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ABSTRACT
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]The F-ATPases (also called the F1Fo-ATPases or ATP synthases) are multi-subunit membrane-bound molecular machines that produce ATP in bacteria and in eukaryotic mitochondria and chloroplasts. The structures and enzymic mechanisms of their F1-catalytic domains are highly conserved in all species investigated hitherto. However, there is evidence that the F-ATPases from the group of protozoa known as Euglenozoa have novel features. Therefore, we have isolated pure and active F1-ATPase from the euglenozoan parasite, Trypanosoma brucei, and characterized it. All of the usual eukaryotic subunits (α, β, γ, δ, and ε) were present in the enzyme, and, in addition, two unique features were detected. First, each of the three α-subunits in the F1-domain has been cleaved by proteolysis in vivo at two sites eight residues apart, producing two assembled fragments. Second, the T. brucei F1-ATPase has an additional subunit, called p18, present in three copies per complex. Suppression of expression of p18 affected in vitro growth of both the insect and infectious mammalian forms of T. brucei. It also reduced the levels of monomeric and multimeric F-ATPase complexes, and diminished the in vivo hydrolytic activity of the enzyme significantly. These observations imply that p18 plays a role in the assembly of the F1 domain. These unique features of the F1-ATPase extend the list of special characteristics of the F-ATPase from T. brucei, and also, demonstrate that the architecture of the F1-ATPase complex is not strictly conserved in eukaryotes.

INTRODUCTION
The F-ATPases, also known as the F-ATP synthases or F1Fo-ATPases, found in mitochondria, chloroplasts and eubacteria, are ubiquitous molecular machines that play a central role in cellular energy production by synthesizing ATP. They are multi-subunit enzymes that contain a rotary motor in their membrane domains where rotation is driven by the proton motive force generated across the inner mitochondrial membrane by the respiratory chain. This mechanical rotation drives the chemical synthesis of ATP from ADP and inorganic phosphate. 
Irrespective of their source, the F-ATPases have related structures. They consist of two major domains, a membrane extrinsic F1 sector and a membrane intrinsic Fo sector joined together by central and peripheral stalks (for reviews see [1, 2]). The F1 domain is the catalytic part of the enzyme where ATP is formed from ADP and inorganic phosphate. The Fo domain contains a motor, which generates rotation using potential energy derived from the proton-motive force. The rotational energy of the motor is transmitted to the catalytic domain by the central stalk, which is attached directly to the rotary motor. 
The F1 domain of the F-ATPases that have been characterized is an assembly of five globular proteins, α, β, γ, δ and ε with the stoichiometry α3β3γ1δ1ε1, with a combined molecular weight of about 350 kDa. The α3β3γ1δ1 assembly in mitochondria (and the equivalent α3β3γ1ε1-sub-assembly in eubacteria and chloroplasts) is common to all F-ATPases that have been studied in detail. The three α- and the three β-subunits form an approximately spherical α3β3-structure about 100 Å in diameter with the six subunits arranged in alternation around an elongated α-helical structure found in the γ-subunit. This part of the γ-subunit is enveloped completely in the α3β3 domain and sits along its central axis of six-fold pseudo-symmetry. The rest of the γ-subunit protrudes about 30 Å beyond the α3β3 domain, and forms part of a “foot” that attaches the α3β3γ-complex firmly to the Fo domain. This attachment is augmented by another protein, known for historical reasons as the δ-subunit in mitochondria and the ε-subunit in eubacteria and chloroplasts. Despite their different names, these δ- and ε-subunits are folded and bind in a similar way, and their functions are related also, although they are not identical. In mitochondria, the attachment of the foot of the γ-subunit to the Fo domain is augmented by a second subunit, known confusingly as the ε-subunit; it has no counterpart in eubacteria and chloroplasts. The γ-subunit, and the associated δ- and ε-subunits in the mitochondrial enzyme and ε-subunits in the eubacterial and chloroplast enzymes, are bound firmly to one end of a hydrophobic cylindrical structure in the Fo membrane domain of the enzyme. This cylinder, made of a ring of c-subunits, together with the γ-subunit and its associated ε- and δ-subunits, forms the rotor of the enzyme.
Studies of the subunit compositions of eukaryotic F-ATPases are biased strongly towards established model species, which predominantly belong to the super-group Opisthokonta, and most of the diversity of eukaryotes has not been investigated [3]. Amongst the species that have been studied, the catalytic F1-domain is especially well conserved, both in terms of the sequences and stoichiometries of its subunits, and of their three-dimensional structures. Their detailed catalytic mechanisms are very similar, and their hydrolytic activities are regulated in a similar manner by the inhibitory protein, IF1.
Recently, unexpected features have emerged in the mitochondrial F-ATPases from representative organisms of the eukaryotic super-groups Sar, Archaeplastida and Excavata. These differences include the absence of specific subunits, and/or the presence of new ones, as well as structural variations [4-10]. However, these differences are restricted to the peripheral stalk and the supernumerary subunits in the membrane domain of the enzyme, which are not involved directly in the synthesis of ATP. A striking example is the subunit composition of the F-ATPase from Trypanosoma brucei, a member of the Excavata group, which appears to differ significantly from other eukaryotes. With the exception of the a- and c- subunits and the OSCP (oligomycin sensitivity conferral protein), this F-ATPase appears to lack all of the other known Fo and peripheral stalk subunits. It also contains up to 15 other proteins, which are either novel subunits or highly diverged orthologs of known subunits of F-ATPases [10]. Moreover, the α-subunit was detected in the complex as being composed of two fragments in this parasite and also in the related species Leishmania tarentolae [11], Crithidia fasciculata [12] and Euglena gracilis [9]. Recently, a low resolution density map obtained by cryo-electron tomography at 35 Å resolution was interpreted as showing an unprecedented structural divergence from other well-studied F1-ATPases within the euglenozoan F1-ATPases [13].
T. brucei is the causative agent of sleeping sickness in humans and related diseases in domestic animals living in sub-Saharan Africa. Together with other pathogenic protists such as Leishmania sp., or free-living species such as Euglena, T. brucei belongs to the Euglenozoa, a highly divergent clade of the Excavates. The F-ATPase of T. brucei adapts to the environmental changes encountered during the digenetic life cycle of the parasite. T. brucei alternates between the insect vector (tsetse fly) and a mammalian host. The insect procyclic form (PF) is characterized by a fully active mitochondrion containing a conventional respiratory chain composed of complexes I, II, III and IV. In this stage, the F-ATPase synthesizes ATP by oxidative phosphorylation [14]. In contrast, the bloodstream form (BF) finds itself swimming in the presence of glucose, which allows it to rely on glycolysis for the production of ATP. Therefore, the mitochondrion is reduced in its size, function and activity, as illustrated by the lack of a typical cytochrome-mediated electron transport chain that is coupled with proton translocation. Thus, the essential mitochondrial membrane potential (Δm) is maintained in BF cells by the reverse function of F-ATPase, where the complex hydrolyses ATP and pumps protons from the matrix into the inter-membrane space. During this stage, the F-ATPase is indispensable for the survival of the parasite [15, 16].
As in other eukaryotes, the activity of the F-ATPase from T. brucei is inhibited by a regulatory protein, known as TbIF1. During development, the expression of TbIF1 is regulated, as the protein is lethal during the BF stage [17]. Because of its unique composition, function and drugability, the T. brucei F-ATPase is an attractive drug target [10, 18]. One approach towards drug design is based upon the detailed structure of the target. Therefore, in order to extend our knowledge about the architecture of the F-ATPase from T. brucei, and, as a prelude towards providing a basis for structure based drug design, as described here, we have purified and characterized its F1-catalytic domain.

