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 25 

ABSTRACT 26 

 The production of energy in the form of ATP by the mitochondrial ATP synthase 27 

must be tightly controlled. One well-conserved form of regulation is mediated via 28 

ATPase inhibitory factor 1 (IF1), which governs ATP synthase activity and gene 29 

expression patterns through a cytoprotective process known as mitohormesis. In 30 

apicomplexans, the processes regulating ATP synthase activity are not fully elucidated. 31 

Using the model apicomplexan Toxoplasma gondii, we found that knockout and 32 

overexpression of TgIF1, the structural homolog of IF1, significantly affected gene 33 

expression. Additionally, TgIF1 overexpression resulted in the formation of a stable 34 

TgIF1 oligomer that increased the presence of higher order ATP synthase oligomers. 35 

We also show that parasites lacking TgIF1 exhibit reduced mitochondrial cristae 36 

density, and that while TgIF1 levels do not affect growth in conventional culture 37 

conditions, they are crucial for parasite survival under hypoxia. Interestingly, TgIF1 38 

overexpression enhances recovery from oxidative stress, suggesting a mitohormetic 39 

function. In summary, while TgIF1 does not appear to play a role in metabolic regulation 40 

under conventional growth conditions, our work highlights its importance for adapting to 41 

stressors faced by T. gondii and other apicomplexans throughout their intricate life 42 

cycles. 43 

 44 
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SIGNIFICANCE STATEMENT: 45 

• Toxoplasma gondii is a member of the Apicomplexa, a phylum consisting of 46 

parasites responsible for significant global morbidity and mortality. An intact 47 

mitochondrial ATP synthase is critical T. gondii survival, but how this enzyme is 48 

regulated is not completely understood. 49 

• Our work demonstrates that the T. gondii homolog of ATPase inhibitory factor 1 50 

(TgIF1) does not impact metabolism under standard culture conditions, but plays 51 

a role in mitochondrial cristae density and stress responses. 52 

• This study reveals the role of TgIF1 in regulating ATP synthase activity under 53 

stressful conditions and increases our understanding of this divergent enzyme in 54 

T. gondii.  55 

 56 

INTRODUCTION 57 

 As the power generator within the mitochondrion, the primary function of the ATP 58 

synthase is to generate energy in the form of ATP. Although a high energy output from 59 

the ATP synthase is often necessary for cellular survival, this output must be tightly 60 

regulated so that cells can adapt to environmental changes, stressors, and varying 61 

metabolic demands. One key interactor protein involved in ATP synthase regulation is 62 

ATPase inhibitory factor 1 (IF1) (Pullman and Monroy, 1963). IF1 binds to the F1 portion 63 

of the enzyme, between the α and the catalytic β subunits (Cabezón et al., 2003). The 64 

binding of IF1 at this interface disrupts the cyclical conformational changes in the 65 

catalytic β subunit that are necessary for ATP production, thus locking the enzyme in an 66 

inactive state (Gledhill et al., 2007; Jonckheere et al., 2012). 67 
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 IF1 was initially identified as an ATP synthase inhibitor in bovine mitochondria 68 

and has since been studied extensively in plants, mammals, and yeast (Pullman and 69 

Monroy, 1963; Cintrón and Pedersen, 1979; Hashimoto et al., 1981; Norling et al., 70 

1990). As IF1 activity has been shown to be regulated by pH, it was initially thought that 71 

IF1 only inhibited the reverse, or hydrolytic, function of the ATP synthase, particularly 72 

under hypoxic conditions that result in mitochondrial matrix acidification (Cabezon et al., 73 

2000; Gore et al., 2022). However, various studies have shown that IF1 is also capable 74 

of inhibiting the synthetic activity of the enzyme (Zanotti et al., 2009; Sanchez-Cenizo et 75 

al., 2010; Formentini et al., 2014, 2017; Santacatterina et al., 2016; Kahancová et al., 76 

2020; Esparza-Moltó et al., 2021). 77 

Interestingly, IF1 inhibition of the ATP synthase under normoxic conditions can 78 

induce mitohormesis, a process involving the activation of cell signaling pathways to 79 

support cellular health in response to stress (Yun and Finkel, 2014). This activation 80 

occurs as IF1 binding blocks the backflow of protons into the mitochondrial matrix, 81 

resulting in membrane potential hyperpolarization and the production of mitochondrial 82 

reactive oxygen species (mtROS). Acting as retrograde signaling molecules, mtROS 83 

can travel to the nucleus and modulate gene expression, promoting the activation of 84 

pathways involved in cell survival, repair, and antioxidant defense. As a result, the cell is 85 

then better prepared to handle future mitochondrial stressors (Esparza-Molto et al., 86 

2017; García-Aguilar and Cuezva, 2018). 87 

Although the role of IF1 has been investigated extensively in a wide range of 88 

organisms (Pullman and Monroy, 1963; Cintrón and Pedersen, 1979; Hashimoto et al., 89 

1981; Norling et al., 1990), its characterization in protozoan parasites remains largely 90 
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unexplored. Protozoan parasites include the causative agents of diseases such as 91 

malaria, toxoplasmosis, trypanosomiasis, and cryptosporidiosis. These diseases are a 92 

major burden on global health, resulting in over a million deaths each year and severe 93 

socioeconomic consequences (Ung et al., 2021). As many of the drugs for treating 94 

infections caused by these parasites have become less effective (Rao et al., 2023), it is 95 

critical that we develop a better understanding of pathways essential for parasite 96 

viability. This will facilitate the development of novel therapeutic approaches to prevent 97 

and treat protozoan-borne diseases. Because the mitochondrion plays a critical role in 98 

energy production and cellular health of many of these parasites, elucidating its 99 

regulatory mechanisms, such as those involving IF1, could support novel therapeutic 100 

strategies.  101 

The protozoan parasite Toxoplasma gondii, which causes toxoplasmosis, 102 

possesses a ortholog of IF1 (TgIF1), although its function has not yet been 103 

characterized. TgIF1 (TGME49_215350) was initially discovered associated with the 104 

T.  gondii ATP synthase through immunoprecipitation, and its presence in the enzymatic 105 

complex was later confirmed via cryo-electron microscopy and complexome studies 106 

(Huet et al., 2018; Maclean et al., 2021; Muhleip et al., 2021). Intriguingly, TgIF1 is not 107 

conserved on the amino acid sequence level when compared to yeast and mammalian 108 

IF1. Instead, it was originally identified as a putative IF1 ortholog using secondary 109 

structure prediction algorithms (Huet et al., 2018; Zimmermann et al., 2018). 110 

Additionally, TgIF1 appears to be conserved in the apicomplexan Plasmodium 111 

falciparum and it is not conserved in Cryptosporidium spp., another apicomplexan 112 

genus with highly reduced mitochondria (Huet et al., 2018; Tsaousis and Keithly, 2019). 113 
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Nonetheless, it remains unclear whether TgIF1 performs similar roles to IF1 found in 114 

other organisms. Therefore, we aimed to characterize the role of TgIF1 in T. gondii. To 115 

do so, we utilized CRISPR/Cas9 to create stable TgIF1 knockout and overexpression 116 

lines. We then we used a combination of genome-wide profiling, biochemical 117 

techniques, microscopy methods, and phenotypic experiments to understand the 118 

function of TgIF1 within the ATP synthase complex, its impact on metabolic flux and 119 

mitochondrial morphology, and its role in the parasite's stress response. Our work 120 

revealed that although TgIF1 does not impact T. gondii metabolism under conventional 121 

growth conditions, it plays a key role in mitochondrial cristae maintenance as well as in 122 

the parasite’s ability to respond to oxidative and hypoxic stress. 123 

 124 

RESULTS 125 

Generation and phenotypic characterization of IF1Ty, IF1KO, and IF1Over strains 126 

 To begin the characterization of TgIF1, we first utilized CRISPR/Cas9 and 127 

homology-directed repair to tag the C terminus of TgIF1 with an in-frame Ty epitope tag, 128 

thus creating the IF1Ty strain (Figure 1A). We tagged the C terminus of the protein 129 

because structural studies in mammals have confirmed that the N terminal region of IF1 130 

is critical for the interaction of the inhibitor with the ATP synthase (Gledhill et al., 2007). 131 

We then replaced the entire Ty-tagged TgIF1 gene with a pyrimethamine-resistant 132 

dihydrofolate-reductase (DHFR) cassette using homology directed repair (Figure 1B). 133 

The generation of a complete IF1 knockout (IF1KO) strain was possible because TgIF1 134 

was previously predicted to be non-essential for the lytic cycle of T. gondii (Sidik et al., 135 

2016). Finally, the IF1KO strain was used as the genetic background for overexpression 136 
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of TgIF1 (IF1Over). To generate this strain, an exogenous copy of TgIF1 with a C-137 

terminal HA tag under the control of a strong Tub8 promoter was targeted to the 138 

parasite UPRT locus (Figure 1C).  139 

Using RT-qPCR, we did not detect TgIF1 transcripts in the IF1KO parasites, 140 

confirming the knockout of the gene in this strain. We also detected a significant 141 

increase in TgIF1 transcript levels in the IF1Over strain compared to the IF1Ty strain, 142 

confirming that addition of an exogenous copy of TgIF1 results in increased expression 143 

of the gene (Figure 1D). Subsequent Western blot analyses confirmed the presence of 144 

TgIF1 signal in the IF1Ty strain at the appropriate molecular weight (13-14 kDa); and, as 145 

expected, TgIF1 signal was not detected in IF1KO parasites (Figure 1E). An increase of 146 

TgIF1 signal was observed in IF1Over lysates compared to IF1Ty lysates, and 147 

densitometry analysis confirmed that TgIF1 protein levels were significantly increased 148 

by approximately five-fold in the IF1Over strain as compared to the IF1Ty strain (Figure 1, 149 

E and F).  150 

Intriguingly, although a band at 13-14 kDa for TgIF1 was detected in the IF1Over 151 

strain, the presence of an additional product with a molecular weight of ~37 kDa was 152 

consistently observed as well (Figure 1E). While IF1 has been shown to form high 153 

molecular weight oligomers when chemically crosslinked (Cabezón et al., 2001; 154 

Faccenda et al., 2017; Gahura et al., 2018), to our knowledge this seems to be the first 155 

instance of a naturally stable oligomer resisting denaturation. To determine the protein 156 

composition of the ~37 KDa band, we performed anti-Ty and anti-HA 157 

immunoprecipitations with the IF1Ty and IF1Over strains, respectively, then visualized the 158 

elution fractions via SDS-PAGE and silver staining. The indicated bands were then 159 
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analyzed by mass spectrometry (Figure S1A). We identified several peptide hits 160 

associated with TgIF1 present in samples derived from IF1Over parasites and absent in 161 

samples from IF1Ty parasites (Figure S1B). Peptide hits associated with proteins 162 

exceeding 25 kDa (which corresponds to the approximate difference between the low 163 

and high molecular weight bands in the western blot from IF1Over parasite lysates) were 164 

considered contaminants. Consequently, TgIF1 is the most probable candidate given its 165 

appropriately low molecular weight (Figure S1B). This finding suggests that the ~37kDa 166 

product in the IF1Over strain is a TgIF1 homo-oligomer. 167 

We next sought to determine the localization of TgIF1 in each of our parasite 168 

strains. To do this, we transiently transfected them with a plasmid encoding SOD2-GFP, 169 

which targets GFP to the mitochondrial matrix (Pino et al., 2007), and performed 170 

immunofluorescence assays using anti-Ty and anti-HA antibodies. We observed the 171 

colocalization of TgIF1 with SOD2-GFP in IF1Ty and IF1Over parasites and, as expected, 172 

and we did not detect TgIF1 in IF1KO parasites (Figure 1G). These observations confirm 173 

that TgIF1 localizes to the mitochondrion of the parasite, and that genetic manipulation 174 

of the protein does not impair its localization to this organelle. Together, our analyses 175 

validate the generation of the IF1Ty, IF1KO, and IF1Over strains, suggest that TgIF1 176 

overexpression results in a stable homo-oligomer, and confirm the mitochondrial 177 

localization of TgIF1.  178 

 179 

Overexpression of TgIF1 results in increased TgIF1 bound to the ATP synthase 180 

 We next sought to determine whether increased expression of TgIF1 impacts its 181 

interaction with the ATP synthase complex. To this end, we used two-dimensional blue 182 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 10, 2024. ; https://doi.org/10.1101/2024.08.09.607411doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607411
http://creativecommons.org/licenses/by-nc/4.0/


9 

native PAGE (2D BN-PAGE) to probe the subunit composition of the ATP synthase 183 

protein complex. Membranes containing IF1Ty samples were incubated with anti-Ty 184 

antibodies (Figure 2A), while membranes containing IF1Over samples were incubated 185 

with anti-HA antibodies (Figure 2B). Our results demonstrate that TgIF1 (13-14 kDa) 186 

interacts with the ATP synthase dimer (1860 kDa) in both the IF1Ty and IF1Over strains 187 

(Figure 2, A and B). Notably, the increased signal in the ATP synthase dimer area of the 188 

membrane in IF1Over parasites compared to IF1Ty suggests that TgIF1 overexpression 189 

increases TgIF1 binding to the ATP synthase (Figure 2, A and B). 190 

Intriguingly, the high molecular weight TgIF1 oligomer (just below 37 kDa) 191 

previously observed by Western blot analysis (Figure 1E) is also associated with the 192 

ATP synthase dimer (Figure 2B). In addition, a signal (*) at a slightly higher molecular 193 

weight than the TgIF1 monomer signal (just below 20 kDa) was also detected on the 194 

IF1Over immunoblot (Figure 2B). We have not previously observed a TgIF1 oligomer of 195 

this size via immunoblot analysis; its identity warrants further investigation. Lastly, 196 

although TgIF1 overexpression results in more TgIF1 bound to the ATP synthase dimer, 197 

not all of the overexpressed TgIF1 is able to bind, as two ~37 kDa signals can be 198 

observed (**) at the low molecular weight end of the first-dimension ladder (Figure 2B).  199 

Next, the anti-Ty and anti-HA antibodies were stripped from the IF1Ty and IF1Over 200 

membranes and each was re-probed with an antibody against the F1β subunit of the 201 

