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Abstract 

F1Fo ATP synthase is a molecular rotary motor that can generate ATP using a transmembrane 

proton motive force. Isolated F1-ATPase catalytic cores can hydrolyse ATP, passing through a 

series of conformational states involving rotation of the central γ rotor subunit and the opening 

and closing of the catalytic β subunits. Cooperativity in F1-ATPase has long thought to be 

conferred through the γ subunit, with three key interaction sites between the γ and β subunits 

being identified. Single molecule studies have demonstrated that the F1 complexes lacking the 

γ axle still “rotate” and hydrolyse ATP, but with less efficiency. We solved the cryogenic 

electron microscopy structure of an axle-less Bacillus sp. PS3 F1-ATPase. The unexpected 

binding-dwell conformation of the structure in combination with the observed lack of 
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interactions between the axle-less g and the open b subunit suggests that the complete g subunit 

is important for coordinating efficient ATP binding of F1-ATPase. 

 

1. Introduction 

F1Fo ATP synthase is a molecular rotary motor that can generate ATP using a transmembrane 

proton motive force [1-3]. The F1 region (often termed the F1-ATPase) is a rotary ATPase 

composed of three catalytically active b subunits separated by three catalytically inactive a 

subunits, arranged in a hexameric ring around the N- and C-terminal helices of the central g 

subunit (Fig. S1) [4]. In isolation the F1-ATPase can hydrolyze ATP inducing rotation of the g 

subunit (generally referred to as the “rotor”) [5-7]. In the intact F1Fo complex the F1-ATPase 

is coupled to the Fo region that drives the translocation of protons across the membrane, 

allowing the synthesis of ATP by the F1-ATPase [6].  

 

Geobacillus stearothermophilus (also known as Bacillus sp. PS3) F1 ATPase (termed TF1 for 

Thermophilic F1 ATPase) has been used as a model for understanding F1-ATPase hydrolysis 

activity [5, 8-10]. Experiments performed using single particle cryogenic electron microscopy 

(cryo-EM) [11] and single-molecule rotation studies [5, 12, 13] have facilitated a detailed 

mechanistic study of this enzyme undergoing ATP hydrolysis. One full catalytic cycle of F1-

ATPase results in the hydrolysis of three ATP molecules, each of which is sequentially bound, 

hydrolyzed to ADP and Pi, and released by the each of the three b active sites. Throughout 

catalysis, the b subunits cycle through different conformations (opening and closing) that 

generate rotation of the g subunit rotor [4, 11]. Each ATP hydrolysis step drives a 120º the 

rotation of the g subunit [4, 6, 10], so that after a complete catalytic cycle it has rotated a full 

360º. Single molecule rotation studies have found that these 120º steps can be further divided 

into two sub-steps of ~80º and ~40º [13]. Cryo-EM structures of the TF1 in a “binding-dwell” 
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conformation (prior to the ~80º ATP binding stroke) and a “catalytic-dwell” conformation 

(before the ~40º hydrolysis stroke) have shown the molecular details of how the b subunits 

open and close through a series of states during catalysis to induce rotation of the g subunit 

[11]. These two conformations were captured using a temperature sensitive TF1 mutant 

(bE190D) that at 10ºC spends significantly more time in the binding-dwell and at 28ºC spends 

significantly more time in the catalytic-dwell, when incubated with MgATP [14]. 

 

For the F1-ATPase to operate as a multi-site rotary motor, the subunits must act cooperatively. 

Previous studies have suggested that the g subunit is responsible for mediating cooperativity 

between the b active sites [15]. Three key interaction sites between the b and g subunits have 

been identified: (1) the hydrophobic sleeve; (2) the b-catch loop; and (3) the b-lever domains 

(Fig. S2) [4, 16, 17]. In TF1 numbering, the hydrophobic sleeve includes residues a280-285 

and b271-275 that surround residues 271-283 at the tip of the g subunit’s C-terminal helix [4]. 

The TF1 b-catch loop refers to residues 312-315 of b that interact with residues 262-263 of 

g [4]. The β-lever domains, residues b382-396, undergo the largest relative movement during 

catalysis and interact with the rotor at positions g15-31 and g243-253 [17]. 

 

Other studies have shown that the  g subunit is not essential for F1-ATPase activity, because 

rotorless TF1 (i.e. lacking a g subunit) is still able to hydrolyze ATP, with the a/b subunits 

undergoing similar sequential conformational changes as the rotor containing F1-ATPase [18, 

19]. However, both the rotation speed and hydrolysis activity of rotorless TF1 are reduced 

significantly [18] (~60 times slower hydrolysis rate; ~300 s-1 vs ~5 s-1 [20]), showing that 

although it is not essential, the g subunit rotor is required for efficient catalysis. Previous studies 

have investigated the role of the axle region of the g subunit in TF1 rotation by truncating either 
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or both of the N- and C-termini of g and assessing the rotation rate using single molecule 

rotation analysis [21, 22]. Both rotation rate and stability of the complex decreased as the 

truncation increased, with the mutant lacking the entire axle (gDN22C43) behaving similarly 

to the rotorless mutant [20, 21].  