RESULTS
Purification of the F1-ATPase from T. brucei
The F1-ATPase released with chloroform from the mitochondria of ca. 1.5x1011 procyclic cells of T. brucei was purified by a combination of anion exchange chromatography and gel filtration (Fig. 1A). The recovery of the enzyme was ca. 2 mg. Its purity was demonstrated by its elution from a gel filtration column as a symmetrical peak (Figs. 1A and 1B), and by its migration as a single band in BN‑PAGE gels (Fig. 1C). The specific ATP hydrolytic activity at pH 8.0 of the enzyme was 56.0±4.9 μmol/min/mg of protein, similar to values reported for bovine F1-ATPase (around 100 μmol/min/mg [19]), and its isoelectric point was estimated to be 6.9. The complex remained active over the physiological pH range from 6.5-8.0, but at more alkaline or acidic values its activity decreased rapidly (Fig. 1D). The enzyme was inhibited completely with azide, a characteristic inhibitor of other F1-ATPases, supporting the view that the preparation was devoid of non-specific contaminating ATPases. However, the T. brucei enzyme was less sensitive to inhibition by azide and resveratrol than the bovine and yeast F1-ATPases (Table 1) [20, 21]. As expected, oligomycin, which binds to the membrane domain of the intact F-ATPase, had no inhibitory effect (data not shown). Despite the similarity between the specific activities of the T. brucei and bovine enzymes, the different responses of their activities to azide and resveratrol suggest that it may be possible to find parasite-specific inhibitors.

Characterization of subunits of the F1-ATPase from T. brucei
The purified F1-ATPase was resolved by SDS-PAGE into seven bands (Fig. 1B). Four of them correspond in their migration behaviour to the β-, γ-, δ- and ε-subunits found in other eukaryotic F1-ATPases. Analysis of the stained protein bands by MS analysis of tryptic digests (Table 2, Fig. S1) and N-terminal sequencing (Table 3) confirmed the identities of these subunits, and also identified two novel features. First, the α-subunit is cleaved after leucine residues 127 and 134 (Fig. 2) producing two fragments with apparent molecular weights of 13 and 47 kDa, respectively. These fragments are referred to as α1-127 and α135-560 (Figs. 1B and 2). Second, the complex contains a new sixth subunit, with an apparent molecular weight of 18 kDa, and referred to as p18.
The staining intensities of the bands corresponding to the α-, β-, γ- and δ-subunits are consistent with the stoichiometry 3:3:1:1:1, respectively, found for example in the bovine and yeast enzymes, and that of p18 suggests that it is present in multiple copies. It was demonstrated, by complete covalent modification of all cysteine residues in the enzyme with iodo-2-[14C]-acetic acid, and measurement of the radioactivity incorporated into each subunit, that there are three p18-subunits per F1-ATPase complex (Table 4).
The analyses of the N-terminal sequences of the subunits showed that α1-127, α135-560 and the β-, ε- and p18-subunits have free Nα-amino groups, whereas those of the δ- and γ- subunits are modified. The N-terminal residue of the γ-subunit is acetyl-serine, and that of the δ-subunit is a glutamine residue that has cyclised to pyro-glutamic acid, either spontaneously or mediated by a glutaminyl cyclase.
These analyses defined the sites of cleavage of the N-terminal mitochondrial targeting sequences for the α-, β-, δ-, ε- and p18-subunits (Table 3), and showed that the γ-subunit has no processed N-terminal mitochondrial targeting sequence. As noted before, many nuclear encoded mitochondrial proteins lack a processed N-terminal targeting sequence, and the information to direct the protein to the organelle lies within the mature protein [22, 23]. Often, such proteins are characterized by the Nα-acetylation of the translational initiator methionine residue, or by cleavage of the Met-1, and acetylation of residue-2, which is frequently either alanine or serine [24], as in the case of the T. brucei γ-subunit.
[bookmark: OLE_LINK3]The observed molecular masses of subunits are generally in agreement with the values calculated from their sequences (Table 3), except for α136-560 and the β-subunit, where the observed masses exceed the calculated masses by 10.6 and 14.5 Da, respectively. Extensive mass spectrometric characterization of tryptic peptides, covering 83% of α136-560 and 79% of the β-subunit, provided no evidence for hitherto undetected post-translational modifications, and re-analysis of their coding sequences uncovered no discrepancies in the deposited nucleotide sequences. The most likely remaining explanation for these discrepancies is that the regions not analysed by mass spectrometry contain either undetected post-translational modification(s), or artefactual modifications arising from oxidation of amino acid side-chains.