ATP synthase. (Figure 2, C and D). With the anti-F1β staining, several different 202 

assemblies of the T. gondii ATP synthase were detected on both immunoblots (Figure 203 

2, C and D): high molecular weight oligomeric assemblies that inefficiently enter the gel 204 

(>1900 kDa), and potential ATP synthase dimers and monomeric assemblies (~1860 205 
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and ~700 kDa, respectively.) Additionally, we observed signals at ~123 kDa and below. 206 

We speculate that the signal at ~123 kDa is an hererodimer formed by the α and β 207 

subunits of the enzyme (Kane et al., 2010), and the low molecular weight signal (<123 208 

kDa) represents β subunit monomers, which have a predicted molecular weight of 60 209 

kDa. No TgIF1 signal was detected in molecular weight regions corresponding to the 210 

ATP synthase monomer or its assembly intermediates on the first-dimension gel (Figure 211 

2, A-D), suggesting that TgIF1 exclusively binds to the dimeric form of the ATP 212 

synthase and not to its monomer or its assembly intermediates. Interestingly, 2D BN-213 

PAGE analysis of IF1Over lysates suggests that TgIF1 homo-oligomers can interact with 214 

larger ATP synthase oligomers (***) (Figure 2, B and D). Furthermore, an additional 215 

higher order ATP synthase assembly (****) was observed by F1β staining in two out of 216 

three replicates for IF1Over parasites (Figure 2D), but not in any of the IF1Ty replicates 217 

(Figure 2B). These data suggest that TgIF1 overexpression may increase the higher 218 

order oligomerization of the T. gondii ATP synthase. 219 

Taken together, our 2D BN-PAGE experiments reveal that TgIF1 overexpression 220 

results in an increase amount of protein bound to the ATP synthase. Additionally, we 221 

show that both the monomeric and oligomeric forms of TgIF1 are capable of binding to 222 

the ATP synthase when TgIF1 is overexpressed. Lastly, we show that while TgIF1 is not 223 

able to bind to ATP synthase assemblies smaller than its dimeric form, TgIF1 homo-224 

oligomer can bind to larger oligomers of the ATP synthase, and TgIF1 overexpression 225 

appears to promote the assembly of these larger oligomers.  226 

 227 

Disruption of TgIF1 results in the rewiring of gene regulatory networks in T. gondii 228 
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We next sought to understand the extent to which T. gondii parasites with altered levels 229 

of TgIF1 are different on a transcriptional level. To this end, we performed bulk RNA 230 

sequencing to generate transcriptomic data from each parasite line: 3 biological 231 

replicates for each (Figure 3A). We observed a strong correlation (R > 0.98) in gene 232 

expression between each biological replicate (Figure S2A) and principal component 233 

analysis revealed a separation between IF1Ty, IF1KO and IF1Over parasites based on their 234 

gene expression patterns (Figure 3B).  235 

We compared the transcriptomes of IF1KO and IF1Over parasites to IF1Ty parasites 236 

to assess the extent to which gene expression is altered due to the perturbation of 237 

TgIF1 levels. We identified 206 differentially expressed genes (adjusted p value < 0.05) 238 

when comparing IF1KO and IF1Over parasites to IF1Ty parasites (Figure 3C). As expected, 239 

TgIF1 (TGME49_215350) was among the differentially expressed genes (Figure S2B). 240 

Gene Ontology (GO) term enrichment analysis revealed altered expression of genes 241 

associated with various cellular processes in IF1KO and IF1Over parasites compared to 242 

IF1Ty parasites (Figure 3D; Table S1). We next sought to identify genes that displayed 243 

differential expression in both IF1KO and IF1Over parasites when compared to IF1Ty 244 

parasites. We identified 24 genes differentially expressed in both in IF1KO and IF1Over 245 

parasites relative to IF1Ty parasites (Figure 3E). Among these genes, six displayed gene 246 

expression changes that positively correlated with TgIF1 expression (Figure 3F). Their 247 

increased gene expression in IF1Over parasites when compared to IF1Ty parasites, and 248 

their decreased expression in IF1KO parasites when compared to IF1Ty parasites 249 

suggest that TgIF1 positively regulates these genes. 250 
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We also performed motif-based analysis on the set of genes positively correlated 251 

with TgIF1 expression (Figure 3F) to discover enriched motifs in the protein products of 252 

these genes. We identified six significantly enriched motifs (Fisher’s exact test, E value 253 

< 0.05) (Figure 3G, Table S2). The amino acid motif RIRSRV was significantly enriched 254 

(E =1.8x10-3) in each of the genes’ protein products (Figure 3G). These motifs might be 255 

critical for TgIF1-mediated regulation, via direct or indirect interaction, of this subset of 256 

genes. Together, our results reveal that both an increase and decrease in TgIF1 leads 257 

to distinct gene expression changes in parasites, and that TgIF1 may serve as a critical 258 

regulator of a subset of genes, in additional to its canonical role in the mitochondria. 259 

 260 

TgIF1 knockout results in decreased mitochondrial cristae density 261 

 In other systems, the role of IF1 in regulating cristae density remains 262 

controversial. While several groups have reported that IF1 overexpression increases 263 

cristae density, and its knock out reduces it (Campanella et al., 2008; Faccenda et al., 264 

2017; Romero-Carramiñana et al., 2023), others investigations have not observed this 265 

(Fujikawa et al., 2012; Nakamura et al., 2013; Kahancová et al., 2020). Interestingly, 266 

one study even reported that IF1 overexpression decreased cristae density (Weissert et 267 

al., 2021). We therefore sought to investigate how the knockout of TgIF1 alters 268 

mitochondrial cristae density in T. gondii. To do so, we prepared samples from 269 

intracellular IF1Ty and IF1KO parasites for transmission electron microscopy. 270 

Quantification of mitochondrial cristae density revealed a statistically significant 271 

decrease in IF1KO parasites compared to IF1Ty (Figure 4, A and B). As there was no 272 

significant difference in the mitochondrial areas measured between the two strains 273 
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(Figure 4C), these results indicate that TgIF1 plays a role in the maintenance of 274 

mitochondrial cristae density. 275 

 276 

Effects of TgIF1 knockout and overexpression on ATP synthase dimerization, 277 

ATPase activity, metabolism, and membrane potential 278 

We next investigated the extent to which altered TgIF1 expression affects ATP 279 

synthase dimerization. In yeast and mammals, how IF1 impacts ATP synthase 280 

dimerization is unclear. While several studies have shown a potential role of IF1 in ATP 281 

synthase dimerization (García et al., 2006; Campanella et al., 2008; Santacatterina et 282 

al., 2016; Romero-Carramiñana et al., 2023), other research indicates that IF1 does not 283 

influence dimerization of the enzyme complex (Tomasetig et al., 2002; Nakamura et al., 284 

2013; Barbato et al., 2015). In T. gondii, structural studies have shown that TgIF1 285 

homodimerizes via its C terminal region, allowing it to form an intra-dimeric bridge within 286 

each ATP synthase dimer of the larger hexameric ATP synthase oligomer observed in 287 

the parasite (Muhleip et al., 2021). This contrasts with what has been shown in 288 

mammalian cells, where IF1 forms inter-dimeric bridges within two separate ATP 289 

synthase dimers that make up a tetramer (Gu et al., 2019).  290 

To investigate the role of TgIF1 in ATP synthase dimerization, we utilized BN-291 

PAGE. Lysates were prepared from IF1Ty, IF1KO, and IF1Over parasites, resolved by BN-292 

PAGE, and processed for immunoblot analysis using antibodies against F1β. As there 293 

were no changes in the band representing the dimeric form of the ATP synthase 294 

between the strains (Figure 5A), we conclude that TgIF1 has no effect on ATP synthase 295 

dimerization in T. gondii. 296 
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 Additionally, we wanted to investigate whether changes in TgIF1 protein levels 297 

affected the hydrolytic (ATPase) activity of the ATP synthase. To do this, we utilized a 298 

previously developed in-gel ATPase assay that detects ATPase activity through the 299 

formation of white lead phosphate precipitates (Suhai et al., 2009). We prepared clear 300 

native PAGE samples from IF1Ty, IF1KO, and IF1Over parasites as well as from bovine 301 

heart mitochondria (BHM), which served as both a positive control and a molecular 302 

weight marker for the assay. The BHM sample formed a white precipitate around 700 303 

kDa (Figure 5B). Samples from IF1Ty, IF1KO and IF1Over parasites resulted in weaker 304 

bands at a much higher molecular weight (Figure 5B). Equivalent protein loading 305 

between the parasite samples was confirmed through Coomassie staining of the gel 306 

(Figure 5C). These results suggest that the knockout and overexpression of TgIF1 do 307 

not have significant effects on T. gondii ATPase activity. 308 

 We were also interested in investigating broader metabolic changes in the IF1Ty, 309 

IF1KO, and IF1Over parasite strains. We first investigated the ADP:ATP ratio, which has 310 

been shown to be an important indicator of energy status within the cell (Yuan et al., 311 

2013). We did not observe any significant changes in ADP:ATP ratios when TgIF1 was 312 

knocked out or overexpressed (Figure 5D), suggesting that TgIF1 does not alter this 313 

aspect of parasite energy metabolism. To more specifically investigate changes to ATP 314 

originating from various metabolic sources, we next utilized a previously described 315 

assay (Huet et al., 2018). Briefly, parasites were incubated with a glycolysis inhibitor 316 

and provided with either sufficient glucose to overcome glycolytic inhibition, or sufficient 317 

glutamine to promote oxidative phosphorylation (OXPHOS). While glucose contributes 318 

to ATP production via both glycolysis and OXPHOS, glutamine is only able to contribute 319 
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to ATP production via OXPHOS (MacRae et al., 2012). Using this assay, we found that 320 

the amount of ATP produced from glucose or glutamine in IF1KO and IF1Over parasites 321 

was similar to the amount produced in the IF1Ty strain (Figure 5E). These data suggest 322 

that the modulation of TgIF1 levels through knockout and overexpression has no 323 

significant effects on ATP production in T. gondii.  324 

 Aside from its role in energy production, the ATP synthase also plays an 325 

important role in mitochondrial membrane potential maintenance. In other systems, IF1 326 

has been shown to impact mitochondrial membrane potential through its binding and 327 

inhibition of the ATP synthase. More specifically, increases in IF1 protein are correlated 328 

with membrane potential hyperpolarization (Sanchez-Cenizo et al., 2010; Esparza-Moltó 329 

et al., 2021). It has also been shown that IF1 ablation can cause membrane potential 330 

depolarization (Esparza-Moltó et al., 2021). We thus decided to investigate whether 331 

TgIF1 knockout or overexpression had any effect on mitochondrial membrane potential 332 

in T. gondii. Syringe-released parasites were stained with the lipophilic cationic dye 333 

TMRE to assess mitochondrial membrane potential via fluorescent readout. FCCP, a 334 

protonophore that dissipates membrane potential, was included in the assay as an 335 

positive control. Using this method, we did not find any significant differences in 336 

membrane potential between IF1Ty, IF1KO, and IF1Over parasite strains (Figure 5F). 337 

Together, these data suggest that TgIF1 does not have significant effects on T. gondii 338 

ATP synthase dimerization, ATPase activity, metabolic flux, or mitochondrial membrane 339 

potential. 340 

 341 

TgIF1 levels are critical for responding to hypoxia 342 
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 In metazoan systems, the pH-based control of IF1 activity allows for ATP 343 

synthase inhibition to be regulated by mitochondrial stressors, such as hypoxia, which 344 

result in matrix acidification (Gore et al., 2022). To investigate a potential role of TgIF1 345 

in hypoxia, we compared parasite growth under normoxic (21% O2) and hypoxic (0.5% 346 

O2) conditions. Parasites from IF1Ty, IF1KO, and IF1Over strains were grown undisturbed 347 

on HFF monolayers under hypoxic or normoxic conditions for eight days before fixation 348 

and staining with crystal violet. Hypoxic conditions reduced plaque size and number for 349 

all three strains, but the reduction was greater in the IF1KO and IF1Over parasites (Figure 350 

6A). We quantified both the number of plaques and the size of plaques for each strain 351 

under both conditions, then normalized the values at 0.5% O2 to the values at 21% O2 352 

for each strain to illustrate strain-specific differences. Our results show that the 353 

decreases in plaque numbers due to hypoxia or strain-specific differences were not 354 

statistically significant (Figure 6, B and C). However, when plaque size was quantified, 355 

the decreases under hypoxic conditions compared to normoxic conditions were 356 

statistically significant in all three strains (Figure 6D). Further, when the size of plaques 357 

in 0.5% O2 was normalized to the size at 21% O2, the IF1KO and IF1Over strains had 358 

significantly smaller sizes in comparison to the IF1Ty strain (Figure 6E). Together, our 359 

data show that perturbations to TgIF1 levels, whether through knockout or 360 

overexpression, negatively impact the ability of the parasites to grow under hypoxic 361 

conditions. 362 

 363 

A potential role of TgIF1 in the mitohormetic response of T. gondii 364 
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 Given the established role of IF1 in mitohormesis (Yun and Finkel, 2014), we 365 

investigated whether TgIF1 could trigger a similar response in T. gondii. To evaluate 366 

this, we utilized monensin: an Na+/H+ exchanging ionophore that has been shown to 367 

damage the T. gondii mitochondrion through induction of ROS release (Charvat and 368 

Arrizabalaga, 2016). We reasoned that increased levels of TgIF1 in the IF1Over strain 369 

could potentially induce a mitohormetic response in T. gondii, and wanted to see 370 

whether IF1Ty, IF1KO, and IF1Over parasites respond differently to the ROS stress 371 

associated with monensin treatment. To determine strain-specific differences, we 372 

performed a plaque assay with each strain in the presence of monensin or a vehicle 373 

control for 24 hours before removal and replacement with fresh, conventional culture 374 

media. Monensin treatment caused significant decreases in the number of plaques 375 

compared to vehicle control for all three strains (Figure 7, A and B). However, when the 376 

number of plaques from monensin-treated wells was normalized to vehicle, there were 377 

no significant differences between the three strains (Figure 7C). When plaque size was 378 

measured, monensin caused a significant decrease in all three strains compared to 379 

vehicle, but this decrease was of a lower magnitude in the IF1Over strain (Figure 7D). 380 