 

To investigate the role of the g axle in efficient catalysis in greater detail, we have solved the 

structure of the TF1 gDN4C25 mutant [21] (referred to here as axle-less TF1) using single 

particle cryo-EM. The structure reveals that although this mutant cannot interact with the 

hydrophobic sleeve or the b-catch loop, enough of the axle remains to form contacts with the b-

lever domains. Additionally, the structure of the TF1 gDN4C25 mutant exhibits an unexpected 

binding-dwell conformation that provides insight into why the full-length axle is required for 

efficient catalysis. 

 

2. Results and discussion  

2.1 Purification and activity of axle-less TF1 

The g subunit of the axle-less TF1 examined in this study was truncated by four amino acids 

from the N-terminus and twenty-five amino acids from the C-terminus (gDN4C25, Fig. 1A). 

This mutant was chosen as it was predicted to result in the loss of both the hydrophobic sleeve 

and b-catch loop interactions whilst maintaining enough of the g axle to form a stable complex 

with the a and b subunits. Previous work [21] and preliminary cryo-EM studies showed that 

standard His-tag purification strategies of gDN4C25 TF1 resulted in a significant amount of 

rotorless TF1 contamination, highlighting the potential instability of axle-less TF1. As rotorless 

TF1 would likely interfere with cryo-EM data processing and bulk activity measurements, we 

adopted a dual affinity purification strategy and, in addition to the N-terminal His-tag on the b 
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subunit, a strep-tag II was inserted into a loop region of the g subunit (between residues N196 

and K197) (Fig. 1A). Dual affinity purification together with a final size exclusion 

chromatography step resulted in purified axle-less TF1 that remained mostly intact and stable 

after one freeze-thaw cycle (Fig. 1B, S3A). ATP regeneration assays were used to assess the 

hydrolysis activity of the axle-less TF1, compared to the wild type (WT) TF1 (note the WT used 

in this study had mutations aC193S+W463F and gS109C+I212C) and showed that the axle-

less mutant was approximately 10-fold less active than the WT, consistent with previous 

findings [21] (Fig. 1C). 

 

Fig. 1. Purification and ATPase activity of axle-less TF1. (A) Structure of TF1 showing the 

truncation made to the g axle (black) and the locations of the affinity tags used for purification. 

The remaining portion of the g subunit is shown in blue, b subunits are yellow, and a subunits 

are red. One a and one b subunit have been removed to make the g subunit visible. Green arrow 

depicts the direction of rotation during hydrolysis (counterclockwise when viewed from 

below/the membrane). (B) Size exclusion chromatogram and SDS-PAGE of the purified axle-

less TF1 after freeze-thawing the sample (for full length gel see Fig. S3). (C) ATP hydrolysis 

activity of axle-less TF1 compared to the wild-type protein. Each data point represents one 
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technical repeat. (D) Representative micrograph from the cryo-EM data collection. Scale bar 

represents 50 nm. 

 

2.2 Overall structure of axle-less TF1 

Single particle cryo-EM was used to determine the structure of the axle-less TF1. 1 mM 

MgAMP-PNP was added to the purified protein prior to cryo-EM grid freezing to ensure the 

appropriate nucleotide binding site occupancy of both the a and b subunits. Although the 

particles were distributed well on the cryo-EM grid, they exhibited preferred orientation (Fig. 

1D) and so data was collected with stage tilt to reduce anisotropy [23]. During the refinement 

of the axle-less TF1 map, a CryoSPARC 3D classification resulted in a small subset of the total 

particles (2.2%) producing a much less anisotropic map where the density for the g subunit was 

more complete. This could have been due to some flexibility of or damage to the g subunit in 

most of the particles, but as no rotorless TF1 or alternate conformations of the axle-less g 

subunit were observed, we postulate that this small set of particles may have rare orientations 

that allow better resolution of the g subunit.  The final map obtained from the 3D 

reconstructions contained density for all a, b and g subunits (Fig. 2, S4A-B) allowing a 

molecular model to be built. The density for the foot of the g subunit was not well resolved, 

consistent with other published single-particle cryo-EM TF1 maps, so this region was not 

completely modelled. Unexpectedly, the axle-less structure was most similar to the structure 

of the temperature sensitive TF1 in the binding-dwell conformation (PDB: 7L1Q, RMSD 1.5 

Å, 2,869 residues), with the rotor foot in the same rotary position (Fig. S5). Although the 

original single-molecule rotation study performed on multiple axle-less TF1 mutations did not 

assign dwelling angles [21], we hypothesized that the axle-less ATPase would be observed in 

the catalytic-dwell state, because single-molecule rotation studies [13] have shown that F1-

ATPases spend more time in the catalytic-dwell and this has been reflected in the majority of 
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structural studies [4, 24]. In the binding-dwell state, g is rotated counter-clockwise (when 

viewed from the membrane) by 40º, relative to its position in the catalytic-dwell state. This 

rotation has been suggested to be linked to the hydrolysis of ATP in one of the b subunits. As 

presented here, it appears that truncation of the g axle led to TF1 adopting a binding-dwell 

rotatory position. 