Effect of suppression of expression of the p18-subunit on cell growth and enzymic activity
The expression of the p18-subunit was suppressed by RNA interference (RNAi) in both PF and BF cell lines (PF p18RNAi and BF p18RNAi, respectively). Two days after the induction of both PF p18RNAi and BF p18RNAi, the abundance of p18 had decreased substantially, reaching its lowest level 24 hours later (Fig. 3B). The RNAi induced PF p18RNAi cells grew more slowly than control cells (Fig. 3A, left panel). Similar results were observed when either the α- or the β-subunit are RNAi silenced (Fig. 4 and references [10] and [25]). The mild growth phenotype of the α-, β- or the p18- subunit depleted cells is consistent with the observation that oxidative phosphorylation is not the only provider of cellular ATP in PF cells grown in standard SMD-79 medium containing 10.5 mM glucose [10, 26]. In the low glucose (0.15 mM) SDM-80 medium, where the PF cells employ the F-ATPase to generate the majority of ATP, the suppression of expression of either p18 or the α-subunit was accompanied by a significant growth phenotype two days after induction of RNAi (Fig. 3A, left panel, and Fig. 4).
The growth of BF p18RNAi cells had been arrested severely 2-3 days after the induction of suppression of p18, in accordance with the essential role of F-ATPase in these cells (Fig. 3A, right panel). The partial recovery of the rate of growth after 4 days is probably due to the emergence of RNAi revertants, which is commonly observed after the high selection pressure arising from the suppression of expression of essential genes in BF trypanosomes [27].
As expected, the suppression of expression of the -subunit was accompanied by a decrease in the level of the β-subunit (Fig. 4), suggesting that unless the β-subunit is assembled into the 3β3-hexamer in the F1-domain, it is degraded. Similarly, suppression of expression of the p18-subunit in both PF and BF cells was accompanied by a decrease in the abundance of the β-subunit in total cell lysates (Fig. 3B), implying that the assembly of the β-subunit into F1-ATPase depends on the presence of the p18-subunit. Moreover, the steady state level of the ATPaseTb2-subunit of the F-ATPase, a component of the peripheral stalk [28], was affected also (Fig. 3B). These observations suggest that in the absence of an assembled F1-domain, the peripheral stalk cannot be incorporated into the F-ATPase complex and becomes degraded. Indeed, in cells where the expression of the p18-subunit had been suppressed, the levels of the F1-ATPase and F-ATPase complexes were significantly lower than in control cells (Fig. 3C). Thus, it appears that the p18-subunit is required for the assembly of F1-ATPase in both life forms of T. brucei.

Effect of suppression of p18 on mitochondrial membrane potential
The total ATPase activity was measured in mitochondrial lysates from non-induced and RNAi induced PF p18RNAi cells. The specific F-ATPase activity is defined as the proportion of total activity susceptible to inhibition by sodium azide. In T. brucei, it represents typically about 35-45% of the total ATPase activity of the mitochondria. After RNAi induction for 2 and 4 days, the total activity had decreased to levels that are comparable to the activity in the presence of azide (Fig. 5). Therefore, the activity of F-ATPase is diminished substantially when the expression of the p18-subunit is suppressed, probably because the enzyme is not assembled.
Since in PF cells the F-ATPase couples the proton motive force to the synthesis of ATP, it is expected that if the activity of F-ATPase is affected, the mitochondrial inner membrane will become hyperpolarized. Thus, it was observed that the loss of the ATPase activity in PF cells led to a maximal membrane hyperpolarization 3 and 4 days after the initiation of the suppression of expression by p18 with RNAi (Fig. 6A). In contrast, the BF mitochondria lack cytochrome mediated respiration and rely on the hydrolysis of ATP by the F-ATPase to maintain the essential Δψm [15, 28]. Thus, when the expression of the p18-subunit was RNAi silenced over 2 and 3 days, the magnitude of Δψm was dramatically reduced (Fig. 6B).
These experiments demonstrate that the suppression of expression of p18 leads to a decrease in the level of the F-ATPase and the activity of the complex. Therefore, the data support the view that the assembly of a functional trypanosomal F-ATPase requires the p18-subunit.

