotoxicity (5). Pyrimethamine 

and sulfadiazine inhibit parasite replication by blocking the folate metabolic pathway, but 

the treatment is not effective against latent tissue cysts. The treatment is also toxic, putting 

patients at risk of bone marrow suppression and dermatologic and gastrointestinal events; 

discontinuation or change in this treatment regimen due to adverse events occurred in over 

55% of studies analyzed in a systematic review (6). As a result of these shortcomings, there 

is an urgent need for the identification of novel drug targets to facilitate the development of 

better-tolerated treatments for toxoplasmosis.

A promising area of investigation for potential drug targets in Toxoplasma includes protein 

complexes that “read” and “write” posttranslational modifications (PTM) such as lysine 

acetylation (7). The addition and removal of acetyl marks from lysine residues is mediated 

by lysine acetyltransferases (KATs) and lysine deacetylases (KDACs), respectively. Lysine 

acetylation has emerged as a key PTM taking place on hundreds of proteins throughout 

various compartments in the cell. Extensive lysine acetylation occurs in both Toxoplasma 
and the fellow apicomplexan parasite Plasmodium on proteins that function in a variety of 

areas including metabolism, translation, chromatin biology, and stress responses (8, 9). In 

addition, lysine acetylation of histones is correlated with stage-specific gene expression and 

stage conversion in Toxoplasma (10).

Two GCN5 family KATs have been identified in Toxoplasma and designated GCN5a and 

GCN5b (11). Each has a lengthy N-terminal extension, a KAT domain, and a single C-

terminal bromodomain, which is a ~110 amino acid protein motif established to bind 

acetylated lysines (12). Knockout studies indicate that GCN5a is dispensable for tachyzoite 

proliferation, but required for proper stress responses (13). Conversely, multiple attempts to 

knockout GCN5b have failed, suggesting it is essential for tachyzoite viability (13, 14). In 

support of this idea, we previously observed that when a catalytically inactive form of 

GCN5b (GCN5bE703G) was ectopically expressed, it exerted a dominant-negative effect 

that resulted in arrest of parasite proliferation (14). Additionally, ChIP-chip analysis 

demonstrated that GCN5b is enriched at genes involved in a wide spectrum of critical 

functions, including transcription, translation, and metabolism (14). We have also shown that 

the KAT inhibitor garcinol targets the KAT domain of GCN5b; treatment of Toxoplasma 
with garcinol in vitro decreases GCN5b auto-acetylation, alters expression of genes linked to 

GCN5b control, and inhibits parasite replication (15). These data, along with a recent 

genome-wide fitness screen reporting a score of −3.0, strongly support GCN5b as an 

essential gene (16).

In addition to the inhibition of the KAT domain, the bromodomain of GCN5b may also 

serve as a targetable element. A variety of small molecules have been developed to interfere 

with binding of the bromodomain to acetylated lysines, and a number of these have already 

been reported to have inhibitory activity against Toxoplasma and other protozoan pathogens, 

such as Plasmodium falciparum, Trypanosoma brucei and Trypanosoma cruzi (17–21). L-

Moses (also known as L-45) is a triazolopthalazine-based chemical probe that binds 

specifically to PCAF/GCN5 family bromodomains, capable of displacing their association 

with histone H3.3 in cultured HEK-293 cells (22).
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In this study, we analyzed the GCN5b bromodomain as a potential new drug target against 

Toxoplasma tachyzoites. Modeling of the GCN5b bromodomain showed considerable 

homology at key residues linked to acetyl-lysine binding. We mutated these residues to 

express an inducible dominant-negative form of GCN5b that lacked a fully functional 

bromodomain. Parasites expressing GCN5b with a mutated bromodomain exhibited a 

significant fitness defect. We also found that L-Moses interferes with GCN5b bromodomain 

binding to acetyl-lysines and has potent activity against tachyzoites in vitro. Parasites 

engineered to overexpress wild-type GCN5b showed decreased sensitivity to L-Moses 

compared to the parental line, consistent with the conclusion that the GCN5b bromodomain 

is a major target. Together, these findings highlight the importance of the GCN5b 

bromodomain as an attractive target for future therapeutics.