Further, when the size of plaques in monensin-treated wells was normalized to that of 381 

vehicle-treated wells, IF1Over parasites showed a significant increase in plaque size in 382 

comparison to IF1Ty and IF1KO strains (Figure 7E). Taken together, these data suggest 383 

that increased TgIF1 levels might promote a mitohormetic response in T. gondii, 384 

allowing the parasite to mitigate the ROS stress induced by monensin treatment.  385 

 386 

DISCUSSION 387 
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 Recent work has uncovered that the apicomplexan mitochondrion contains a 388 

high concentration of essential, phylum-specific proteins, thus making it an ideal target 389 

for the development of novel therapeutics (Usey and Huet, 2022; Lamb et al., 2023). 390 

The energy-generating mitochondrial ATP synthase is particularly divergent in the 391 

model apicomplexan T. gondii: over half of its subunits have no known homologs 392 

outside of the phylum (Huet et al., 2018; Salunke et al., 2018; Maclean et al., 2021; 393 

Muhleip et al., 2021). While we are beginning to uncover the roles of some of these 394 

divergent subunits (Muhleip et al., 2021; Usey and Huet, 2023), the regulatory 395 

mechanisms governing this critical complex are largely unexplored . In the present 396 

study, we characterized the T. gondii homolog of IF1, a conserved ATP synthase 397 

inhibitor. 398 

 Intriguingly, when we overexpressed TgIF1, we observed the formation of a 399 

stable, high molecular weight oligomer that exhibited remarkable stability. While the 400 

TgIF1 monomer is approximately 13-14 kDa, the high molecular weight oligomer was 401 

approximately 37 kDa. Immunoprecipitation followed by silver staining and mass 402 

spectrometry suggests that this high molecular weight oligomer is a TgIF1 homo-403 

oligomer. Studies in other systems have observed that IF1 will form high molecular 404 

weight homo-oligomers when chemically crosslinked (Cabezón et al., 2001; Faccenda 405 

et al., 2017; Gahura et al., 2018). Such crosslinking studies have revealed that the IF1 406 

dimer runs between 20-25 kDa, the trimer at ~37 kDa, and the tetramer at ~50 kDa in 407 

mammals (Faccenda et al., 2017; Gahura et al., 2018). Interpreting our results based on 408 

these data, it appears that the stable, high molecular weight (~37 kDa) oligomer we 409 
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observe in the IF1Over line may be a TgIF1 trimer. However, the reasons behind its 410 

apparent ability to resist denaturation prior to SDS-PAGE remain unknown.  411 

 In other systems, the form of IF1 that binds to ATP synthase is either a monomer 412 

or dimer, depending on the organism (Cabezón et al., 2001; Gledhill et al., 2007; 413 

Robinson et al., 2013; Le Breton et al., 2016; Gahura et al., 2018). Cryo-electron 414 

microscopy studies of the T. gondii ATP synthase showed a TgIF1 dimer bound to the 415 

ATP synthase dimer (Muhleip et al., 2021). These results suggest that the inhibitory 416 

form of IF1 in T. gondii is the dimer, as is the case in metazoans and in the parasitic 417 

kinetoplastid Trypanosoma brucei (Cabezón et al., 2001; Panicucci et al., 2017; Gahura 418 

et al., 2018). Thus, whether the putative TgIF1 trimer we observe binding to the ATP 419 

synthase in our 2D BN-PAGE experiments is physiologically relevant outside of our 420 

exogenous overexpression system remains to be determined. Nevertheless, our results 421 

suggesting that an IF1 trimer can associate to the ATP synthase are, to our knowledge, 422 

the first of their kind.  423 

 When looking at transcriptional changes caused by the absence or the 424 

overexpression of TgIF1, we observe that perturbation of this protein leads to 425 

transcriptome-wide changes in T. gondii. Gene Ontology term analysis show an altered 426 

expression of genes linked to ribosomal activity, metabolism, and cytoskeletal function 427 

in IF1KO and IF1Over parasites compared to IF1Ty parasites. Although the relationship 428 

between cytoskeletal function and TgIF1 expression has not been previously described, 429 

our analysis suggest a role for TgIF1 in transcriptional regulation and metabolism, 430 

reminiscent of the established link between IF1 and mitohormesis in other organisms 431 

(Yun and Finkel, 2014; García-Aguilar and Cuezva, 2018). Additionally, the IF1Over 432 
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dataset showed a significant enrichment of genes related to gene expression regulation, 433 

supporting the notion that TgIF1 overexpression can re-program gene expression and 434 

potentially contributes to a mitohormetic response in T. gondii.  435 

 The transcriptomic data also provided additional insights into the metabolic 436 

changes resulting from TgIF1 knockout and overexpression. For example, a MoeA 437 

domain-containing protein was significantly downregulated in both IF1KO and IF1Over 438 

parasite strains compared to IF1Ty. Proteins containing MoeA domains are important 439 

cofactors for enzymes involved in metabolism of sulfur, carbon, and nitrogen (Mendel 440 

and Bittner, 2006). Additional experiments using metabolomics may provide more detail 441 

on any metabolic effects associated with TgIF1. Other interesting candidates include a 442 

sulfate permease (SulP) family protein, a DEAD/DEAH box helicase, and a RAP 443 

domain-containing protein. SulP proteins are involved in the transport of various ions, 444 

including chloride, sulfate, hydroxyl, bicarbonate, and oxalate across cellular 445 

membranes (Mount and Romero, 2004). Additionally, the DEAD/DEAH box helicase 446 

has functions beyond its RNA unwinding activity; genes in this family have been shown 447 

to act in transcriptional regulation (Fuller-Pace, 2006). Lastly, RAP (RNA-binding 448 

domain abundant in apicomplexans) domain-containing proteins have been shown to 449 

interact with RNA to mediate a range of cellular functions (Lee and Hong, 2004). 450 

Characterization of these candidates might yield further insight into the roles of TgIF1. 451 

The RNA-sequencing dataset generated in this study has also opened new avenues of 452 

inquiry linked to the regulatory role of TgIF1. Two of the top five differentially expressed 453 

genes in the IF1KO dataset encode hypothetical proteins that had no structural homologs 454 

as determined by HHPRED (Zimmermann et al., 2018). Future investigations into the 455 
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localization and function of these gene products could reveal important information on 456 

the role of TgIF1 within the parasites. Similarly, motif analysis of genes upregulated by 457 

TgIF1 identified six potential regulatory motifs. These motifs imply a potential direct or 458 

indirect regulatory role for TgIF1. To confirm our hypothesis, functional studies, 459 

including mutagenesis of these motifs, will be required.  460 

 In addition, we observed that TgIF1 overexpression increased the higher order 461 

oligomerization of ATP synthase complexes, while both TgIF1 knockout and 462 

overexpression left the dimeric form unaffected. Despite structural evidence suggesting 463 

that TgIF1 contributes to the dimerization of the T. gondii ATP synthase by forming an 464 

intradimeric bridge (Muhleip et al., 2021), the lack of a dimerization phenotype upon 465 

TgIF1 loss or overexpression might be attributable to the presence of an extensive 466 

dimerization interface in this enzyme. This dimerization interface has been shown to be 467 

considerably larger than the interface in mammals and yeast. More specifically, the T. 468 

gondii dimerization interface is composed of eleven different subunits from each 469 

monomer, many of which are apicomplexan-specific, that extend deep into the structure 470 

(Muhleip et al., 2021). As a result, the loss or overexpression of one dimerization 471 

component may not have any effect on the extremely stable interface. Nonetheless, 472 

disruptions to higher order oligomeric forms of the T. gondii ATP synthase have been 473 

observed following deletion of an ATP synthase subunit, despite a detectable impact on 474 

dimerization. Notably, these disruptions were associated with defects in mitochondrial 475 

cristae formation (Muhleip et al., 2021). Indeed, we observed a significant decrease in 476 

mitochondrial cristae density in the IF1KO strain compared to the IF1Ty strain. Taken 477 
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together, our data suggest that TgIF1 plays a critical role in higher order ATP synthase 478 

oligomerization, with downstream impacts on cristae formation.  479 

The role of IF1 in both ATP synthase oligomerization and cristae formation has 480 

been hotly contested in the literature (García et al., 2006; Campanella et al., 2008; 481 

Fujikawa et al., 2012; Nakamura et al., 2013; Barbato et al., 2015; Santacatterina et al., 482 

2016; Faccenda et al., 2017; Kahancová et al., 2020; Weissert et al., 2021; Domínguez-483 

Zorita et al., 2023). However, recent work may shed light on these apparent differences. 484 

A 2023 study suggests that there are two separate forms of ATP synthase in a cell: an 485 

active form and an inactive, or “sluggish”, IF1-bound form (Romero-Carramiñana et al., 486 

2023). The authors of the study suggest that IF1 increases ATP synthase 487 

oligomerization and the “sluggish”, oligomeric assemblies of ATP synthase cluster at 488 

cristae tips, helping to shape cristae and create microdomains of membrane potential 489 

hyperpolarization. They also hypothesize that the “sluggish” ATP synthase represents a 490 

reservoir of enzyme that can be activated to meet higher energy needs upon demand 491 

and serves as a generator of ROS for cellular signaling (Romero-Carramiñana et al., 492 

2023). 493 

We also undertook a variety of biochemical and metabolic experiments to 494 

characterize the function of TgIF1. To first investigate whether TgIF1 had any effect on 495 

the hydrolytic activity of the ATP synthase, we conducted in-gel ATPase assays. We 496 

were unable to detect any difference in ATPase activity when TgIF1 was knocked out or 497 

overexpressed. We thus utilized ADP:ATP ratio assays, as well as glucose/glutamine 498 

ATP production assays, to see if we could observe any effects on other aspects of 499 

metabolism. We did not observe any changes in metabolism in our parasite strains. 500 
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Similarly, mitochondrial membrane potential did not seem to change when TgIF1 was 501 

knocked out or overexpressed.  502 

Although many studies have shown that increased IF1 levels result in decreased 503 

OXPHOS and mitochondrial membrane potential hyperpolarization due to blockage of 504 

proton backflow through the ATP synthase (Sanchez-Cenizo et al., 2010; Formentini et 505 

al., 2012; García-Aguilar and Cuezva, 2018; Esparza-Moltó et al., 2021), this prevailing 506 

school of thought has been challenged by several studies. Specifically, some groups 507 

have observed the opposite: mitochondrial membrane potential depolarization and 508 

increased OXPHOS occurred when IF1 is overexpressed (Weissert et al., 2021), and 509 

similarly, membrane potential hyperpolarization and decreased OXPHOS occurred 510 

when IF1 was ablated (Fujikawa et al., 2012; Barbato et al., 2015; Zhong et al., 2022). 511 

Further, others have found IF1 ablation to have no effect on membrane potential and 512 

OXPHOS (Galber et al., 2023). Potential explanations for such disparate observations 513 

may lie in the different cell types used, which differ in intrinsic IF1 content, and thus 514 

react differently to perturbations of IF1 levels (Romero-Carramiñana et al., 2023). 515 

Furthermore, explanations for the different observations may be due to whether they 516 

were gained from transient versus stable IF1 expression systems (Fujikawa et al., 2012; 517 

Barbato et al., 2015). As such, many of the reported observations may be due to the 518 

cells adapting to changes in IF1 levels, and may not reflect the behavior of cells that 519 

have already adapted to altered IF1 levels (Fujikawa et al., 2012). In the case of 520 

T. gondii, the observed lack of changes to metabolism and membrane potential may be 521 

due to the parasite’s inherent metabolic flexibility (MacRae et al., 2012), and an 522 

adaptation to the stable TgIF1 knockout and overexpression systems used in our study. 523 
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Consequently, the generation of conditional TgIF1 knockdown and overexpression 524 

strains could provide insight into potential adaptations to TgIF1-mediated metabolic 525 

changes.  526 

Aside from its proposed role in metabolism and mitochondrial cristae 527 

maintenance, IF1 has also been suggested to be critical for regulating the cellular 528 

response to hypoxia (Gore et al., 2022). Interestingly, we found that TgIF1 plays a role 529 

in the parasite’s ability to replicate under low oxygen conditions. We found that both 530 

TgIF1 knockout and overexpression decreased the growth of T. gondii tachyzoites 531 

under hypoxic conditions but had no effect on growth under normoxic conditions. In 532 

other systems, IF1 is important for the balance between preserving cellular energy and 533 

preserving the mitochondrial membrane potential. Under low oxygen conditions, the 534 

lack of a final electron acceptor for the electron transport chain can lead to 535 

mitochondrial membrane potential depolarization and acidification of the matrix (Gore et 536 

al., 2022). When this occurs, the ATP synthase can act in reverse, hydrolyzing ATP to 537 

pump protons back into the intermembrane space and preserve the mitochondrial 538 

membrane potential, the loss of which can result in cellular death (Gore et al., 2022). In 539 

the case of TgIF1, our data suggest that this balance cannot be perturbed: loss of TgIF1 540 

(IF1KO) might result in futile and excessive wastage of ATP due to uninhibited reverse 541 

cycling of the ATP synthase, and that too much TgIF1 (IF1Over) prevents the 542 

maintenance of membrane potential, leading to detrimental downstream effects on 543 

mitochondrial health in hypoxic conditions.  544 

Though low oxygen is one form of stress that IF1 has been shown to mediate, it 545 

has also been shown to regulate responses to a wide range of stressors through the 546 
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process of mitohormesis (García-Aguilar and Cuezva, 2018). Our findings in T. gondii 547 

also support this notion, as parasites overexpressing TgIF1 were better able to divide 548 

and replicate following treatment with monensin. In mammals, the addition of a stressor 549 

was necessary to tease out the effect of IF1 overexpression (Formentini et al., 2014, 550 