DISCUSSION
The F1-ATPase purified from T. brucei contains the α-, β-, γ-, δ- and ε-subunits found in all characterized eukaryotic F-ATPases, plus three copies of an additional subunit called p18. Previous attempts to characterize this complex in early 1990s  resulted in the isolation of an active complex, but as proteomic approaches had not been developed sufficiently at that time, the subunits were not identified and characterized reliably [29, 30]. Thus, although similar compositions have been reported from other euglenozoan species such as Crithidia fasciculata [12], Leishmania tarentolae [11] and Euglena gracilis [9], subunit p18 was interpreted as an abundant contaminant. originating from the Fo sector of the ATP synthase. Moreover, the cleavage was also reported before in other euglenozoans, as mentioned above, but the analyses presented here demonstrate that the protein is cleaved at two sites eight residues apart producing the two assembled fragments of the α-subunit, thereby defining precisely the exact composition of the enzyme, and showing how it differs in this respect from ATP synthases from metazoans and fungi.

Proteolytic cleavage of the α-subunit
In T. brucei, the cleavages of the α-subunit follow leucine residues 127 and 134 producing the two characterized fragments, α1-127 and α135-560. It is likely that these cleavages are biologically significant and that they are not introduced artefactually during the release and purification of the complex, as similar fragments have been observed in F1-ATPases purified by various procedures from several euglenozoans [11, 12, 29, 31]. The presence of the RRLL consensus sequence from residues 132-135 (Fig. 2A) suggests that the cleavage is effected by a site-1 peptidase, a member of the serine proteases. The T. brucei gene product, Tb927.11.3780 is related to site-1 peptidases, and in a high-throughput screen involving long-term suppression of this protein with RNAi, the organism demonstrated a loss of fitness phenotype in BF cells after 6 days of suppression of expression [32]. However, at present, it is not known whether this is the enzyme that processes the α-subunit. If it were, it could provide a means of investigating the effect of the cleavage at various points during the life cycle of the parasite.
The alignment of the sequences of α-subunits from eukaryotes and prokaryotes demonstrates that they are highly conserved throughout all the main groups of eukaryotes. Unsurprisingly, the euglenozoan α-subunits are more similar to each other, but they are less related to their bacterial and opisthokont orthologs than the bacterial and opisthokont orthologs are to each other (Fig. S2). In the structure of the F1-domain of the F-ATPase from bovine mitochondria, each α-subunit and each β-subunit is folded into three domains. The N-terminal domain consists of a six-stranded β-barrel; the central domain is an αβ-domain containing a nucleotide binding site, and the C-terminal domain consists of seven α-helices (in α-subunits) and six α-helices (in β-subunits). In the structure, the six β-barrels in alternating α- and β-subunits are bound together by hydrogen bounds forming a stable annulus, or “crown”, to which the nucleotide binding domains are attached covalently by an external loop between the two domains (Fig. 2B and C). The same structural arrangement is found in all F1-ATPases in opisthokonts and eubacteria that have been characterized structurally, and the conservation of the sequences of α- and β-subunits in T. brucei (Figs. S2 and S3) strongly implies that they will have folds and structures that are similar to those on the bovine enzyme, despite a recent contrary proposal [13]. The loop regions linking the N-terminal and nucleotide binding domains are among the least conserved regions of the sequences of α-subunits, as the alignment illustrates (Figs. 2 and S2), and it is in this region where the proteolytic cleavages, characterized in the T. brucei enzyme, are found. As the T. brucei F1-ATPase remains stable and intact during its isolation, the cleavage has no effect on the structural integrity of the enzyme. By analogy with the bovine enzyme, it is unlikely that the cleavages will have any significant effect on either the catalytic mechanism or the activity of the enzyme.

Role of the p18-subunit
The present work confirms that the p18 subunit is unique to the euglenozoan F-ATPases, and it establishes that there are three copies of p18 associated with each F1-ATPase complex. This stoichiometry strongly implies that each p18 subunit is associated with one of three equivalent structural features somewhere in the threefold pseudo-symmetrical α3β3-region of the F1-ATPase. In the absence of detailed structural evidence, it is not possible to say where this site lies, or what the role (if any) of p18 in the catalytic mechanism of the enzyme may be. Based on a cryo-electron tomographic study of the F-ATPase in situ in mitochondria from T. brucei at 35 Å resolution, it has been proposed recently that each p18 subunit extends into one of the three catalytic sites of the enzyme, and provides the catalytically essential “arginine finger” feature [13]. However, the low resolution of the data is insufficient to allow atomic features to be discerned unambiguously, and therefore this proposal has to be treated with caution, especially as all of the residues identified in other species as being essential for catalysis by F1-ATPase, are conserved in the T. brucei enzyme. These conserved catalytic residues include the conventional arginine-finger residue (Fig. S2), which is Arg-386 in the T. brucei α-subunit. Thus, the recent proposal requires independent confirmation by a higher resolution structural analysis, as would be provided by an X-ray crystallographic structure of the F1-catalytic domain. This approach would also reveal the precise structure and disposition of the three copies of the p18 subunit in the T. brucei F1-ATPase.
The euglenozoa specific p18-subunit is a member of the PPR protein family as it has two pentatricopeptide repeat (PPR) motifs in its sequence (Fig. S4) [33]. Most of the identified members of this family have been found in mitochondria or chloroplasts where they have been presumed to be involved in RNA metabolism [34]. The p18-subunit appears to be a rare example of a PPR protein that participates, in a manner yet to be defined, in another cellular function, namely the synthesis of ATP.
The p18 protein was originally identified as a protein co-migrating with mitochondrial ribonucleoprotein complexes in native gels, and therefore it was annotated as a ribonucleoprotein in the TriTrypDB database (accession number Tb927.5.1710) [35]. Then it was identified as a component of the F-ATPase in C. fasciculata, and a weak sequence relationship was noted with the b-subunit of the bovine and bacterial enzyme [12], which forms a central α-helical structure in the enzyme’s peripheral stalk [36, 37]. As the p18-subunit is also predicted to be predominantly α-helical, it was suggested that p18 might be a component of the peripheral stalk, possibly involved in the connection between the peripheral stalk and the F1-domain [38]. However, none of the seven α-helices, which vary in length from 7 to 17 residues) is predicted to be transmembranous (Fig. S3). The tertiary structure predicted for the region between residues 38 and 137 is globular and contains two helix-loop-helix folds, each corresponding to one PPR motif, and an additional short N-terminal helix (Fig. S3 and data not shown). The present work demonstrates that these earlier proposals of the participation of p18 in the peripheral stalk are incorrect, and it is now established that the p18-subunit is a bona fide component of the F1-catalytic domain of the F-ATPase in euglenozoans. The understanding of its function will require a detailed structure of the F1-domain of a representative member of this class of F-ATPases, coupled with genetic and biochemical analyses, including an analysis of the pathway of assembly of the complex.