2. Materials and methods

2.1. Chemicals

Shield (CheminPharma) was prepared in absolute ethanol and stored at −20°C. L-Moses 

dihydrochloride was purchased from To cris (catalog no 6251) and prepared in DMSO.

2.2. Host cell and parasite culture

Primary human foreskin fibroblast (HFF) cells (ATCC) were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM; Corning), without antibiotic/antimycotic, supplemented 

with 10% heat-inactivated fetal bovine serum (FBS; Gibco/Invitrogen). Toxoplasma gondii 
Type I RH strain parasites were propagated in confluent monolayers of HFF cells and 

cultured in DMEM, without antibiotic/antimycotic, supplemented with 1% heat-inactivated 

FBS as previously described (23). Host cell and parasite cultures were maintained at 37°C 

with 5% CO2 in a humidified incubator.

Plasmid DNA was transfected into RHΔHX parasites by electroporation and selected in 20 

μM chloramphenicol; individual clones were isolated by limiting dilution in 96-well plates 

as previously described (23). For assays involving Shield-based regulation, the designated 

parasites were cultured with vehicle (100% EtOH) or Shield for 48 hours.

2.3. Plasmid construction

To construct an expression plasmid to generate recombinant GCN5b bromodomain (BRD) 

protein in E. coli, a region of TgGCN5b (amino acids 877–986 of TGGT1_243440 from 

ToxoDB) encoding the BRD (amino acids 888–985) was amplified by PCR from a 

previously reported plasmid (14) using the following primers which include 15bp ends that 

are complementary to the target site in the pGEX-4T1 plasmid: sense primer (5’-

TGGATCCCCGGAATTCCAGATTCCAGGTCTTCTGCAGTG) and anti-sense primer (5’- 

GTCGACCCGGGAATTCCAGTTGCTTCTGCTGCTG). The TgGCN5b BRD sequence 

was inserted into the pGEX-4T1 vector at the EcoRI site (939) using the InFusion cloning 

system (Takara), for expression of TgGCN5b BRD protein fused to an N-terminal GST tag. 

To generate a fusion protein that expresses a mutant TgGCN5b BRD, tandem alanine 

substitutions (Y963A/N964A/Y970A) were created using the Q5 site-directed mutagenesis 

kit (NEB; E0554S) with the following primers: sense primer (5’-
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CAAACGATTGCTTACAAATACGCGAACGAG) and anti-sense primer (5’-

CTGGTGGGCGGCCTGCCGACAGTTCTTGAAC).

To generate a plasmid for inducible ectopic expression of GCN5b with a mutated 

bromodomain (Y963A/N964A/Y970A) in T. gondii, the ptubXFLAG::CAT plasmid 

encoding full-length GCN5b with N-terminal destabilization (dd) and HA tags previously 

described in (14) was subjected to Q5 site-directed mutagenesis using the same Q5 primers 

as listed above. The wild-type and mutant ptubXFLAG::CAT plasmids were linearized with 

NotI before transfection into parasites.

2.4. Purification of GCN5b bromodomain protein

GCN5b BRD wild-type and mutant pGEX-4T1 plasmids were transformed into BL21 (DE3) 

competent E. coli cells, which were grown to an OD600 of 0.6–0.8 and incubated with 0.2 

mM isopropyl β-D-1-thiogalactopyranoside (IPTG) overnight at 16°C to induce protein 

expression. IPT G-induced bacteria were centrifuged at 20,000 rpm for 25 minutes at 4°C 

and bacterial pellets were incubated with 20 mL of lysis buffer (50 mM Tris-HCl (pH 7.5), 

200 mM NaCl, 5% glycerol (v/v), 1% Triton X-100 (v/v), 1 mM DTT, lysozyme from 

chicken egg white (300 ug/mL) (Sigma Aldrich; L6876), and an EDTA-free protease 

inhibitor cocktail tablet (Sigma Aldrich; 11873580001)) for 1 hr at 4°C, following which 

250 units of benzonase nuclease (Novagen; 2894174) and 1 mM MgCl2 were added and 

bacteria were incubated for an additional 30 minutes at 4°C. The lysed bacteria were 

centrifuged at 20,000 rpm for 25 minutes at 4°C and the soluble protein was purified and 

concentrated (with a 30 kDa MWCO concentrator) using the Amicon Pro Affinity 

Concentration Kit for GST fusion proteins (Millipore, ACK5030GS).