2017; Santacatterina et al., 2016). Providing support for this observation, a previously 551 

conducted CRISPR screen in T. gondii for genes involved in oxidative stress responses 552 

found that parasites with a disrupted TgIF1 locus were negatively impacted in their 553 

ability to respond to hydrogen peroxide stress. Thus, TgIF1 was given a negative 554 

phenotype score (-0.8) (Chen et al., 2021). Under baseline growth conditions, TgIF1 555 

has a positive phenotype score (+1.8), indicating that the gene is not essential for 556 

survival under normal conditions (Sidik et al., 2016). These data, in combination with 557 

our own work, suggest that the application of stressors, such as ROS or hypoxic stress, 558 

will help to further unveil the role of TgIF1 in mitohormesis. 559 

While our work has shed light on the phenotype associated with manipulations of 560 

TgIF1 levels, several important questions remain. One such question is whether TgIF1 561 

can oligomerize into other forms and whether the putative TgIF1 trimer we observed is 562 

physiologically relevant. Other remaining questions include how the binding of TgIF1 to 563 

the ATP synthase is regulated, whether it plays a role in responding to other types of 564 

stressors, and whether it plays an important role in the slow-replicating bradyzoite form 565 

of T. gondii.  566 

In summary, our work characterizing TgIF1 demonstrates that it is dispensable 567 

for ATP production and parasite survival under baseline growth conditions. Our work 568 

also demonstrates that TgIF1 plays a role in cristae morphology, the parasite’s 569 
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response to hypoxia and other stressors, as well as gene expression regulation. The 570 

precise mechanism by which TgIF1 shields parasites from oxidative stress requires 571 

further investigation. Previous research has linked impaired ROS stress responses to 572 

reduced T. gondii virulence in knockout mice (Chen et al., 2021). Although a recent 573 

CRISPR-based screen in mice suggest that TgIF1 does not affect parasite virulence 574 

(Giuliano et al., 2024), it is crucial to determine whether TgIF1 is essential for parasite 575 

survival and development in vivo. Given the dramatically different environments T. 576 

gondii encounters throughout its complex life cycle, understanding how TgIF1 regulates 577 

ATP synthase activity will not only provide insights into this evolutionarily conserved 578 

process, it could also potentially identify novel therapeutic targets against apicomplexan 579 

parasites. 580 

 581 

MATERIALS AND METHODS 582 

Parasite culture 583 

RH/TATi/Δku80 (Sheiner et al., 2011) tachyzoites and their derivatives were 584 

maintained in human foreskin fibroblasts (HFFs) (ATCC, cat. no. SCRC-1041). Strains 585 

were cultured at 37ºC and 5% CO2 in DMEM supplemented with 2mM glutamine 586 

(GeminiBio, cat. no. 400-106) and 3% heat-inactivated fetal calf serum (IFS). 587 

Cloning and parasite strain generation 588 

 To generate the IF1Ty strain, the pU6-Universal plasmid (Addgene, cat. no. 589 

52694) was digested using the BsaI restriction enzyme then an sgRNA targeting the C 590 

terminus of TgIF1 (TGME49_215350) (P1 and P2) was inserted into the plasmid via 591 

Gibson assembly. A forward and reverse repair template, encoding a single Ty epitope 592 
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tag with homology to the C terminus and 3’ UTR of TgIF1, was duplexed and dialyzed to 593 

reduce salt content (P3 and P4). 30µg of this repair template and 100µg of the pU6-594 

Universal plasmid encoding Cas9 and the sgRNA were transfected into RH/TATi/Δku80 595 

parasites as previously described (Sidik et al., 2014). After recovery from transfection, 596 

the population was subcloned via serial dilution and clonal lines were screened for 597 

correct integration of the Ty tag via PCR using P5 and P6. Expression of the Ty tag was 598 

confirmed via immunofluorescence and western blotting. 599 

 To create a complete knockout of the TgIF1 gene (IF1KO), sgRNAs targeting the 600 

N and C termini of the Ty-tagged gene (P7 and P8 for the N terminus; P9 and P10 for 601 

the C terminus) were each inserted into BsaI-digested pU6-Universal plasmids using 602 

Gibson assembly. The repair template encoding a pyrimethamine-resistant copy of the 603 

DHFR cassette was amplified from the DHFR-SAG4-TetO7-3xTy plasmid (a generous 604 

gift from Silvia Moreno) using P11 and P12, which have homology to the 5’ and 3’ UTRs 605 

of TgIF1, respectively. Approximately 15µg of this repair template and 50µg of each of 606 

the two pU6-Universal plasmids encoding Cas9 and the N and C terminal sgRNAs were 607 

transfected into IF1Ty parasites as previously described (Sidik et al., 2014). 608 

Pyrimethamine (Sigma Aldrich, cat. no. 46706-250MG) was used at 3µM to select for 609 

parasites containing the correct IF1KO integration. After recovery from drug selection, 610 

the population was subcloned via serial dilution and clonal lines were screened for 611 

replacement of the TgIF1 locus with the DHFR cassette via PCR using P5 and P13. 612 

Knockout of the Ty-tagged TgIF1 was confirmed via immunofluorescence and western 613 

blotting. 614 
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 For creation of the IF1 overexpression strain (IF1Over), a plasmid containing the 615 

Tub8 promoter, the TgIF1 CDS, a C-terminal in-frame single HA epitope tag, and the 3’ 616 

UTR of TGME49_231410 (ATP synthase b subunit) was assembled via Gibson 617 

assembly. From this plasmid, the repair template encoding Tub8-TgIF1-HA-ICAP2 3’ 618 

UTR was amplified using P14 and P15, which have homology to the T. gondii uracil 619 

phosphoribosyltransferase (UPRT) locus (TGME49_312480). An sgRNA targeting the 620 

UPRT locus (P16 and P17) was inserted into the BsaI-digested pU6-Universal plasmid 621 

using Gibson assembly. Approximately 25µg of this repair template and 50µg of the 622 

pU6-Universal plasmid encoding Cas9 and the UPRT sgRNA were transfected into 623 

IF1KO parasites as previously described (Sidik et al., 2014). The thymidylate synthase 624 

inhibitor 5-fluoro-2'-deoxyuridine (FUDR) (Sigma Aldrich, cat. no. F0503-100MG) was 625 

used at 5µM to select for parasites containing the correct integration. After recovery 626 

from drug selection, the population was subcloned via serial dilution and clonal lines 627 

were screened for integration of the repair template into the UPRT locus via PCR using 628 

P18 and P19. Expression of IF1-HA was confirmed via immunofluorescence and 629 

western blotting. 630 

Quantitative reverse transcription PCR (RT-qPCR) 631 

Total RNA was extracted from lysed tachyzoites using the Zymo Quick-RNA 632 

MiniPrep kit (VWR, cat. no. 76020-636). RT-qPCR was conducted using primers P20 633 

and P21 for TgIF1, P22 and P23 for actin, the Luna Universal One-Step RT-qPCR kit 634 

(VWR, cat. no. 103307) in an iCycler thermal cycler (Bio-Rad). Relative quantification 635 

analysis was conducted using the 2–∆∆Ct method based on actin as a housekeeping 636 

gene.  637 
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Western blotting 638 

 To prepare samples for western blotting, pellets containing 1 or 1.5x107 parasites 639 

were resuspended in 2X Laemmli buffer (20% glycerol, 5% 2-mercaptoethanol, 4% 640 

SDS, 0.02% bromophenol blue, 120 mM Tris-HCl pH 6.8) then boiled at 100°C for 5 641 

minutes. Precision Plus Protein Dual Color Standard ladder (Bio-Rad, cat. no. 1610374) 642 

was utilized as a molecular weight marker. Following separation by SDS-PAGE, 643 

proteins were transferred to 0.2µm pore nitrocellulose membranes (Bio-Rad, cat. no. 644 

1620150) and probed overnight at 4ºC on a shaker with mouse anti-Ty (Bastin et al., 645 

1996) and rabbit anti-HA (Cell Signaling Technologies, cat. no. 3724S). Membranes 646 

were then incubated with goat anti-mouse IgG conjugated to HRP (VWR, cat. no. 647 

102646-160) and goat anti-rabbit IgG conjugated to HRP (VWR, cat. no. 102645-182) 648 

secondary antibodies for one hour. Following incubation with enhanced 649 

chemiluminescence (ECL) substrate (VWR, cat. no. PI32209), autoradiography film 650 

(MTC Bio, cat. no. A8815) was exposed to the membrane and developed via X-ray. 651 

After development, membranes were stripped according to manufacturer directions 652 

(VWR, cat. no. PI21059) and re-probed with mouse anti-tubulin (Developmental Studies 653 

Hybridoma Bank at the University of Iowa, cat. no. 12G10) primary antibody which was 654 

used as a loading control. Membranes were then incubated with HRP-conjugated goat 655 

anti-mouse IgG secondary antibodies for one hour and again developed using ECL 656 

substrate and X-ray film. 657 

Immunoprecipitation, silver staining and mass spectrometry 658 

Prior to beginning immunoprecipitation, 60µg of mouse anti-Ty antibody (Bastin 659 

et al., 1996) and 60µg of mouse anti-HA antibody (UGA Bioexpression and 660 
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Fermentation Facility) were each separately coupled to 1mg of Pierce™ Protein G 661 

Magnetic Beads (Thermo Fisher Scientific, cat. no. 88848). Parasites from the IF1Ty and 662 

IF1Over strains were lysed at 4ºC for 5 minutes in a buffer containing 150 mM NaCl, 20 663 

mM Tris pH 7.6, 1% Triton X-100, 0.1% SDS and supplemented with 1x HALT Protease 664 

and Phosphatase Inhibitor (VWR, cat. no. PI78440). Lysates were clarified via 665 

centrifugation at 21,000xg for 5 minutes at 4ºC. The supernatant was incubated with the 666 

prepared anti-Ty-coupled Protein G beads (IF1Ty) or with the prepared anti-HA-coupled 667 

Protein G beads (IF1Over) for 1 hour at 4ºC. To elute bound proteins, the anti-Ty beads 668 

were incubated with 150ng/µl of Ty peptide (Genescript) in lysis buffer and the anti-HA 669 

beads were incubated with 150ng/µl of HA peptide (Genescript) in lysis buffer for 30 670 

minutes at 4ºC. Elution fractions were resolved by SDS-PAGE then visualized by silver 671 

stain as previously described (Shevchenko et al., 1996). Precision Plus Protein Dual 672 

Color Standard ladder (Bio-Rad, cat. no. 1610374) was utilized as a molecular weight 673 

marker. The indicated gel bands were then excised from the gel.  674 

For mass spectrometry analysis, the gel bands were destained with 15 mM 675 

potassium ferricyanide and 50 mM sodium thiosulphate solution. After destaining 676 

proteins in the gel bands were reduced with 20mM dithiothreitol (Sigma) for 1h at 56ºC 677 

and then alkylated with 60mM iodoacetamide (Sigma) for 1h at 25ºC in the 678 

dark. Proteins were then digested with 12.5ng/uL modified trypsin (Promega) in 50uL 679 

100mM ammonium bicarbonate, pH 8.9 at 25oC overnight. Peptides were extracted by 680 

incubating the gel pieces with 50% acetonitrile/5%formic acid then 100mM ammonium 681 

bicarbonate, repeated twice followed by incubating the gel pieces with 100% acetonitrile 682 

then 100mM ammonium bicarbonate, repeated twice. Each fraction was collected, 683 
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combined, and reduced to near dryness in a vacuum centrifuge. Samples were then 684 

desalted with Pierce Peptide Desalting Spin columns (cat. no. 89852) before running 685 

them on the LC-MS. 686 

The tryptic peptides were separated by reverse phase HPLC (Thermo Fisher 687 

Scientific Ultimate 3000) using a Thermo Fisher Scientific PepMap RSLC C18 column 688 

(2µm tip, 75umx50cm PN# ES903) over a 60-minute gradient before nanoelectrospray 689 

using a Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific). Solvent A 690 

was 0.1% formic acid in water and solvent B was 0.1% formic acid in acetonitrile. The 691 

gradient conditions were 1% B (0-10 min at 300nL/min), 1% B (10-15 min, 300 nL/min 692 

to 200 nL/min), 1-3% B (15-15.5 min, 200nL/min), 3-23% B (15.5-35 min, 200nL/min), 693 

23-35 B (35-40.8 min, 200nL/min), 35-80% B (40.8-43.00 min, 200 nL/min), 80% B (43-694 

46 min, 200nL/min), 80-1% B (46-46.1 min, 200nL/min), 1% B (46.1-60 min, 695 

200nL/min). 696 

The mass spectrometer was operated in a data-dependent mode. The 697 

parameters for the full scan MS were: resolution of 60,000 across 375-1600 m/z and 698 

maximum IT 25 ms. The full MS scan was followed by MS/MS for as many precursor 699 

ions in a two second cycle with a NCE of 28, dynamic exclusion of 20 s and resolution 700 

of 30,000. Raw mass spectral data files (.raw) were searched using Sequest HT in 701 

Proteome Discoverer (Thermo Fisher Scientific). Sequest search parameters were: 10 702 

ppm mass tolerance for precursor ions; 0.02 Da for fragment ion mass tolerance; 2 703 

missed cleavages of trypsin; fixed modification were carbamidomethylation of cysteine; 704 

variable modifications were methionine oxidation, methionine loss at the N-terminus of 705 

the protein, acetylation of the N-terminus of the protein and also Met-loss plus 706 
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acetylation of the protein N-terminus. Total spectrum count was analyzed in Scaffold; 707 

protein threshold was set to 99% and the minimum number of peptides was set to 2. 708 

Immunofluorescence assays 709 

To confirm mitochondrial localization of IF1Ty and IF1Over, as well as to confirm 710 

knockout of TgIF1 in the IF1KO strain, co-localization with mitochondrion matrix-targeted 711 

SOD2-GFP was utilized. Parasites of each strain were transfected with 20µg of the 712 

pT8mycSOD2(SPTP)GFPmycHX plasmid (Pino et al., 2007). Immediately following 713 

transfection, 40µl of parasites were added to glass coverslips pre-seeded with HFF 714 

cells. The next day, intracellular parasites were fixed in a solution of 4% 715 

paraformaldehyde for 15 minutes at 4°C. After fixation, a solution of 0.25% Triton X-100 716 

in PBS was used to permeabilize cells for 8 minutes. The coverslips were then blocked 717 

for 10 minutes in a solution of PBS containing 5% heat-inactivated fetal bovine serum 718 