Concluding remarks
The purification in high yield, and the characterization of the F1-ATPase from T. brucei are essential steps in the development of this F-ATPase as a potential drug target for the treatment of sleeping sickness in humans, and related diseases in domestic animals. These advances open the way to the crystallization and structural analysis of the catalytic domain to atomic resolution, as a necessary prelude to a structure-based search for small molecule inhibitors that might be developed into medically useful drugs.

EXPERIMENTAL PROCEDURES
Purification of F1-ATPase
The PF T. brucei Lister strain 427 was grown in SDM-79 medium (Invitrogen) containing 10% fetal bovine serum to the late exponential phase of growth when the cell density was 2-3x107 cells/ml. Mitochondria were isolated by hypotonic lysis and Percoll gradient centrifugation [39], and resuspended to a final protein concentration of 16 mg/ml in buffer containing 50 mM Tris-HCl, pH 8.0, 250 mM sucrose, 5 mM benzamidine, and 5 mM ε-aminocaproic acid. The suspension was sonicated six times, each for 15 s, and cooled on ice for 1 min between each impulse. The mitochondrial membranes were collected by centrifugation (60000xg, 5 h, 4°C), and then resuspended in the same buffer containing 1 mM ADP and protease inhibitors (pepstatin A, leupeptin, bestatin, diprotin A, and amastatin, each 50 μM). F1-ATPase was released from the membranes with chloroform, as described for bovine F1-ATPase [19]. The aqueous phase was applied to a HiTrap Q HP anion exchange chromatography column (GE Healthcare, UK) equilibrated in buffer containing 20 mM Tris-HCl, pH 8.0, 1 mM ADP, 4 mM EDTA, 5 mM benzamidine and 5 mM ε-aminocaproic acid. Proteins were eluted with a linear gradient of NaCl from 0 to 1 M in the same buffer (total volume 25 ml). The fractions containing F1-ATPase were pooled, concentrated to 200-500 μl, with a Vivaspin concentrator with a molecular weight cut-off of 100 kDa (Sartorius, Germany), and loaded onto a gel filtration column (Superdex 200 10/300 GL; GE Healthcare, UK) equilibrated in buffer containing 20 mM Tris-HCl, pH 8.0, 200 mM NaCl and 1 mM ADP. Fractions containing F1-ATPase were pooled, concentrated to >2 mg/ml, precipitated with ammonium sulfate, and re-dissolved in buffer consisting of 100 mM Tris-HCl, pH 8.0, 4 mM EDTA and 50 % glycerol (v/v).

Assay of ATP hydrolysis
The activity of the F1-ATPase was measured with an ATP regenerating assay in a coupled reaction from the decrease of absorbance at 340 nm of NADH [40]. The inhibition of the activity of F1-ATPase by resveratrol and azide was assayed at pH 8.0. The inhibitors were added at various concentrations to the activity assay mixture containing F1-ATPase (0.7 μg), and the residual ATPase activities were measured. The IC50 values were calculated with the aid of GraphPad Prism 6 by fitting relative residual activities plotted against the log of the concentration of inhibitor into a sigmoidal dose-response curve with variable slope.
The ATPase activity in digitonin lysed mitochondria was measured by following the release of phosphate [15, 41]. Briefly, crude mitochondria were extracted from 2x108 cells with a buffer containing 20 mM Tris-HCl, pH 7.5, digitonin (0.015%, w/v), 0.6 M sorbitol and 2 mM EDTA. Mitochondrial pellets were resuspended in an assay buffer consisting of 10 mM Tris-HCl, pH 8.0, 200 mM KCl and 2 mM MgCl2. The reaction (20 min duration) was initiated by the addition of neutralized ATP to a final concentration of 5 mM. Where indicated, PF samples were pre-treated with 2 mM sodium azide for 10 min at either 27°C or 37°C. The reactions (total volume 100 μl) were terminated by the addition of 70% perchloric acid (1.9 μl). The samples were kept on ice for 30 min, centrifuged (16,000 x g, 10 min, 4°C) and the supernatant (90 μl) was reacted at room temperature for 10 min with the Sumner reagent (0.5 ml) consisting of 8.8% FeSO4·7H2O, 375 mM H2SO4 and 6.6% (NH4)6Mo7O24·4H2O. A portion (200 μl) was transferred to a 96 well plate and the absorbance was measured at 610 nm with a plate reader (Infinite M200Pro, Tecan). A standard curve was calculated from the absorbance values of samples of inorganic phosphate with concentrations of 0-2 mM.