2.5. In vitro binding assays

In vitro binding assays were conducted to assess recombinant GST-tagged GCN5b BRD 

(amino acids 888–985) binding to acetylated histone H4 peptide in a similar manner as 

described in (24) with minor modifications. First, biotinylated histone peptides H4 

(corresponding to residues 1–21 of human histone H4) (Epigentek, R-1007) and tetra-

acetylated H4 (K5/8/12/16) (corresponding to residues 1–18 of human histone H4) 

(Epigentek, R-1008) were linked to streptavidin magnetic beads (NEB). To link histone 

peptides and streptavidin beads, 625 μL of streptavidin bead slurry was washed twice in 150 

mM salt solution (150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 0.1% Triton X-100, 10% 

glycerol, 1 mM DTT) using a magnetic stand, and then resuspended in 625 μL of 150 mM 

salt solution. 100 μL of histone peptide (100 μM) was added to the bead slurry and incubated 

overnight at 4°C. Histone peptide-linked streptavidin beads were washed three times in 150 

mM salt solution to remove unbound peptide and resuspended in 625 μL of 150 mM salt 

solution with 0.8% sodium azide. Bead samples were stored at 4°C.

Beads linked to unmodified H4 peptide, as well as streptavidin beads alone, were used as 

negative controls in binding/inhibition assays. 10 μL samples of histone-linked beads and 

control bead samples were washed once with 150 mM salt solution and resuspended in 250 

μL150 mM salt solution for binding assays or 150 mM salt solution supplemented with 

vehicle or inhibitor for inhibitor assays. 1 μg BRD protein was added to the beads and 
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samples were incubated overnight at 4°C. Beads were then washed five times with a 500 

mM salt solution (500 mM NaCl, 50 mM Tris-HCl (pH 7.5), 0.1% Triton X-100, 10% 

glycerol, 1 mM DTT) for a total of 1 hour at 4°C. Magnetic beads were boiled in 4X SDS 

loading buffer (40% glycerol, 240 mM Tris/HCl pH 6.8, 8% SDS, 0.04% bromophenol blue, 

5% beta-mercaptoethanol) for 10 minutes at 95°C to elute bound bromodomain protein. 

Beads were magnetically separated from the boiled samples and the supernatant was run on 

an SDS page gel. GST-tagged BRD protein was detected by western blot analysis.

2.6. Western blot analysis

Protein samples were run on denaturing 4–12% Tris-acetate polyacrylamide gradient gels 

(Invitrogen). GST-tagged fusion proteins were probed with anti-GST rabbit polyclonal 

antibody (1:2,000; Sigma, G7781). HA-tagged fusion proteins were probed with anti-HA rat 

monoclonal antibody (1:2,000; Roche #11867423001). The major surface antigen p30 was 

probed with Toxoplasma P30 mouse monoclonal antibody (1:1,000; Genway 

GWB-44A329). Anti-rabbit, anti-rat, or anti-mouse antibodies conjugated with horseradish 

peroxidase (1:5,000; GE Healthcare) were used as secondary antibodies. Blots were 

visualized by electrochemiluminescence using the Chemiluminescence Western Blot 

Substrate (Pierce) and imaged by FluorChem E machine (ProteinSimple).

2.7. Immunofluorescence assays

Localization of proteins in Toxoplasma was determined by immunofluorescence assay (IFA) 

as previously described (14). HFFs were grown to confluence on coverslips in a 12-well 

plate and inoculated with freshly lysed parasites. 18 hours post-infection, medium was 

aspirated and coverslips were fixed with 4% paraformaldehyde in PBS for 10 minutes, 

washed with PBS, and then permeabilized with 0.2% Triton X-100 in 3% BSA-PBS for 15 

minutes. Plates were incubated with anti-HA rat monoclonal antibody (1:2,000; Roche, 

#11867423001) for 2 hours at room temperature, washed with PBS 3×5 minutes, and 

incubated with anti-rat Alexa Fluor 488 antibody (1:2,000; Invitrogen, A-11006) and 4′,6-

diamidino-2-phenylindole (DAPI) (1:1,000) for 1 hour at room temperature. Samples were 

washed once more with PBS three times for 5 minutes each and visualized using a Nikon 

Eclipse 80i microscope.