(IFS) and 5% normal goat serum (NGS). Next, the coverslips infected with IF1Ty or 719 

IF1KO parasites were stained with mouse anti-Ty (Bastin et al., 1996), while coverslips 720 

infected with IF1Over parasites were stained with rabbit anti-HA (Abcam, cat. no. ab9110) 721 

primary antibodies for 1 hour. Subsequently, the coverslips infected with IF1Ty or IF1KO 722 

parasites were stained with Alexa-647-conjugated goat anti-mouse (Invitrogen, cat. no. 723 

A32728), while coverslips infected with IF1Over parasites were stained with Alexa-647-724 

conjugated goat anti-rabbit (Invitrogen, cat. no. A32733) secondary antibodies. Hoechst 725 

(Santa Cruz Biotechnology, cat. no. sc-394039) stain was used to visualize nuclei. 726 

Coverslips were mounted onto slides with Prolong Diamond (Thermo Fisher, cat. no. 727 

P36961). Images were acquired using an ECHO Revolve microscope and the ECHO 728 
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Pro application. Image analysis and processing were conducted using Fiji, Adobe 729 

Photoshop 2022, and Adobe Illustrator 2022. 730 

Blue native polyacrylamide gel electrophoresis (BN-PAGE) 731 

To generate samples for BN-PAGE experiments, 2x107 parasites per sample 732 

were solubilized in a solution containing 1X NativePAGE sample buffer (Thermo Fisher 733 

Scientific, cat. no. BN2008) supplemented with 2.5% digitonin (VWR, cat. no. 10191-734 

280). To create a ladder for accurate estimations of the molecular weight of large 735 

membrane-bound complexes, 50µg of bovine heart mitochondria (Abcam, cat. no. 736 

ab110338) were solubilized using the same lysis buffer as the parasite samples (Evers 737 

et al., 2021). Prior to loading into the gel, 1µl of NativePAGE 5% G-250 sample additive 738 

(Thermo Fisher Scientific, cat. no. BN2004) was added to each 25µl sample. After 739 

separation on a NativePAGE 3-12% Bis Tris protein gel (Thermo Fisher Scientific, cat. 740 

no. BN1001BOX), the gel strip containing the bovine heart mitochondria was excised 741 

and stained with Coomassie blue (0.3% Thermo Brilliant Blue R-250 (Thermo Fisher 742 

Scientific, cat. no. BP101-25), 45% methanol, 10% acetic acid). The rest of the gel 743 

containing the parasite proteins was transferred to a PVDF membrane (VWR, cat. no. 744 

PI88518). Membranes were probed with rabbit anti-F1β (Agrisera, cat. no. AS05 085) 745 

primary antibodies followed by a goat anti-rabbit IgG secondary antibody conjugated to 746 

HRP (VWR, cat. no. 102645-182). Following incubation with enhanced 747 

chemiluminescence (ECL) substrate (VWR, cat. no. PI32209), autoradiography film 748 

(MTC Bio, cat. no. A8815) was exposed to the membrane and developed via X-rays. 749 

Two-dimensional blue native polyacrylamide gel electrophoresis (2D BN-PAGE) 750 
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 For 2D BN-PAGE, samples from IF1Ty and IF1Over parasites were prepared and 751 

run on the first dimension as described in the previous section for BN-PAGE samples. 752 

When the dye front had reached approximately 2/3 of the way down the gel, the 753 

electrophoresis was stopped. The lane containing the bovine heart mitochondria ladder 754 

was excised and Coomassie stained as previously described. The lanes containing the 755 

IF1Ty and IF1Over samples were then carefully excised. Each gel strip was placed in a 1x 756 

Laemmli solution (10% glycerol, 2.5% 2-mercaptoethanol, 2% SDS, 0.01% 757 

bromophenol blue, 60 mM Tris-HCl pH 6.8) containing 100mM dithiothreitol (DTT; VWR, 758 

cat. no. 0281-5G) then microwaved for 10 seconds. Gel strips were then allowed to 759 

incubate in the Laemmli/DTT solution at room temperature on a shaker for 5-10 760 

minutes. Following this incubation, each gel strip was carefully loaded horizontally into a 761 

12% polyacrylamide gel poured with a Mini-Protean Prep+1 well comb (Bio-Rad, cat. 762 

no.1653367). Precision Plus Protein Dual Color Standard ladder (Bio-Rad, cat. no. 763 

1610374) was utilized as a molecular weight marker for this second dimension run. 764 

Samples were run at 120V until the dye front ran off the gel, then were transferred to a 765 

PVDF membrane overnight at 25V, 4ºC, in transfer buffer containing 0.1% SDS. 766 

Membranes were first probed with mouse anti-Ty (Bastin et al., 1996) for the IF1Ty 767 

sample or rabbit anti-HA (Cell Signaling Technologies, cat. no. 3724S) for the IF1Over 768 

sample overnight at 4ºC. Membranes were then incubated with goat anti-mouse IgG 769 

conjugated to HRP (VWR, cat. no. 102646-160) or goat anti-rabbit IgG conjugated to 770 

HRP (VWR, cat. no. 102645-182) secondary antibodies for one hour. Following 771 

incubation with enhanced chemiluminescence (ECL) substrate (VWR, cat. no. 772 

PI32209), membranes were developed using a BioRad ChemiDoc Imaging System. 773 
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Following development, membranes were stripped according to manufacturer directions 774 

(VWR, cat. no. PI21059) and re-probed with rabbit anti-F1β (Agrisera, cat. no. AS05 775 

085) overnight at 4ºC followed by a goat anti-rabbit IgG secondary antibody conjugated 776 

to HRP (VWR, cat. no. 102645-182). F1β signal was then captured using the same 777 

method. 778 

Generation of RNA sequencing data 779 

Total RNA was extracted from three biological replicates of lysed IF1Ty, IF1KO, 780 

and IF1Over tachyzoites using the Zymo Quick-RNA MiniPrep kit (VWR, cat. no. 76020-781 

636). The integrity of the extracted RNA was confirmed via an Agilent 2100 Bioanalyzer 782 

(Agilent Technologies) using the Eukaryote Total RNA Nano assay. The RNA was then 783 

shipped to Psomagen, where the starting total RNA material was quantified via a 784 

fluorescence-based quantification method using the Picogreen assay (Thermo Fisher 785 

Scientific, cat. no. R11490) on a VictorX2 multilabel plate reader (Perkin Elmer). The 786 

RNA integrity was checked using RNA ScreenTape (Agilent Technologies, cat. no. 787 

5067-5576) and RNA ScreenTape Sample Buffer (Agilent Technologies, cat. no. 5067-788 

5577) on a 4200 Tapestation system (Agilent Technologies, cat. no. G2991AA)  789 

500 ng of total RNA served as the input material for library preparation using the 790 

TruSeq Stranded mRNA Library Prep kit (Illumina, cat. no. 20020595), along with the 791 

IDT for Illumina – TruSeq RNA UD Indexes v2 (Illumina, cat. no. 20040871). The total 792 

RNA underwent mRNA purification, involving dilution, the addition of RPB, followed by 793 

incubation, and subsequent sequential addition of BWB and ELB, following the specified 794 

protocol for the TruSeq Stranded mRNA Library Prep protocol (Illumina, cat. no. 795 

20020595). The isolated mRNA was then fragmented and primed for cDNA synthesis 796 
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using kit reagents, with an 8-minute incubation at 95°C using a C1000 Touch Thermal 797 

Cycler (Bio-Rad, cat. no.185-1196). The cleaved and primed RNA was reverse 798 

transcribed into first strand cDNA using SuperScript II Reverse Transcriptase (Thermo 799 

Fisher Scientific, cat. no. 18064-014), with Actinomycin D and the FSA (First Strand 800 

Synthesis Act D Mix) added to enhance strand specificity. The second strand was 801 

synthesized using the 2nd strand master mix from the same TruSeq Stranded mRNA 802 

kit, incubated at 16°C for 1 hour. To enable adapter ligation, the double-stranded cDNA 803 

(dscDNA) was adenylated at the 3' end, and RNA adapters were subsequently ligated 804 

to the dA-tailed dscDNA. Finally, additional amplification steps were carried out to 805 

enrich the library material. The final library was validated using D1000 ScreenTape 806 

(Agilent Technologies, cat. no. 5067-5582) and D1000 Reagents (Agilent Technologies, 807 

cat. no. 5067-5583) for size information. Quantification was performed using the Quant-808 

iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, cat. no P7589). The validated 809 

libraries were then normalized to 10nM and diluted to the final loading concentration of 810 

1.5nM. Utilizing the NovaSeq 1.5 5000/6000 S4 Reagent Kit (300 cycles) (Illumina, cat. 811 

no. 20028312) and NovaSeq 1.5 Xp 4-Lane Kit (Illumina, cat. no. 20043131), samples 812 

were sequenced on the NovaSeq 6000 system (Illumina). 813 

Analysis of RNA sequencing data 814 

Quality control checks on the IIlumina sequencing data were performed using 815 

FASTQC (Andrews, 2010). We then mapped the data to the genome of the T. gondii 816 

reference strain, ME49 (version 65), using STAR (version 2.7.10b) (Dobin et al., 2013). 817 

For this purpose, we first generated a genome index using the ‘genomeGenerate’ run 818 

mode with the following options set: --genomeSAindexNbases 12, --sjdbOverhang 150, 819 
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--sjdbGTFfeatureExon exon, --sjdbGTFtagExonParentGeneName gene_id, --820 

sjdbGTFtagExonParentGeneType gene_ebi_biotype. During the genome indexing step, 821 

the reference strain’s genome (FASTA file) and annotations (GTF file) are required. To 822 

ensure reads mapping to the untranslated regions (UTRs) of RNA were counted, we 823 

modified the GTF file: genomic coordinates with ‘three_prime_UTR’ and 824 

‘five_prime_UTR’ classifications were reassigned to ‘exon’. Next, we mapped the 825 

sequencing data using the ‘align reads’ run mode with the following options set:  --826 

alignIntronMin 14, --alignIntronMax 1899, --alignMatesGapMax 497, --quantMode 827 

GeneCounts. Finally, we used the featureCounts program in the Subread package 828 

(version 2.0.6) to count reads with the following arguments specified: -p -B  --829 

countReadPairs --byReadGroup -s 2 -d 50 -D 600 (Liao et al., 2014).  830 

For the differential expression analyses, we used DESeq2 to assess the 831 

differential expression (DE) of genes identified in IF1Ty, IF1KO, and IF1Over parasites 832 

(Love et al., 2014). Briefly, the output from featureCounts (.txt file) containing count data 833 

from all samples was loaded in to R and transformed in to a DESeq2::DESeqDataSet 834 

with the design “~replicate + condition” specified. We discarded genes with less than 9 835 

counts in 3 or more samples prior to running the DESeq2::DEseq() function with the 836 

following arguments specified: sfType = "iterate", fitType = "local". We extracted the 837 

results for IF1Ty versus IF1KO and IF1Ty versus IF1Over comparisons using the 838 

DESeq2::results function. We considered genes with a Benjamini and Hochberg 839 

adjusted p-value of < 0.05 to be differentially expressed (Benjamini and Hochberg, 840 

1995). 841 
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We performed GO Term enrichment analysis on the differentially expressed 842 

genes obtained from the DESeq2 analysis using the gprofiler2 package for R (Raudvere 843 

et al., 2019; Kolberg et al., 2020). To this end we use the package’s gost function with 844 

the following parameters:  organism = "tgondii", ordered_query = F, multi_query = 845 

FALSE, significant = T, exclude_iea = FALSE. measure_underrepresentation = FALSE, 846 

evcodes = T, user_threshold = 0.1, correction_method = "fdr”, domain_scope = 847 

"known", custom_bg = NULL, numeric_ns = "", sources = NULL, as_short_link = 848 

FALSE, highlight = F. Gene sets containing 2 or more genes and a fold enrichment FDR 849 

value of < 0.1 were considered enriched. 850 

We used the STREME tool (Bailey, 2021) within MEME Suite (v. 5.5.5) to discover 851 

enriched amino acid motifs within the subset of genes displaying decreased expression 852 

in IF1KO versus IF1Ty and increased expression in IF1Over versus IF1Ty. We uploaded a 853 

FASTA file containing the amino acid sequences of the proteins for these genes to the 854 

MEME suite server. We scanned the amino acid sequences against the PROSITE 855 

fixed-length motifs (PROSITE_2021_04) database under the default parameters. The 856 

following command was ran on the MEME Suite server: streme --verbosity 1 --oc 857 

streme_out -protein --minw 6 --maxw 15 --order 0 --bfile ./background --seed 0 --align 858 

center --time 4740 --totallength 4000000 --evalue --thresh 0.05 --p sequences.fa. 859 

Transmission electron microscopy (TEM) 860 

 TEM double fixation and image acquisition were conducted for IF1Ty and IF1KO 861 

parasites as previously described (Usey and Huet, 2023). For cristae quantification, 70 862 

sections of each strain that had been pre-selected to contain parasite mitochondria 863 

were blinded prior to analysis. Fiji software was utilized to measure mitochondrial area 864 
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and mitochondrial cristae were counted manually. Following completion of the analysis, 865 

images were un-blinded and a student’s t-test was utilized to determine differences in 866 

cristae density and the measured mitochondrial area between strains. 867 

In-gel ATPase assays 868 

In this assay, cellular lysates are prepared and run under native PAGE 869 

conditions. Following separation, gels are incubated in a solution containing ATP and 870 

lead (II) nitrate. If there is ATPase activity present in the gel, the enzyme will cleave the 871 

ATP into ADP and inorganic phosphate, which will then interact with the lead to form a 872 

white lead phosphate precipitate on the gel. To prepare the samples for analysis, 873 

5.5x107 or 2x108 parasites from IF1Ty, IF1KO and IF1Over strains were solubilized in a 874 

buffer consisting of 250mM sucrose, 20mM Tris HCl pH 8, 2mM EDTA pH 8, 750mM 875 

amino-N-caproic acid (Sigma Aldrich, cat. no. A-2504-25G), and 2% DDM (Calbiochem, 876 

cat. no. 324355). Following clarification of the lysates via centrifugation, 4x NativePAGE 877 

sample buffer (Thermo Fisher Scientific, cat. no. BN2008) was added to each sample to 878 

a final concentration of 1x. As both a ladder and as a positive control for the assay, 879 