Determination of the stoichiometry of the p18-subunit. 
The stoichiometry of p18 in T. brucei F1-ATPase was determined by complete S-carboxymethylation of cysteine residues with iodo-2-[14C]-acetic [42]. The complex (0.25 mg in 0.5 ml) was denatured in buffer consisting of 0.1 M Tris-HCl, pH 8.0, and 6 M guanidine hydrochloride, and reduced with a 2-fold molar excess of tris(2-carboxyethyl)-phosphine hydrochloride over thiols. The samples were flushed with nitrogen and kept for 90 min at 18°C. A 48 mM solution of iodo-2-[14C]-acetic acid with a specific activity of 5.6 mCi/mmol (American Radiolabeled Chemicals) was added to the F1-ATPase in 10-fold molar excess over total thiols. The reaction mixture was kept in the dark under nitrogen at 18°C for 90 min, then dialyzed three times against 1% acetic acid, and finally lyophilized. The modified enzyme was dissolved in 10% SDS and the subunits were resolved by SDS-PAGE. The gel was exposed to a phosphor storage screen, and the radioactivity associated with each band was quantitated in arbitrary units with Image Quant software.

Gel analysis of proteins
Protein samples were fractionated by SDS-PAGE and either stained with Coomassie Brilliant Blue dye, or transferred by electrophoresis onto polyvinylidene difluoride (PVDF) membranes. Proteins were detected by western blotting. Primary antibodies were followed by a secondary antibody, either HRP-conjugated goat anti-rabbit or an anti-mouse antibody (1:2000, BioRad). The primary antibodies were a mouse monoclonal antibody against mitochondrial Hsp70 (1:2000; [43]), and rabbit polyclonal antibodies against residues 1-127 of the α-subunit (1:1000; [44]), and against the ATPase subunits Tb2 (1:1000), β (1:2000) and p18 (1:1000) [28]. Bound antibodies were detected with the enhanced chemilumoinescence system (Pierce) and visualized with a ChemiDoc instrument (BioRad). Sometimes, antibodies were removed from membranes by treatment at 50°C for 30 min with a buffer consisting of 62.5 mM Tris-HCl, pH 6.8, 100 mM mercaptoethanol and 2% SDS. Then the membrane was exposed to another antibody.
Protein samples were analysed also by blue native PAGE (BN-PAGE) with Novex® NativePAGE™ Bis-Tris 3-12% gradient gels, and by high resolution clear native PAGE (hrCN-PAGE) [45, 46]. Mitochondrial vesicles were produced from ca. 5x108 cells by hypotonic lysis, and then resuspended in buffer consisting of 50 mM imidazole, pH 7.0, 2 mM ε-aminocaproic acid, 1 mM EDTA and 50 mM NaCl. They were disrupted with digitonin (4 mg/mg protein), and kept at 4°C for 1 h. Samples were centrifuged (16,000xg, 30 min). Portions of the supernatant were mixed with Ponceau-S dye (0.1%, w/v) in 50% glycerol) (v/v), and analysed on 3-12% native gradient gels. Fractionated proteins were transferred to nitrocellulose membranes, and detected by western blotting. The isoelectric point of the F1-ATPase was determined by isoelectric focusing of the complex with protein standards (IEF 3-10 Marker, Serva) on a pH 3-10 IEF Gel (Bio-Rad).

Characterization of proteins
Proteins in stained bands were excised from SDS-PAGE gels and digested with trypsin. The peptides were analysed by tandem MS in a MALDI-TOF-TOF mass spectrometer (Model 4800 ABSciex, Warrington, UK) with α-hydroxycinnamic acid as matrix. They were fragmented by collision-induced dissociation with air and a collision energy of 1 kV, and their sequences were deduced from the fragment ions. Peptides were fractionated by reverse-phase liquid chromatography with a ProXeon EASY nano-LC instrument, and analysed in a Thermo LTQ Orbitrap XL mass spectrometer (Thermo Fisher, Hemel Hempstead HP27GE, UK). Peptide masses and their partial sequences were compared with protein sequences of subunits of the T. brucei F-ATPase in the TriTrypDB. The sequence of the p18 subunit was also compared with a protein sequence database from the National Centre for Biotechnology Information (NCBI) with MASCOT (Matrix Sciences, London, UK) [47]. Samples containing intact proteins were fractionated by reverse phase liquid chromatography [48], with the column outlet connected directly to the electrospray interface of a Q-Trap 4000 mass spectrometer (ABSciex, Phoenix House, Warrington, UK) operated in positive ion mode. The N-terminal sequences of subunits were determined by automated Edman degradation (Protein and Nucleic Acid Chemistry Facility, Department of Biochemistry, University of Cambridge, UK).

Suppression of expression of the p18-subunit by RNAi
A segment of 640 bp of the gene for the p18 subunit (Tb927.5.1710) was amplified by PCR with DNA from T. brucei Lister strain 427 as template, and with the forward and reverse primers GCAGGATCCCTCGGCTACTGCATTCAACA and GACAAGCTTACAGCATTACTACACGCCCC, respectively. The amplified fragment was digested with HindIII and BamHI and inserted into vector p2T7-177, which is targeted to the 177 base-pair repeat region of the minichromosome [49]. The vector was linearized by digestion with Not1 and transfected into the T. brucei PF strain 29-13 and the BF427 single marker strain, both constitutively expressing T7 RNA polymerase and the tetracycline repressor [50]. The PF T. brucei cells were grown at 27°C in glucose-rich SDM-79 or in low glucose SDM-80 medium containing 10% fetal bovine serum, G418 (15 g/ml), hygromycin (25 g/ml), and phleomycin (2.5 g/ml). The BF T. brucei cells were grown at 37°C in HMI-9 media containing 10% fetal bovine serum, G418 (2.5 g/ml), hygromycin (5 g/ml), and phleomycin (2.5 g/ml). The generation of the PF α-subunit RNAi cell line has been described earlier [10].
Expression of RNAi molecules was induced by the addition to the medium of tetracycline (1 g/ml). Cell densities were measured with a Z2 Cell Counter (Beckman Coulter Inc). Throughout the experiments, cells were maintained in the mid-log phase of exponential growth, corresponding to the densities of PF and BF cells between 2x106 to 1x107 and 1x105 to 1x106 cells/ml, respectively.