2.8. Modeling of TgGCN5b BRD

The predicted 3D structure of the Toxoplasma GCN5b BRD (amino acids 877–986) was 

obtained via I-Tasser using unbiased settings (25–27) and visualized with UCSF Chimera 

(28). The UCSF matchmaker function was used to superimpose BRD structures.

2.9. Parasite growth assays

For all growth assays, confluent HFF monolayers were inoculated with freshly harvested 

intracellular parasites that were scraped, syringe-lysed with a 25-gauge needle, and counted 

by hemocytometer. Plaque assays were used to measure parasite viability (23). 500 parasites 

were used to inoculate HFF monolayers in a 12-well plate. Parasite lines were added in 

technical triplicate within each plate. After two hours of invasion, uninvaded parasites were 

aspirated, wells were washed twice with medium, and fresh medium supplemented with 
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vehicle or drug was added. Plates were left to incubate undisturbed for five to seven days 

and then fixed with 100% ice-cold methanol and stained with crystal violet for visualization 

of plaques. Plates were imaged by FluorChem E machine (ProteinSimple) and host cell lysis 

was calculated using ImageJ analysis (29). Average percentages of host cell area lysed were 

compared between parasite lines by One-way ANOVA with Dunnett’s multiple comparisons 

post-hoc.

The IC50 of L-Moses was determined by reporter assay established by (30) with the 

modifications reported in (31). 100 RHβ1 parasites stably expressing bacterial β-

galactosidase were added to each well of a black 96-well plate. After 2 hours of invasion, 

wells were washed twice with DMEM lacking phenol red (Thermofisher Scientific), and 

phenol red-free DMEM supplemented with vehicle or drug was added. Drug was serially 

diluted across the plate by multichannel pipette. The IC50 of pyrimethamine has been 

previously established by β-galactosidase assay and thus was used as a control (30). After 

four days of incubation, 100 μM of the β-galactosidase substrate chlorophenolred-β-D-

galactopyranoside (CPRG) (Sigma, #10884308001) was added to each well. 24 hours later, 

β-galactosidase activity was measured by reading absorbance at 570 nm (excitation) and 630 

nm (emission) with the Synergy H1 Plate Reader (Biotek). Assays were conducted in 

technical triplicate and average absorbance values obtained from three biological replicates 

were normalized to wells containing uninfected host cells (maximum inhibition) and 

infected host cells treated with vehicle (DMSO) (minimum inhibition). Absorbance values 

were plotted and the IC50 was calculated by non-linear regression-variable slope (4 

parameters).

Parasite replication was measured by doubling assay (32). Briefly, 1×105 parasites were 

added to HFF monolayers in a 6-well plate. After two hours of invasion, wells were washed 

twice with medium and fresh medium supplemented with vehicle or drug was added. Plates 

were fixed with 100% ice-cold methanol and stained with Hema 3 solutions I and II (Fisher, 

23–122937/23–122952) at 24 and 36 hours post-infection to visualize parasites and 

vacuoles. The number of parasites was counted in 150 random vacuoles for three biological 

replicates and the average percent of vacuoles containing indicated numbers of parasites 

between parasite lines at designated drug concentrations were compared by two-way 

ANOVA with Tukey’s multiple comparisons post-hoc.

2.10. Host cell cytotoxicity assay

To determine the effect of L-Moses on HFF cell metabolism, a CellTiter 96® AQueous One 

Solution Cell Proliferation Assay (Promega; G3582) was conducted (33). This colorimetric 

assay measures the reduction of the MTS tetrazolium compound to a formazan dye mediated 

by NAD(P)H-dependent dehydrogenase enzymes. Phenol red-free medium supplemented 

with vehicle (DMSO) or drug was added to confluent HFF cells in a black 96-well plate and 

serially diluted across the plate by multichannel pipette. Cells treated with 1% SDS were 

used as a positive control for inhibition of cell metabolic activity. CellTiter 96® AQueous 

One Solution Reagent was added to each well and incubated for four hours. The formation 

of formazan dye was quantified by measuring absorbance at 490 nm using the Synergy H1 

Plate Reader (Biotek). Assays were performed in technical triplicate and the absorbance 
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values from four biological replicates were averaged, the absorbance of the media alone (no 

cells) was subtracted, and absorbance from treated cells were normalized to absorbance from 

cells treated with vehicle.