50µg of bovine heart mitochondria (Abcam, cat. no. ab110338) were solubilized using 880 

the same lysis buffer as the parasite samples (Evers et al., 2021). The samples were 881 

separated on a NativePAGE 3-12% Bis Tris protein gel (Thermo Fisher Scientific, cat. 882 

no. BN1001BOX) in a 25mM Tris, 190mM glycine running buffer on ice for 883 

approximately 3 hours at 150V. The gel was then pre-incubated in a 35mM Tris, 270mM 884 

glycine pH 8 buffer for 10 minutes. After this time, the gel was switched to a buffer 885 

containing 35 mM Tris, 270 mM glycine, pH 8.4, 14 mM MgCl2, 11 mM ATP (Sigma 886 

Aldrich, cat. no. A7699-5G), 0.3% (w/v) Pb(NO3)2 (Sigma Aldrich, cat. no. 228621-100G) 887 
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(Lacombe et al., 2019). The buffer was changed after 4 hours to refresh the reagents 888 

and the gel was allowed to incubate in this solution for a total of 20 hours. The gel was 889 

then fixed in a 50% methanol solution and lead nitrate precipitates were imaged against 890 

a black background. The gel was Coomassie stained for total protein content as a 891 

loading control. 892 

ADP:ATP ratio measurements 893 

 ADP:ATP ratio measurements were conducted using the ADP/ATP Ratio Assay 894 

Kit (Bioluminescent) (Abcam, cat.no. ab65313) with a protocol adapted from the 895 

manufacturer directions. HFF cells were infected with IF1Ty, IF1KO, or IF1Over parasites. 896 

While parasites were still intracellular, the cultures were washed with PBS to remove 897 

any extracellular parasites. The intracellular parasites were then syringe released, 898 

filtered, and pelleted. The parasite pellets were resuspended in the Nucleotide 899 

Releasing Buffer to a concentration of 1x107 parasites/ml and allowed to incubate at 900 

room temperature for 5 minutes. During this incubation, the reaction mix was prepared 901 

by combining 10% ATP Monitoring Enzyme and 90% Nucleotide Releasing Buffer. 902 

100µl of the reaction mix was to the wells of a white, flat-bottom 96-well plate (Greiner 903 

Bio-One, cat. no. 655090) so that the background luminescence levels could be 904 

calculated (Data A). 10µl of each lysed parasite solution was then added to wells 905 

containing reaction mix and the luminescence was read after 2 minutes (Data B). The 906 

luminescent signal was allowed to degrade over 30 minutes before another read was 907 

taken (Data C). 10µl of 1x ADP-converting enzyme was added to each well and the 908 

luminescence was read after 2 minutes (Data D). The ratio was calculated using the 909 
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following equation: ADP:ATP ratio = [Data D – Data C]/[Data B – Data A]. Each 910 

experiment was conducted in triplicate. 911 

Cellular ATP concentration measurements 912 

 Cellular ATP measurements were conducted as previously described (Usey and 913 

Huet, 2023). Syringe released IF1Ty, IF1KO, and IF1Over parasites were collected in a 914 

solution of Fluorobrite DMEM (Thermo Fisher Scientific, cat. no. A1896701) containing 915 

1% IFS and HALT protease inhibitors (VWR, cat. no. PI78440). Pellets were washed in 916 

DMEM free from glucose and glutamine (Fisher Scientific, cat. no. A1443001) then 917 

resuspended to a final concentration of 6x106 parasites/ml in DMEM free from glucose 918 

and glutamine. Aliquots of each parasite sample were immediately flash-frozen to 919 

represent initial ATP levels. Additional aliquots of each parasite sample were also 920 

incubated for one hour at 37ºC and 5% CO2 with equal amounts of the following 921 

compounds at the listed final concentrations: 5mM 2-deoxyglucose (Sigma Aldrich, cat. 922 

no. D6134-5G) + 25mM glucose (Sigma Aldrich, cat. no. G7021-100G) or 5mM 2-923 

deoxyglucose + 2mM glutamine (Sigma Aldrich, cat. no. G8540-100G). After this 924 

incubation, these samples were also flash-frozen. To evaluate the ATP levels in each 925 

sample, 100µl of CellTiter-Glo reagent (Promega, cat. no. G7572) was added to the 926 

wells while samples thawed at room temperature for 1 hour. Luminescence was 927 

measured using a Molecular Devices SpectraMax i3x microplate reader. All conditions 928 

were conducted in triplicate and ATP levels for each strain were normalized to initial 929 

values.  930 

Mitochondrial membrane potential measurements 931 
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 Mitochondrial membrane potential measurements were conducted using the 932 

lipophilic cationic dye, tetramethylrhodamine ethyl ester perchlorate (TMRE; Sigma 933 

Aldrich, cat. no. 87917-25MG). HFFs were infected with IF1Ty, IF1KO, or IF1Over 934 

parasites. While parasites were still intracellular, monolayers were washed with PBS to 935 

remove any extracellular parasites. FluorobriteTM DMEM (Fluorobrite; Thermo Fisher 936 

Scientific, cat. no. A1896701) containing 1% IFS was added to each culture before 937 

scraping and syringe release of intracellular parasites. Parasites were pelleted then 938 

resuspended in Fluorobrite with 1% IFS (unstained), or solutions containing 250nM 939 

TMRE, 250nM TMRE with 10µM carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 940 

(FCCP) (Sigma Aldrich, cat. no. C2920-10MG), or 250nM TMRE with an equivalent 941 

amount of DMSO (vehicle control). Parasites were incubated in these solutions for 30 942 

minutes at 37ºC and 5% CO2. Following staining, parasites were pelleted, and samples 943 

were washed then resuspended in either PBS or PBS containing 10µM FCCP or 944 

DMSO. Parasites were added in triplicate to a 96 well plate (Greiner, cat. no. 655090) at 945 

2x107 parasites/well. Fluorescence was measured using λex 520/25 nm; λem 590/35 nm 946 

filters on a Synergy H1 Hybrid Reader (Biotek). 947 

Low oxygen plaque assays 948 

To determine the effect of low oxygen conditions on the growth of IF1Ty, IF1KO, 949 

and IF1Over parasites, 500 parasites from each strain were added in triplicate to two 6 950 

well plates pre-seeded with HFFs. One plate containing each strain was incubated 951 

under normoxic conditions (21% O2, 5% CO2, 37ºC) while a second plate containing 952 

each strain was incubated under hypoxic conditions (0.5% O2, 5% CO2, 37ºC). Plates 953 

were left undisturbed in these conditions for 8 days, after which wells were washed with 954 
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PBS, fixed in 95% ethanol for 10 minutes then stained with a crystal violet solution (2% 955 

crystal violet, 0.8% ammonium oxalate, 20% ethanol) for 5 minutes. Wells were 956 

subsequently washed again then scanned for analysis. The plaque size of 20 plaques 957 

per well and the total number of plaques per well were quantified manually using Fiji.  958 

Monensin plaque assays 959 

To determine the effect of monensin on the growth of IF1Ty, IF1KO, and IF1Over 960 

parasites, 500 parasites from each strain were added in triplicate to 6 well plates pre-961 

seeded with HFFs. Parasites were allowed to invade the HFFs for 2 hours before the 962 

media on one set of wells was supplemented with either 0.003µM monensin (VWR, 963 

BUF074) or vehicle control (70% ethanol). After 24 hours of treatment, the wells were 964 

washed twice with PBS before fresh media was added. Plates were left undisturbed for 965 

7 days, after which wells were washed with PBS, fixed in 95% ethanol for 10 minutes 966 

then stained with a crystal violet solution (2% crystal violet, 0.8% ammonium oxalate, 967 

20% ethanol) for 5 minutes. Wells were subsequently washed again then scanned for 968 

analysis. The plaque size of 20 plaques per well and the total number of plaques per 969 

well were quantified manually using Fiji.  970 

 971 

Data availability 972 

All raw sequencing data generated in this study can be found in the Sequence 973 

Read Archive (SRA) at the NCBI National Library of Medicine 974 

(https://www.ncbi.nlm.nih.gov/sra) under the BioProject code: PRJNA1137608.  975 

Archived scripts (Shell and R) used to process the RNA sequencing data and its output 976 

files as at time of publication are available at Zenodo. 977 
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 1000 
 1001 
Figure 1. Generation of the IF1Ty, IF1KO and IF1Over strains.  1002 
A. Schematic representation of the strategy used to generate the IF1Ty strain.  1003 
B. To create a complete knockout of TgIF1 (IF1KO), the TgIF1 locus in the IF1Ty strain 1004 
was replaced with a dihydrofolate reductase (DHFR) cassette using CRISPR/Cas9 1005 
homology-directed repair. C. Overexpression of TgIF1 was achieved by the exogenous 1006 
expression of an HA-tagged TgIF1 copy driven by the strong Tub8 promoter from the 1007 
uracil phosphoribosyltransferase (UPRT) (TGME49_312480) locus. D. Quantitative 1008 
reverse transcription PCR (RT-qPCR) was used to measure the TgIF1 transcript levels 1009 
in in the IF1Ty, IF1KO, and IF1Over strains. Actin was utilized as a control housekeeping 1010 
gene. Three technical replicates were used over five biological replicates for each 1011 
strain. Expression levels were normalized to IF1Ty using the 2–∆∆Ct method. Unpaired, 1012 
two-tailed t-test (p = 0.001 to 0.01: **, p < 0.0001: ****). E. Lysates from equivalent 1013 
numbers of IF1Ty, IF1KO, and IF1Over parasites were separated via SDS-PAGE then first 1014 
probed with antibodies against Ty and HA. Membranes were later probed with 1015 
antibodies against tubulin as a loading control. Data are representative of three 1016 
biological replicates. F. Densitometric analysis of HA signal in IF1Over parasites 1017 
normalized to Ty signal in IF1Ty parasites. Tubulin levels used as a loading control. 1018 
Unpaired, two-tailed t-test (p = 0.01 to 0.05: *). G. IF1Ty, IF1KO, and IF1Over parasites 1019 
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were transiently transfected with a plasmid encoding SOD2-GFP. Intracellular parasites 1020 
were then fixed and stained for DAPI (blue) and either anti-Ty (IF1Ty and IF1KO) or anti-1021 
HA antibodies (IF1Over) (red). Scale bar: 5µm.  1022 
 1023 
  1024 
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 1025 
 1026 
Figure 2. Overexpression of TgIF1 results in more IF1 bound to the ATP synthase. 1027 
A, B. Lysates from (A) IF1Ty and (B) IF1Over parasites were resolved via two-1028 
dimensional blue native PAGE (2D BN-PAGE) then probed with antibodies against Ty 1029 
(A) or HA (B) to assess the amount of TgIF1 bound to the ATP synthase in each strain. 1030 
Membranes were exposed for the same amount of time. C, D. Both the IF1Ty and IF1Over 1031 
membranes were stripped and re-probed with an antibody against the ATP synthase 1032 
F1β subunit. Membranes were exposed for the same amount of time. Representative 1033 
images of three biological replicates. Asterisks mark specific signals discussed in the 1034 
main text. 1035 
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Figure 3. Transcriptomic analysis of parasites lacking and overexpressing TgIF1 1037 
reveals altered expression of genes associated with various biological processes. 1038 
A. Schematic depicting the experimental design to generate the transcriptomic data from 1039 
the three parasite lines. B. PCA plot displaying the variance explained in the first two 1040 
principal components. Each data point represents one biological replicate. C. Volcano 1041 
plots displaying the differentially expressed genes in the IF1Over (upper) and IF1KO strains 1042 
(lower) compared to IF1Ty parasites. Genes with a Benjamini and Hochberg adjusted p-1043 
value of < 0.05 were considered significantly different. D. Gene onthology (GO) Term 1044 
enrichment analysis of genes with significantly different expression in IF1Over strain 1045 
(upper) and IF1KO strain (lower) compared to IF1Ty parasites. Bar plots represent gene 1046 
sets containing 2 of more genes and a p value of < 0.01. E. Venn diagram displaying the 1047 
unique and overlapping differentially expressed genes in the IF1Over and IF1KO parasites 1048 
compared to IF1Ty parasites. F. Heatmap displaying the scaled expression of genes that 1049 
display increased expression in IF1Over parasites and decreased expression IF1KO 1050 
compared to IF1Ty parasites. G. Amino acid motifs enriched (Fisher’s exact test, E value 1051 
< 0.05) in the genes that display increased expression in IF1Over parasites and decreased 1052 
expression IF1KO compared to IF1Ty parasites.  1053 
  1054 
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 1055 
 1056 
Figure 4. Mitochondrial cristae density is decreased in IF1KO parasites.  1057 
A. Representative electron micrographs of mitochondrial sections from IF1Ty and IF1KO 1058 
parasites. Scale bar: 500nm. B. Quantification of cristae/µm2 of mitochondrial area from 1059 
IF1Ty and IF1KO parasites. Data represent 70 sections of each strain. Unpaired, two-1060 
tailed t-test (p = 0.01 to 0.05: *). C. Mitochondrial areas (µm) measured from sections 1061 
analyzed in (B). Unpaired, two-tailed t-test (ns = not significant). 1062 
  1063 
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 1064 
Figure 5. TgIF1 knockout and overexpression do not affect ATP synthase 1065 
dimerization, ATPase activity, metabolism, or mitochondrial membrane potential 1066 
under normal growth conditions. A. Lysates from IF1Ty, IF1KO, and IF1Over parasites 1067 
were resolved by blue native PAGE (BN-PAGE) and probed with an antibody against 1068 
the ATP synthase F1β subunit. Data are representative of three biological replicates. B. 1069 
Lysates from IF1Ty, IF1KO, and IF1Over parasite strains were resolved by clear native 1070 
PAGE (CN-PAGE) then subjected to in-gel ATPase activity assays. Bovine heart 1071 
mitochondria (BHM) is used as a positive control. Data are representative of four 1072 
biological replicates. C. Total Coomassie stain of gel shown in (B) to confirm loading of 1073 
equivalent protein amounts. D. Cellular ADP:ATP ratios were determined from three 1074 
biological replicates of IF1Ty, IF1KO, and IF1Over parasites. Unpaired, two-tailed t-test (ns 1075 
= not significant). E, F. Relative ATP concentrations of IF1Ty, IF1KO, and IF1Over 1076 
parasites. Parasites were incubated for 1 hour with 2-deoxy-D-glucose (2-DG) to inhibit 1077 
glycolysis plus either (E) glucose or (F) glutamine. ATP levels for each condition were 1078 
normalized to the initial ATP concentration of each strain. Data represent four biological 1079 
replicates. Unpaired, two-tailed t-test (ns = not significant). G. Mitochondrial membrane 1080 
potential measurements of the IF1Ty, IF1KO, and IF1Over strains using TMRE. Data 1081 
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represent 3 biological replicates. Unpaired, two-tailed t-test (ns = not significant, p = 1082 
0.001 to 0.01: **). 1083 
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 1085 
Figure 6. Knockout and overexpression of TgIF1 decrease parasite replication 1086 
under hypoxic conditions. A. Plaque assay of the IF1Ty, IF1KO, and IF1Over strains 1087 
grown under normoxic (21% O2) or hypoxic (0.5% O2) conditions. Data are 1088 
representative of three biological replicates. B. Quantification of the plaque numbers per 1089 
well in (A). Paired two-tailed t-tests were conducted to compare the same strain under 1090 
different conditions, and unpaired t-tests were used for comparisons between different 1091 
strains. (ns = not significant). C. Average plaque numbers at 0.5% O2 from (B) were 1092 
normalized to plaque numbers at 21% O2 for each parasite strain. Unpaired, two-tailed t-1093 
test (ns = not significant). D. Plaque size was manually measured for 20 plaques in 1094 
each well. Paired two-tailed t-tests were conducted to compare the same strain under 1095 
different conditions, and unpaired t-tests were used for comparisons between different 1096 
strains. (ns = not significant, p = 0.01 to 0.05: *). E. Average plaque size at 0.5% O2 1097 
from (D) was normalized to plaque size at 21% O2 for each parasite strain. Upaired, 1098 
two-tailed t-test (p = 0.01 to 0.05: *). 1099 
  1100 
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 1102 
Figure 7 Overexpression of TgIF1 increases parasite growth following incubation 1103 
with monensin. A. 500 parasites from IF1Ty, IF1KO, and IF1 Over strains were 1104 
allowed to invade an HFF monolayer for two hours prior to a 24-hour treatment with 1105 
0.003 µM monensin or vehicle, 70% ethanol (-). After washout, parasites were allowed 1106 
to grow undisturbed for a total of 7 days in normal growth medium. Data are 1107 
representative of three biological replicates. B. Quantification of the plaque numbers per 1108 
well. Paired two-tailed t-tests were conducted to compare the same strain under 1109 
different conditions, and unpaired t-tests were used for comparisons between different 1110 
strains. (ns = not significant, p = 0.001 to 0.01: *, p = 0.0001 to 0.001: **). C. Average 1111 
plaque numbers from monensin-treated samples from (B) were normalized to plaque 1112 
numbers from non-treated samples for each parasite strain. Paired two-tailed t-tests 1113 
were conducted to compare the same strain under different conditions, and unpaired t-1114 
tests were used for comparisons between different strains (ns = not significant). D. 1115 
Plaque size was manually measured for 20 plaques in each well using Fiji. Paired two-1116 
tailed t-tests were conducted to compare the same strain under different conditions, and 1117 
unpaired t-tests were used for comparisons between different strains. (ns = not 1118 
significant, p = 0.001 to 0.01: *, p = 0.0001 to 0.001: **). E. Average plaque size from 1119 
monensin-treated samples (D) was normalized to plaque size from non-treated samples 1120 
for each parasite strain. Unpaired, two-tailed t-test (ns = not significant, p = 0.001 to 1121 
0.01: **). 1122 
  1123 
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 1124 