Measurement of mitochondrial membrane potential
The mitochondrial membrane potential (Δψm) was determined with the aid of the red-fluorescent stain tetramethylrhodamine (TMRE). Cells in the exponential growth phase were stained with 60 nM TMRE for 30 min at 37°C for BF and 27°C for PF. Cells were centrifuged (1,300 x g, 10 min, 18oC), and the pellet was resuspended in 2 ml of PBS (pH 7.4) and analyzed immediately by flow cytometry in a BD FACS (fluorescence activated cell sorter) Canto II instrument. For each sample, 10,000 events were collected. As a control, mitochondrial membranes were depolarized with carbonyl cyanide 4-(trifluoromethoxy)-phenylhydrazone (FCCP; 20 μM). Data were evaluated with BD FACSDiva software.

Bioinformatic analyses
Sequence homology searches were carried out with BLAST [51]. Protein sequence motifs were identified in Pfam [52] and Prosite [53] databases in the Motif Search interface (www.genome.jp/tools/motif/). Searches for structural relationships were performed with HHpred [54]. Multiple sequence alignments were generated by the MUSCLE iterative method [55] in Geneious (Biomatters, New Zealand). Secondary and tertiary structures of proteins were predicted with Phyre2 [56].

Accession numbers
The TriTrypDB accession numbers of the genes encoding T. brucei F1-ATPase α-, β-, γ-, δ-, ε- and p18-subunits subunits are Tb427.07.7420/7430, Tb427.03.1380, Tb427.10.180, Tb427.06.4990, Tb427.10.5050, and Tb427.05.1710, respectively. 
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TABLES
Table 1: Inhibition of T. brucei and bovine F-ATPases by azide and resveratrol
	Inhibitor
	T. brucei
	Bovine

	
	IC50 (μM)
	95 % confidence interval (μM)
	IC50 (μM)
	95 % confidence interval (μM)

	Azide
	59.5
	47.8 – 74.0
	15.9
	10.4-24.2

	Resveratrol
	144
	135-154
	6.4a
	-


aRef [21]

Table 2: Summary of peptide mass fingerprinting and tandem MS data of subunits of the F1-ATPase from T. brucei
	
	Peptide mass fingerprinting
	Tandem MS

	Subunit
	MASCOT score
	Peptides (n)
	Coverage (%)
	Peptides (n)
	Score

	α137-560
	991/85
	17
	41
	7
	691/58

	β
	1220/85
	17
	63
	10
	975/58

	γ
	1180/85
	13
	53
	8
	998/58

	δ
	448/85
	5
	43
	4
	359/57

	ε
	296/85
	4
	66
	2
	189/58

	α1-127
	95/85
	2
	28
	1
	89/58

	p18
	409/85
	5
	37
	4
	371/57




Table 3: Characterization of the subunits of the F1-ATPase from T. brucei
	Subunit
	Mass (Da)
	Difference
	Modification

	N-terminal sequencea
	Length (residues)

	
	Observed
	Calculated

	
	
	
	

	α1-127
	12956
	12956.9
	<1
	None
	AATAP
	127

	α135-560
	47108
	47098.6
	+9.4
	None
	DSTLG
	425

	β
	53575
	53560.5
	+14.5
	None
	ASTAP
	498

	γ
	34340
	34428.3
	-88.3
	-Met-1+αN-acetyl
	SGKLR
	304

	δ
	18138
	18154.5
	-16.5
	Pyro-Glu
	QSAPH
	165

	ε
	7646
	7646.5
	<1
	None
	SSSWR
	66

	p18
	19168
	19168.7
	<1
	None
	AATSA
	170


aResidues 1-5 of the mature protein.

Table 4: Stoichiometry of the p18-subunit in the F1-ATPase from T. brucei
Values were normalized on the assumption of three -subunits per complex
	Subunit
	Cysteines
	Radioactivitya
(arbitrary units)
	Stoichiometry