2.11. Statistical analyses

All statistical analyses were conducted using GraphPad Prism version 8.3.0 for Windows, 

GraphPad Software, La Jolla California USA, http://www.graphpad.com.

3. Results and Discussion

3.1. The bromodomain of GCN5b is important for parasite fitness

We previously employed a dominant-negative strategy to determine that the lysine 

acetyltransferase (KAT) domain of GCN5b was critical for parasite growth and viability 

(14). Expression of a recombinant version of GCN5b containing an inactive KAT domain 

induced parasite growth arrest

We sought to employ a similar dominant-negative strategy here to determine if the GCN5b 

bromodomain is also important for normal parasite growth in vitro. Protein sequence 

alignments of GCN5 bromodomains from other representative species to that of Toxoplasma 
GCN5b revealed conservation of key residues implicated in the interaction with acetylated 

lysine residues (Fig. 1A) (12). These amino acids include two conserved tyrosines (Y) and 

an internal asparagine (N): Y963/N964/Y970, which line the acetyl-lysine binding pocket 

formed between the ZA and BC loops (Fig. 1A–B). To ensure that these conserved residues 

would ablate the ability to bind to acetyl-lysine, we expressed a wild-type (WT) and mutant 

form of the GCN5b bromodomain (amino acids 877–986) in E. coli, fused to an N-terminal 

GST tag for purification purposes (Fig. 1C). To create the mutant bromodomain, each of the 

three conserved residues (Y963, N964, and Y970) were replaced with alanines. We tested 

the ability of the WT and mutant GCN5b bromodomains to interact with acetylated histone 

H4 peptide (tetra-acetylated at lysines 5/8/12/16) using an in vitro binding assay (24). 

Results show that WT GCN5b bromodomain binds to acetylated H4 while the mutant 

GCN5b bromodomain protein does not (Fig. 1D).

We then proceeded to generate clonal transgenic parasites in type I RH strain that express 

full-length GCN5b with or without these mutations (Y963A/N964A/Y970A) in the 

bromodomain. Both WT and mutant GCN5b were fused to an N-terminal destabilization 

domain (dd) and HA epitope tag, denoted asddHAGCN5b orddHAGCN5bMutBRD. The dd tag 

sends the fusion protein to the proteasome for degradation unless it is blocked by including 

the ligand Shield in the culture media (34). Expression of ectopicddHAGCN5b 

orddHAGCN5bMutBRD was controllable by Shield, as assessed by immunofluorescence assay 

(IFA) and western blotting for the HA tag (Fig. 2A–B). Notably, the IFA reveals that the 

bromodomain mutations did not disrupt nuclear localization of GCN5b (Fig. 2B).

To determine if the mutant bromodomain had an impact on parasite viability, we performed 

standard plaque assays and assayed the relative area of host cell lysis. As we have seen 

before (14), expression of ectopicddHAGCN5b had no effect on parasite proliferation 

compared to the parental line (RHΔHX). In contrast, expression ofddHAGCN5bMutBRD 
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resulted in ~35% decreased lysis of the host cell monolayer (Fig. 2C), suggesting that a 

functional GCN5b bromodomain is important for parasite viability.

3.2. L-Moses inhibits GCN5b bromodomain binding activity in vitro

To further investigate the role of the GCN5b bromodomain in parasite viability, we tested 

whether the bromodomain chemical probe, L-Moses, could interfere with the ability of the 

GCN5b bromodomain to bind to acetyl-lysine. A previous study describing the co-

crystallization structure (PDB identification 5TPX) of the Plasmodium falciparum GCN5 

bromodomain complexed with L-Moses illustrated that L-Moses binds within the acetyl-

lysine binding pocket (22). Superimposition of this co-crystal structure using UCSF 

Chimera software (28) with the predicted model of the Toxoplasma GCN5b bromodomain 

generated by I-Tasser shows that the acetyl-lysine binding sites between these two 

apicomplexan KATs are similar (Fig. 3A). It is noted that the amino acids within the 

PfGCN5 bromodomain that are involved in the interaction with L-Moses are conserved in 

the Toxoplasma GCN5b bromodomain, making it likely that L-Moses targets Toxoplasma 
GCN5b in a similar manner (Fig. 3A). Two of the amino acids in the PfGCN5 bromodomain 

that interact with L-Moses (Y1442 and N1436, which correspond to Y970 and N964 in 

Toxoplasma, respectively) include residues we mutated to alanine in this study, further 

supporting the critical role of these residues in the function of the Toxoplasma GCN5b 

bromodomain.