 1125 

Figure S1. TgIF1 overexpression generates a high molecular weight oligomer. A. 1126 
Following Ty or HA immunoprecipitation, the eluates of IF1Ty and IF1Over parasites were 1127 
resolved via SDS-PAGE then visualized by silver staining. The indicated bands were 1128 
excised from the gel then sent for analysis by mass spectrometry. B Volcano plot of 1129 
mass spectrometry results from (A). The fold change indicates peptides enriched in the 1130 
IF1 Over sample compared to the IF1Ty sample. The p-value was generated via 1131 
Fisher’s exact test. Dotted lines indicate peptides with log2(fold change) over 2 and a -1132 
log10(p-value) over 1.3. Proteins over this threshold, but listed in grey, are contaminants 1133 
due to their molecular weight being larger than the difference between the low and high 1134 
molecular weight bands in the IF1Over blot. TgIF1 (red) is highlighted.  1135 
  1136 
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 1137 

Figure S2. Transcriptomic analysis of parasites lacking and overexpressing TgIF1 1138 
reveals altered expression of genes associated with various biological processes. 1139 
A. Scatter plots showing the correlation of gene expression data for each biological 1140 
replicate processed for RNA sequencing (R = Pearson correlation coefficient). B. 1141 
Boxplots displaying  expression levels for TgIF1 in IF1Ty, IF1KO, and IF1Over parasites. 1142 
Each point represents expression values obtained from individual RNA-sequencing data 1143 
sets for each genotype. 1144 
 1145 

REFERENCES: 1146 

Andrews, S (2010). FastQC: a quality control tool for high throughput sequence data. 1147 

Bailey, TL (2021). STREME: accurate and versatile sequence motif discovery. 1148 
Bioinformatics 37, 2834–2840. 1149 

Barbato, S, Sgarbi, G, Gorini, G, Baracca, A, and Solaini, G (2015). The inhibitor protein 1150 
(IF1) of the F1F0-ATPase modulates human osteosarcoma cell bioenergetics. J Biol 1151 
Chem 290, 6338–6348. 1152 

Bastin, P, Bagherzadeh, Z, Matthews, KR, and Gull, K (1996). A novel epitope tag 1153 
system to study protein targeting and organelle biogenesis in Trypanosoma brucei. Mol 1154 
Biochem Parasitol 77, 235–239. 1155 

Benjamini, Y, and Hochberg, Y (1995). Controlling the false discovery rate: A practical 1156 
and powerful approach to multiple testing. J R Stat Soc 57, 289–300. 1157 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 10, 2024. ; https://doi.org/10.1101/2024.08.09.607411doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607411
http://creativecommons.org/licenses/by-nc/4.0/


59 

Cabezon, E, Butler, PJ, Runswick, MJ, and Walker, JE (2000). Modulation of the 1158 
oligomerization state of the bovine F1-ATPase inhibitor protein, IF1, by pH. J Biol Chem 1159 
275, 25460–25464. 1160 

Cabezón, E, Montgomery, MG, Leslie, AGW, and Walker, JE (2003). The structure of 1161 
bovine F1-ATPase in complex with its regulatory protein IF1. Nat Struct Biol 10, 744–1162 
750. 1163 

Cabezón, E, Runswick, MJ, Leslie, AG, and Walker, JE (2001). The structure of bovine 1164 
IF(1), the regulatory subunit of mitochondrial F-ATPase. EMBO J 20, 6990–6996. 1165 

Campanella, M, Casswell, E, Chong, S, Farah, Z, Wieckowski, MR, Abramov, AY, 1166 
Tinker, A, and Duchen, MR (2008). Regulation of mitochondrial structure and function 1167 
by the F1Fo-ATPase inhibitor protein, IF1. Cell Metab 8, 13–25. 1168 

Charvat, RA, and Arrizabalaga, G (2016). Oxidative stress generated during monensin 1169 
treatment contributes to altered Toxoplasma gondii mitochondrial function. Sci Rep 6, 1170 
22997. 1171 

Chen, Y, Liu, Q, Xue, J-X, Zhang, M-Y, Geng, X-L, Wang, Q, and Jiang, W (2021). 1172 
Genome-Wide CRISPR/Cas9 Screen Identifies New Genes Critical for Defense Against 1173 
Oxidant Stress in Toxoplasma gondii. Front Microbiol 12, 670705. 1174 

Cintrón, NM, and Pedersen, PL (1979). A protein inhibitor of the mitochondrial 1175 
adenosine triphosphatase complex of rat liver. Purification and characterization. J Biol 1176 
Chem 254, 3439–3443. 1177 

Dobin, A, Davis, CA, Schlesinger, F, Drenkow, J, Zaleski, C, Jha, S, Batut, P, Chaisson, 1178 
M, and Gingeras, TR (2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics 1179 
29, 15–21. 1180 

Domínguez-Zorita, S, Romero-Carramiñana, I, Santacatterina, F, Esparza-Moltó, PB, 1181 
Simó, C, Del-Arco, A, Núñez de Arenas, C, Saiz, J, Barbas, C, and Cuezva, JM (2023). 1182 
IF1 ablation prevents ATP synthase oligomerization, enhances mitochondrial ATP 1183 
turnover and promotes an adenosine-mediated pro-inflammatory phenotype. Cell Death 1184 
Dis 14, 413. 1185 

Esparza-Molto, PB, Nuevo-Tapioles, C, and Cuezva, JM (2017). Regulation of the H(+)-1186 
ATP synthase by IF1: a role in mitohormesis. Cell Mol Life Sci 74, 2151–2166. 1187 

Esparza-Moltó, PB, Romero-Carramiñana, I, Núñez de Arenas, C, Pereira, MP, Blanco, 1188 
N, Pardo, B, Bates, GR, Sánchez-Castillo, C, Artuch, R, Murphy, MP, et al. (2021). 1189 
Generation of mitochondrial reactive oxygen species is controlled by ATPase inhibitory 1190 
factor 1 and regulates cognition. PLoS Biol 19, e3001252. 1191 

Evers, F, Cabrera-Orefice, A, Elurbe, DM, Kea-te Lindert, M, Boltryk, SD, Voss, TS, 1192 
Huynen, MA, Brandt, U, and Kooij, TWA (2021). Composition and stage dynamics of 1193 
mitochondrial complexes in Plasmodium falciparum. Nat Commun 12, 1–17. 1194 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 10, 2024. ; https://doi.org/10.1101/2024.08.09.607411doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607411
http://creativecommons.org/licenses/by-nc/4.0/


60 

Faccenda, D, Nakamura, J, Gorini, G, Dhoot, GK, Piacentini, M, Yoshida, M, and 1195 
Campanella, M (2017). Control of Mitochondrial Remodeling by the ATPase Inhibitory 1196 
Factor 1 Unveils a Pro-survival Relay via OPA1. Cell Rep 18, 1869–1883. 1197 

Formentini, L, Pereira, MP, Sánchez-Cenizo, L, Santacatterina, F, Lucas, JJ, Navarro, 1198 
C, Martínez-Serrano, A, and Cuezva, JM (2014). In vivo inhibition of the mitochondrial 1199 
H+-ATP synthase in neurons promotes metabolic preconditioning. EMBO J 33, 762–1200 
778. 1201 

Formentini, L, Sánchez-Aragó, M, Sánchez-Cenizo, L, and Cuezva, JM (2012). The 1202 
mitochondrial ATPase inhibitory factor 1 triggers a ROS-mediated retrograde 1203 
prosurvival and proliferative response. Mol Cell 45, 731–742. 1204 

Formentini, L, Santacatterina, F, Núñez de Arenas, C, Stamatakis, K, López-Martínez, 1205 
D, Logan, A, Fresno, M, Smits, R, Murphy, MP, and Cuezva, JM (2017). Mitochondrial 1206 
ROS Production Protects the Intestine from Inflammation through Functional M2 1207 
Macrophage Polarization. Cell Rep 19, 1202–1213. 1208 

Fujikawa, M, Imamura, H, Nakamura, J, and Yoshida, M (2012). Assessing actual 1209 
contribution of IF1, inhibitor of mitochondrial FoF1, to ATP homeostasis, cell growth, 1210 
mitochondrial morphology, and cell viability. J Biol Chem 287, 18781–18787. 1211 

Fuller-Pace, FV (2006). DExD/H box RNA helicases: multifunctional proteins with 1212 
important roles in transcriptional regulation. Nucleic Acids Res 34, 4206–4215. 1213 

Gahura, O, Panicucci, B, Váchová, H, Walker, JE, and Zíková, A (2018). Inhibition of F1 1214 
-ATPase from Trypanosoma brucei by its regulatory protein inhibitor TbIF1. FEBS J 1215 
285, 4413–4423. 1216 

Galber, C, Fabbian, S, Gatto, C, Grandi, M, Carissimi, S, Acosta, MJ, Sgarbi, G, Tiso, 1217 
N, Argenton, F, Solaini, G, et al. (2023). The mitochondrial inhibitor IF1 binds to the ATP 1218 
synthase OSCP subunit and protects cancer cells from apoptosis. Cell Death Dis 14, 1219 
54. 1220 

García, JJ, Morales-Ríos, E, Cortés-Hernandez, P, and Rodríguez-Zavala, JS (2006). 1221 
The inhibitor protein (IF1) promotes dimerization of the mitochondrial F1F0-ATP 1222 
synthase. Biochemistry 45, 12695–12703. 1223 

García-Aguilar, A, and Cuezva, JM (2018). A Review of the Inhibition of the 1224 
Mitochondrial ATP Synthase by IF1 in vivo: Reprogramming Energy Metabolism and 1225 
Inducing Mitohormesis. Front Physiol 9, 1322. 1226 

Giuliano, CJ, Wei, KJ, Harling, FM, Waldman, BS, Farringer, MA, Boydston, EA, Lan, 1227 
TCT, Thomas, RW, Herneisen, AL, Sanderlin, AG, et al. (2024). CRISPR-based 1228 
functional profiling of the Toxoplasma gondii genome during acute murine infection. Nat 1229 
Microbiol, 1–21. 1230 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 10, 2024. ; https://doi.org/10.1101/2024.08.09.607411doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607411
http://creativecommons.org/licenses/by-nc/4.0/