	135-560
	5
	237478
	2.6

	
	4
	222057
	3.0

	
	2
	37270
	1.0

	p18
	8
	442481
	3.0




FIGURES AND LEGENDS[image: ]
Figure 1: Purification and characterization of the F1-ATPase from the procyclic form of T. brucei (A) The absorbance of the column effluents from anion exchange chromatography on the HiTrap Q HP column (upper panel) and size exclusion chromatography on the Superdex 200 10/300 GL column (lower panel) was monitored at 280 nm (blue solid lines). The red bar marks the portion of anion exchange column effluent used for size exclusion chromatography. The green dashed line corresponds to the concentration of elution buffer (%). Peaks 1-3 contain F1-ATPase, dihydrolipoyl dehydrogenase (DLD), and ADP, respectively. (B) Analysis by SDS-PAGE of peaks 1 and 2 from size exclusion chromatography. The identities of the bands, determined by MS, are indicated on the left. (C) Analysis of peak 1 by BN-PAGE. The positions of native molecular weight markers are indicated on the right. (D) Effect of pH on the activity of F1-ATPase from T. brucei. The activities are the mean values ± s.d. (n=3) and were normalized to the value at pH 8.0.
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Figure 2: Sequences flanking and between the N-terminal and nucleotide binding domains of α-subunits of F1-ATPases, and locations of sites of proteolytic cleavage in the T. brucei α-subunit
(A) Aligned sequences from α-subunits from major eubacterial and eukaryotic groups. The segments from the bovine and T. brucei subunits are residues 103-165 and 111-178, respectively. For alignment of complete sequences of α-subunits, see Fig. S4. The eight T. brucei amino acids excised by proteolysis are outlined by a blue box. In the bovine α-subunit, the region in a red box forms an exposed surface loop linking the N-terminal and nucleotide binding domains. Bt, Bos taurus; Tb, T. brucei; Lm, Leishmania major; Eg, Euglena gracilis; Hs, Homo sapiens; Dm, Drosophila melanogaster; Ce, Caenorhabditis elegans; Dd, Dictyostelium discoideum; Sc, Saccharomyces cerevisiae; Pa, Pichia angusta; Tt, Tetrahymena thermophila; Pf, Plasmodium falciparum; At,  Arabidopsis thaliana; P. sp, Polytomella sp Pringsheim; Np, Nostoc punctiforme; Pd, Paracoccus denitrificans; Ec, Escherichia coli; Bsp, Bacillus strain PS3; Ct, Caldoalkalibacillus thermarum strain TA2; Sg, Streptomyces griseus; Bf, Bacteroides fragilis. The green, yellow, and red bars above the alignment correspond to 100%, <100% and ≥30%, and <30% identities at the respective position. (B) Side view in cartoon representation of the structure of bovine F1-ATPase [57]. The α-, β-, γ-, δ-, and ε-subunits are depicted in red, yellow, blue, green, and magenta, respectively. (C) A bovine α-subunit extracted from the left of the structure shown in B: The yellow loop corresponds to the segment removed by proteolysis in the T. brucei α-subunit. The blue segments and adjacent numbers correspond to sites and lengths of insertions or deletions in the T. brucei α-subunit (see Fig. S4).
[image: ]
Figure 3: Effects of suppression of expression of the p18-subunit on cell growth, abundance of subunits of the F-ATPase and the stability of the F1-ATPase and F-ATPase complexes in both life stages of T. brucei
(A) The growth of induced (red lines) and non-induced (blue lines) p18RNAi PF and BF cells (left and right panels, respectively) was measured for 8 days. PF cells were grown in standard glucose medium (SDM79; solid lines) or in low glucose medium (SDM80; dashed lines). (B) The steady state levels of p18, β, and ATPaseTb2 were determined for the indicated periods by western blot analysis of whole-cell lysates from non-induced (NON) and RNAi induced (IND) cells. The levels of mt Hsp70 were monitored as a loading control. This experiment was performed with both PF p18RNAi and BF p18RNAiT. brucei cells (left and right panels, respectively). (C) Stability of F-ATPase complex following the silencing of the p18-subunit was examined by hrCN-PAGE. Mitochondria from p18RNAi PF (left panel) and p18RNAi BF (right panel) RNAi non-induced cells (NON) and cells induced (IND) for 1, 2 and 3 days were lysed with digitonin (4 mg/mg). Equal amounts of mitochondrial proteins (20 μg) were fractionated by hrCN-PAGE, transferred to a nitrocellulose membrane and probed with the antibodies against the β- and Tb2-subunits of the F-ATPase. The positions of F1-ATPase and the monomeric (m) and dimeric (d) forms of the F-ATPase are indicated. The positions of molecular weight markers are shown on the left. As a control sample, the same amounts of lysates were fractionated on an SDS-PAGE gel, blotted on PVDF membrane, and probed with an anti-mt Hsp70 antibody (bottom panel).
[image: ]
Figure 4: Effects of suppression of expression of the α-subunit in PF cells on the growth phenotype and the abundance of the β-subunit
(A) The growth curve of a non-induced (blue lines) and induced (red lines) αRNAi cell line in standard glucose-rich medium (SDM79; solid lines) or in low glucose medium (SDM80; dashed lines). (B) The levels of α1-127 and the β-subunit in whole-cell lysates prepared from non-induced cells (NON) and from cells at various intervals after α RNAi induction (IND) were determined by western blot analysis. The levels of mt Hsp70 were monitored as a loading control.
[image: HD_New:Users:ondrejgahura:Work:Publications:F1+p18 in PF:Submission FEBS Journal:Figures:Fig. 5.png]
Figure 5: Effect of the suppression of expression of the p18-subunit on the hydrolysis of ATP
The hydrolysis of ATP by mitochondrial vesicles isolated from PF p18RNAi cells that had been either not induced (NON), or RNAi induced for 2 and 4 days (IND2, IND4), was measured in the absence (black columns) or presence (red columns) of 4 mM sodium azide. The activities were normalized to the value measured in the non-induced cell in the absence of sodium azide. The results are the mean values ± s.d. (n=4).
[bookmark: _GoBack][image: HD_New:Users:ondrejgahura:Work:Publications:F1+p18 in PF:Submission FEBS Journal:Figures:Fig. 6.png]
Figure 6: Effect of the suppression of expression of p18 on the mitochondrial membrane potential in PF and BF cells
The membrane potential was measured by flow cytometry using TMRE in non-induced (black bar) p18 RNAi cells, and in cells induced up to 4 days (red bars). The effect of the uncoupler FCCP provided a control (blue bar). A: PF p18RNAi cells; B: BF p18RNAi cells. The data are the mean values ± s.d. (n=3).
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