To assess the activity of L-Moses against the Toxoplasma GCN5b bromodomain in vitro, we 

tested the ability of L-Moses to inhibit GCN5b bromodomain binding to acetylated histone 

H4. While the vehicle control (DMSO) has no effect on binding of the GCN5b 

bromodomain to acetylated H4, L-Moses inhibits GCN5b bromodomain binding to 

acetylated H4 in a dose-dependent manner (Fig. 3B). Together, these data suggest that the 

function of GCN5 bromodomains in apicomplexan parasites can be disrupted by small 

molecule inhibitors such as L-Moses.

3.3. L-Moses inhibits Toxoplasma replication

Given that L-Moses inhibits GCN5b bromodomain binding activity in vitro, we examined 

the effect of L-Moses on tachyzoite proliferation in HFF host cells. To quantitate parasite 

growth, we cultured RH strain parasites engineered to express a β-galactosidase reporter 

(30) in increasing concentrations of L-Moses. Results show that L-Moses inhibits parasite 

proliferation at an IC50 of ~0.6 μM (Fig. 4A). L-Moses did not exhibit overt effects on the 

morphology of the HFF host cells, nor was it cytotoxic at concentrations up to 100 μM 

according to an MTS viability assay (Fig. 4B) (33). To determine whether the GCN5b 

bromodomain is a target of L-Moses in the parasite, we utilized a previously generated 

clonal parasite line that constitutively overexpresses full-length GCN5b (HAGCN5b). If 

GCN5b is a target of L-Moses, overexpression of GCN5b would be expected to confer some 

resistance to the compound. Both a parasite plaque assay and doubling assay revealed that 

L-Moses decreases viability and replication of parental (RHΔHX) parasites (Fig. 4C–D). In 

contrast, parasites constitutively overexpressing GCN5b showed decreased susceptibility to 

L-Moses compared to the parental line. Parental parasites exhibited significantly fewer and 

smaller plaques thanHAGCN5b overexpressing parasites in response to L-Moses treatment 
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(Fig. 4C). Similarly, at 36 hours post-infection, parental parasites showed a significant 

reduction in parasite doubling with L-Moses treatment compared toHAGCN5b 

overexpressing parasites (Fig. 4D).

These data do not rule out additional mechanisms of action for L-Moses, but lend support to 

the idea that the GCN5b bromodomain is a major target.

4. Conclusions

There is an urgent need to identify new drug targets to treat infections caused by 

apicomplexan parasites. We previously showed that GCN5b is an essential gene in 

Toxoplasma, and that the KAT domain is critical for protein function (14). Here, we present 

evidence that the bromodomain of GCN5b is a novel and attractive drug target important for 

the viability of tachyzoites. Based on our findings, we propose that the rationally designed 

bromodomain inhibitor L-Moses is a promising lead compound against Toxoplasma. The 

effects of L-Moses against tissue cysts remains to be examined; this is an important question 

to resolve in future studies as there is evidence that both bromodomain-containing KATs, 

GCN5a and GCN5b, play roles in bradyzoite development (10, 13).

Given that the Toxoplasma GCN5b BRD shares a high degree of sequence identity (55%) 

(Fig. 1A) and structural similarity (Fig. 3A) with the PfGCN5b BRD, it is likely that L-

Moses will also show activity against Plasmodium and possibly other apicomplexan 

parasites.

Further structure-activity relationship testing will be necessary to identify an even more 

selective inhibitor for the parasite BRD, with minimal toxicity to the host. Our established in 
vitro binding assay employing the recombinant GCN5b bromodomain and acetylated H4 

peptide substrate could be scaled up to identify new small molecules that interfere with this 

critical domain. Furthermore, virtual screening approaches, such as in (35), can be utilized to 

identify and design inhibitors with specificity for the apicomplexan target over the human 

target.
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Highlights

• GCN5b is an essential lysine acetyltransferase in the parasite Toxoplasma 
gondii.