61 

Gledhill, JR, Montgomery, MG, Leslie, AGW, and Walker, JE (2007). How the regulatory 1231 
protein, IF1, inhibits F1-ATPase from bovine mitochondria. Proceedings of the National 1232 
Academy of Sciences 104, 15671–15676. 1233 

Gore, E, Duparc, T, Genoux, A, Perret, B, Najib, S, and Martinez, LO (2022). The 1234 
Multifaceted ATPase Inhibitory Factor 1 (IF1) in Energy Metabolism Reprogramming 1235 
and Mitochondrial Dysfunction: A New Player in Age-Associated Disorders? Antioxid 1236 
Redox Signal 37, 370–393. 1237 

Gu, J, Zhang, L, Zong, S, Guo, R, Liu, T, Yi, J, Wang, P, Zhuo, W, and Yang, M (2019). 1238 
Cryo-EM structure of the mammalian ATP synthase tetramer bound with inhibitory 1239 
protein IF1. Science 364, 1068–1075. 1240 

Hashimoto, T, Negawa, Y, and Tagawa, K (1981). Binding of Intrinsic ATPase Inhibitor 1241 
to Mitochondrial ATPase—Stoichiometry of Binding of Nucleotides, Inhibitor, and 1242 
Enzyme. J Biochem 90, 1151–1157. 1243 

Huet, D, Rajendran, E, van Dooren, GG, and Lourido, S (2018). Identification of cryptic 1244 
subunits from an apicomplexan ATP synthase. Elife 7. 1245 

Jonckheere, AI, Smeitink, JAM, and Rodenburg, RJT (2012). Mitochondrial ATP 1246 
synthase: architecture, function and pathology. J Inherit Metab Dis 35, 211–225. 1247 

Kahancová, A, Sklenář, F, Ježek, P, and Dlasková, A (2020). Overexpression of native 1248 
IF1 downregulates glucose-stimulated insulin secretion by pancreatic INS-1E cells. Sci 1249 
Rep 10, 1551. 1250 

Kane, LA, Youngman, MJ, Jensen, RE, and Van Eyk, JE (2010). Phosphorylation of the 1251 
F(1)F(o) ATP synthase beta subunit: functional and structural consequences assessed 1252 
in a model system. Circ Res 106, 504–513. 1253 

Kolberg, L, Raudvere, U, Kuzmin, I, Vilo, J, and Peterson, H (2020). gprofiler2 -- an R 1254 
package for gene list functional enrichment analysis and namespace conversion toolset 1255 
g:Profiler. F1000Res 9, 709. 1256 

Lacombe, A, Maclean, AE, Ovciarikova, J, Tottey, J, Mühleip, A, Fernandes, P, and 1257 
Sheiner, L (2019). Identification of the Toxoplasma gondii mitochondrial ribosome, and 1258 
characterisation of a protein essential for mitochondrial translation. Mol Microbiol 112, 1259 
1235–1252. 1260 

Lamb, IM, Okoye, IC, Mather, MW, and Vaidya, AB (2023). Unique Properties of 1261 
Apicomplexan Mitochondria. Annu Rev Microbiol. 1262 

Le Breton, N, Adrianaivomananjaona, T, Gerbaud, G, Etienne, E, Bisetto, E, Dautant, A, 1263 
Guigliarelli, B, Haraux, F, Martinho, M, and Belle, V (2016). Dimerization interface and 1264 
dynamic properties of yeast IF1 revealed by Site-Directed Spin Labeling EPR 1265 
spectroscopy. Biochim Biophys Acta 1857, 89–97. 1266 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 10, 2024. ; https://doi.org/10.1101/2024.08.09.607411doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607411
http://creativecommons.org/licenses/by-nc/4.0/


62 

Lee, I, and Hong, W (2004). RAP--a putative RNA-binding domain. Trends Biochem Sci 1267 
29, 567–570. 1268 

Liao, Y, Smyth, GK, and Shi, W (2014). featureCounts: an efficient general purpose 1269 
program for assigning sequence reads to genomic features. Bioinformatics 30, 923–1270 
930. 1271 

Love, MI, Huber, W, and Anders, S (2014). Moderated estimation of fold change and 1272 
dispersion for RNA-seq data with DESeq2. Genome Biol 15, 550. 1273 

Maclean, AE, Bridges, HR, Silva, MF, Ding, S, Ovciarikova, J, Hirst, J, and Sheiner, L 1274 
(2021). Complexome profile of Toxoplasma gondii mitochondria identifies divergent 1275 
subunits of respiratory chain complexes including new subunits of cytochrome bc1 1276 
complex. PLoS Pathog 17, e1009301. 1277 

MacRae, JI, Sheiner, L, Nahid, A, Tonkin, C, Striepen, B, and McConville, MJ (2012). 1278 
Mitochondrial metabolism of glucose and glutamine is required for intracellular growth of 1279 
Toxoplasma gondii. Cell Host Microbe 12, 682–692. 1280 

Mendel, RR, and Bittner, F (2006). Cell biology of molybdenum. Biochim Biophys Acta 1281 
1763, 621–635. 1282 

Mount, DB, and Romero, MF (2004). The SLC26 gene family of multifunctional anion 1283 
exchangers. Pflugers Arch 447, 710–721. 1284 

Muhleip, A, Kock Flygaard, R, Ovciarikova, J, Lacombe, A, Fernandes, P, Sheiner, L, 1285 
and Amunts, A (2021). ATP synthase hexamer assemblies shape cristae of 1286 
Toxoplasma mitochondria. Nat Commun 12, 120. 1287 

Nakamura, J, Fujikawa, M, and Yoshida, M (2013). IF1, a natural inhibitor of 1288 
mitochondrial ATP synthase, is not essential for the normal growth and breeding of 1289 
mice. Biosci Rep 33. 1290 

Norling, B, Tourikas, C, Hamasur, B, and Glaser, E (1990). Evidence for an 1291 
endogenous ATPase inhibitor protein in plant mitochondria. Purification and 1292 
characterization. Eur J Biochem 188, 247–252. 1293 

Panicucci, B, Gahura, O, and Zíková, A (2017). Trypanosoma brucei TbIF1 inhibits the 1294 
essential F1-ATPase in the infectious form of the parasite. PLoS Negl Trop Dis 11, 1295 
e0005552. 1296 

Pino, P, Foth, BJ, Kwok, LY, Sheiner, L, Schepers, R, Soldati, T, and Soldati-Favre, D 1297 
(2007). Dual targeting of antioxidant and metabolic enzymes to the mitochondrion and 1298 
the apicoplast of Toxoplasma gondii. PLoS Pathog 3, e115. 1299 

Pullman, ME, and Monroy, GC (1963). A Naturally Occurring Inhibitor of Mitochondrial 1300 
Adenosine Triphosphatase. J Biol Chem 238, 3762–3769. 1301 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 10, 2024. ; https://doi.org/10.1101/2024.08.09.607411doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607411
http://creativecommons.org/licenses/by-nc/4.0/


63 

Rao, SPS, Manjunatha, UH, Mikolajczak, S, Ashigbie, PG, and Diagana, TT (2023). 1302 
Drug discovery for parasitic diseases: powered by technology, enabled by 1303 
pharmacology, informed by clinical science. Trends Parasitol 39, 260–271. 1304 

Raudvere, U, Kolberg, L, Kuzmin, I, Arak, T, Adler, P, Peterson, H, and Vilo, J (2019). 1305 
g:Profiler: a web server for functional enrichment analysis and conversions of gene lists 1306 
(2019 update). Nucleic Acids Res 47, W191–W198. 1307 

Robinson, GC, Bason, JV, Montgomery, MG, Fearnley, IM, Mueller, DM, Leslie, AGW, 1308 
and Walker, JE (2013). The structure of F₁-ATPase from Saccharomyces cerevisiae 1309 
inhibited by its regulatory protein IF₁. Open Biol 3, 120164. 1310 

Romero-Carramiñana, I, Esparza-Moltó, PB, Domínguez-Zorita, S, Nuevo-Tapioles, C, 1311 
and Cuezva, JM (2023). IF1 promotes oligomeric assemblies of sluggish ATP synthase 1312 
and outlines the heterogeneity of the mitochondrial membrane potential. Commun Biol 1313 
6, 836. 1314 

Salunke, R, Mourier, T, Banerjee, M, Pain, A, and Shanmugam, D (2018). Highly 1315 
diverged novel subunit composition of apicomplexan F-type ATP synthase identified 1316 
from Toxoplasma gondii. PLoS Biol 16, e2006128. 1317 

Sanchez-Cenizo, L, Formentini, L, Aldea, M, Ortega, AD, Garcia-Huerta, P, Sanchez-1318 
Arago, M, and Cuezva, JM (2010). Up-regulation of the ATPase inhibitory factor 1 (IF1) 1319 
of the mitochondrial H+-ATP synthase in human tumors mediates the metabolic shift of 1320 
cancer cells to a Warburg phenotype. J Biol Chem 285, 25308–25313. 1321 

Santacatterina, F, Sanchez-Cenizo, L, Formentini, L, Mobasher, MA, Casas, E, Rueda, 1322 
CB, Martinez-Reyes, I, Nunez de Arenas, C, Garcia-Bermudez, J, Zapata, JM, et al. 1323 
(2016). Down-regulation of oxidative phosphorylation in the liver by expression of the 1324 
ATPase inhibitory factor 1 induces a tumor-promoter metabolic state. Oncotarget 7, 1325 
490–508. 1326 

Sheiner, L, Demerly, JL, Poulsen, N, Beatty, WL, Lucas, O, Behnke, MS, White, MW, 1327 
and Striepen, B (2011). A systematic screen to discover and analyze apicoplast proteins 1328 
identifies a conserved and essential protein import factor. PLoS Pathog 7, e1002392. 1329 

Shevchenko, A, Wilm, M, Vorm, O, and Mann, M (1996). Mass spectrometric 1330 
sequencing of proteins silver-stained polyacrylamide gels. Anal Chem 68, 850–858. 1331 

Sidik, SM, Hackett, CG, Tran, F, Westwood, NJ, and Lourido, S (2014). Efficient 1332 
genome engineering of Toxoplasma gondii using CRISPR/Cas9. PLoS One 9, e100450. 1333 

Sidik, SM, Huet, D, Ganesan, SM, Huynh, M-H, Wang, T, Nasamu, AS, Thiru, P, Saeij, 1334 
JPJ, Carruthers, VB, Niles, JC, et al. (2016). A Genome-wide CRISPR Screen in 1335 
Toxoplasma Identifies Essential Apicomplexan Genes. Cell 166, 1423-1435.e12. 1336 

Suhai, T, Heidrich, NG, Dencher, NA, and Seelert, H (2009). Highly sensitive detection 1337 
of ATPase activity in native gels. Electrophoresis 30, 3622–3625. 1338 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 10, 2024. ; https://doi.org/10.1101/2024.08.09.607411doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607411
http://creativecommons.org/licenses/by-nc/4.0/


64 

Tomasetig, L, Di Pancrazio, F, Harris, DA, Mavelli, I, and Lippe, G (2002). Dimerization 1339 
of F0F1ATP synthase from bovine heart is independent from the binding of the inhibitor 1340 
protein IF1. Biochim Biophys Acta 1556, 133–141. 1341 

Tsaousis, AD, and Keithly, JS (2019). The Mitochondrion-Related Organelles of 1342 
Cryptosporidium Species. In: Hydrogenosomes and Mitosomes: Mitochondria of 1343 
Anaerobic Eukaryotes, ed. J Tachezy, Cham: Springer International Publishing, 243–1344 
266. 1345 

Ung, L, Stothard, JR, Phalkey, R, Azman, AS, Chodosh, J, Hanage, WP, and Standley, 1346 
CJ (2021). Towards global control of parasitic diseases in the Covid-19 era: One Health 1347 
and the future of multisectoral global health governance. Adv Parasitol 114, 1–26. 1348 

Usey, MM, and Huet, D (2022). Parasite powerhouse: A review of the Toxoplasma 1349 
gondii mitochondrion. J Eukaryot Microbiol, e12906. 1350 

Usey, MM, and Huet, D (2023). ATP synthase-associated coiled-coil-helix-coiled-coil-1351 
helix (CHCH) domain-containing proteins are critical for mitochondrial function in 1352 
Toxoplasma gondii. MBio 14, e0176923. 1353 

Weissert, V, Rieger, B, Morris, S, Arroum, T, Psathaki, OE, Zobel, T, Perkins, G, and 1354 
Busch, KB (2021). Inhibition of the mitochondrial ATPase function by IF1 changes the 1355 
spatiotemporal organization of ATP synthase. Biochim Biophys Acta Bioenerg 1862, 1356 
148322. 1357 

Yuan, H-X, Xiong, Y, and Guan, K-L (2013). Nutrient sensing, metabolism, and cell 1358 
growth control. Mol Cell 49, 379–387. 1359 

Yun, J, and Finkel, T (2014). Mitohormesis. Cell Metab 19, 757–766. 1360 

Zanotti, F, Gnoni, A, Mangiullo, R, and Papa, S (2009). Effect of the ATPase inhibitor 1361 
protein IF1 on H+ translocation in the mitochondrial ATP synthase complex. Biochem 1362 
Biophys Res Commun 384, 43–48. 1363 

Zhong, G, Wang, Q, Wang, Y, Guo, Y, Xu, M, Guan, Y, Zhang, X, Wu, M, Xu, Z, Zhao, 1364 
W, et al. (2022). scRNA-seq reveals ATPIF1 activity in control of T cell antitumor 1365 
activity. Oncoimmunology 11, 2114740. 1366 

Zimmermann, L, Stephens, A, Nam, S-Z, Rau, D, Kübler, J, Lozajic, M, Gabler, F, 1367 
Söding, J, Lupas, AN, and Alva, V (2018). A Completely Reimplemented MPI 1368 
Bioinformatics Toolkit with a New HHpred Server at its Core. J Mol Biol 430, 2237–1369 
2243. 1370 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 10, 2024. ; https://doi.org/10.1101/2024.08.09.607411doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607411
http://creativecommons.org/licenses/by-nc/4.0/