• The GCN5b bromodomain binds to acetylated histones via conserved 

residues.

• Mutating the GCN5b bromodomain decreases parasite viability.

• L-Moses blocks GCN5b bromodomain binding to acetylated histones.

• L-Moses has anti-Toxoplasma activity in vitro.
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Fig. 1. Alanine mutations render the TgGCN5b bromodomain non-functional in vitro.
(A) Alignment of amino acid sequences from GCN5 bromodomains in Saccharomyces 
cerevisiae (Sc), Homo sapiens (Hs), Plasmodium falciparum (Pf), and Toxoplasma gondii 
(Tg). Highlighted amino acids are conserved among species. Red asterisks denote amino 

acids that were mutated to alanine in this study. (B) Predicted structure of Toxoplasma 
GCN5b bromodomain using I-Tasser. Amino acids that underwent alanine substitution are 

indicated. (C) Silver stain of recombinant, GST-tagged wild-type and mutant recombinant 

GCN5b bromodomain (BRD) proteins purified from E. coli. (D) BRD binding assay to 

monitor wild-type and mutant GCN5b BRD association with histone H4 (unmodified or 

acetylated, Ac), probed with anti-GST.
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Fig 2. Ectopic expression of a mutated GCN5b bromodomain arrests parasite proliferation.
(A and B)ddHAGCN5b andddHAGCN5bMutBRD parasites after 48 hours of incubation with 

vehicle or Shield. (A) Immunofluorescence assays to monitor expression ofddHAGCN5b 

andddHAGCN5bMutBRD by Shield. Blue indicates DAPI stain and red anti-HA stain. Scale 

bar represents 2 μm. (B) Western blot to monitor expression ofddHAGCN5b 

andddHAGCN5bMutBRD by Shield. Numeric values represent the band densities of Shield-

treated parasites relative to vehicle-treated parasites, normalized to the loading control 

(Toxoplasma p30). (C) Quantification of host cell area lysed inddHAGCN5b 

andddHAGCN5bMutBRD parasites treated with 200 nM Shield relative to parental (RHΔHX) 

parasites treated with vehicle from three independent plaque assays performed in technical 

triplicate. Error bars represent standard deviation. *, P<0.05 by one-way ANOVA with 

Dunnett’s multiple comparisons post-hoc.
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Fig. 3. Treatment with L-Moses inhibits TgGCN5b bromodomain binding activity in vitro.
(A) Predicted model of TgGCN5b bromodomain (blue) superimposed with the PfGCN5 

bromodomain (grey) bound to L-Moses (green) (PDB identification of PfGCN5 complexed 

to L-Moses is 5tpx) using Chimera Matchmaker. Purple residues are those in P. falciparum 
that interact with L-Moses. Orange text represents the corresponding residues in 

Toxoplasma. Red dots represent water molecules. (B) BRD binding assay. Western blot was 

probed with anti-GST to display recombinant, GST-tagged GCN5b bromodomain binding to 

H4 or acetylated H4 (AcH4) in the presence of vehicle or L-Moses.
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Fig.4. Treatment with L-Moses inhibits Toxoplasma replication.
(A) Proliferation assay showing average percent inhibition of the reporter activity of RH 

parasites constitutively expressing β-galactosidase in the presence of increasing 

concentrations of L-Moses. Shown are data from three independent experiments performed 

in technical triplicate. (B) MTS assays showing average percentage of host cell viability in 

L-Moses-treated cells relative to vehicle-treated cells. Data from four independent 

experiments performed in technical triplicate are shown. (C) Plaque assay showing fitness of 

parental parasites versus parasites over-expressing GCN5b, treated with vehicle or L-Moses. 

Images under the wells are magnified areas of the regions outlined by the yellow circle. This 

is representative of three independent trials showing similar results. (D) Doubling assay 

showing the average percent of vacuoles containing the indicated number of parasites per 

vacuole.150 random vacuoles were counted from three independent experiments. *, P<0.05, 

**, P<0.01, and ***, P<0.001 between parasite lines at the given concentration of drug by 
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two-way ANOVA with Tukey’s multiple comparisons post-hoc. For all graphs, error bars 

represent standard deviation.
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