 

 

Fig. 2. Structure of the axle-less TF1. The cryo-EM map (non-sharpened) is colored to show 

the a subunits in red, b subunits in yellow, g in blue and bound nucleotides in white. The right-

hand panels show the three b nucleotide binding sites, with the map (sharpened) overlaid as 

dark blue wire mesh (𝛽!°# (𝑃); 3 s, 𝛽$%!°& (𝑇𝑃); 5 s and 𝛽%'!°#( (𝐷𝑃. 𝑃); 7.5 s). The b subunits are 

annotated using the nomenclature	𝛽)°* (𝑛)	[11], where c is the conformation of the subunit (C = 
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closed, HO = half-open and O = open), r is the approximate rotation angle in WT TF1 (as 

defined by single-molecule rotation studies [17, 25, 26]) and n is the nucleotide occupancy (TP 

= ATP or AMP-PNP, DP = ADP or AMP-PN, P = Pi). 

 

2.3 Conformation and nucleotide occupancies of the b subunits 

All three b subunits in the axle-less TF1 structure adopt different conformational states with 

different nucleotide binding site occupancies (Fig. 2, Fig. 3). The open b subunit nucleotide 

binding site has density resembling an ion, and although SO42- has been observed at this 

location in related systems [27], we assigned this as Pi here because of the high concentration 

of phosphate in the purification buffer (𝛽!°# (𝑃)). Interestingly, the phosphate back door seen in 

a previous study [11] is present in this open state (Fig. S7) providing further evidence that Pi 

may utilize a back door binding mechanism. The closed b subunit nucleotide binding site has 

density resembling a tri-phosphate nucleotide and so we assigned this as AMP-PNP because 

this had been added prior to imaging, although we refer to this state as TP for simplicity 

(𝛽$%!°& (𝑇𝑃)). The half-open b subunit nucleotide binding site has density resembling ADP plus 

Pi (𝛽%'!°#( (𝑃), though given the limited resolution of these maps we cannot unequivocally 

attribute this density to ADP + Pi. The presence of hydrolyzed products in this sample was 

unexpected, because AMP-PNP is often viewed as a competitive, nonhydrolyzable inhibitor of 

ATP-dependent enzymes [28]. It is possible that ADP may have been carried over from the 

purification steps, is a by-product of AMP-PNP degradation or partial hydrolysis by axle-less 

TF1 as has been observed in related systems [29]. Although the overall structure is similar to 

the temperature sensitive TF1 binding-dwell structure, the conformational state and nucleotide 

occupancy of one b subunit are different. The axle-less TF1 open state with Pi bound (𝛽!°# (𝑃)) 

is not present in the TF1 binding-dwell structure and instead the equivalent subunit is half-

closed and occupied by ATP (𝛽!°(&(𝑇𝑃)). In the catalytic-dwell structure this b site is open but 
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occupied by ADP; therefore, it could be hypothesized that the axle-less structure represents an 

intermediate step between the catalytic- and binding-dwell structures, where ADP has 

dissociated but ATP has not yet entered the binding site. 

 

Fig. 3. Conformations of the axle-less TF1 b subunits. Superpositions of the axle-less TF1 b 

subunits on each other and on b subunits from previous TF1 structures (PDB 7L1R and 7L1Q). 

Structures were aligned using the b crown structure (b1-82). The subunits are annotated based 

on their conformation and nucleotide occupancy; C = closed, HO = half-open, O = open, HC 

= half-closed and TP = ATP or AMP-PNP, DP = ADP or AMP-PN, P = Pi. 

 

2.4 Interactions of the axle-less g subunit  

There are three key sites where the b subunits interact with full-length g in F1-ATPase: the 

hydrophobic sleeve, the b-catch loop, and the b-lever domains [4, 16, 17]. Given the g N- and 

C-termini truncations in the axle-less F1-ATPase, the g subunit is no longer able to interact with 
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the hydrophobic sleeve or b-catch loop. However, enough of the axle remains to interact with 

the b-lever domains of the closed and half-open b subunits (Fig. 4). Residues 382-387 of the 

bOH and bC subunits contact the remaining axle of the g subunit at regions g15-26 and g245-253 

respectively (Fig. 4C). The b382-387 region includes the DIIA motif previously found to be 

important for F1 ATPase catalytic mechanism [16, 30, 31]. The g foot remains in the same 

position as in the TF1 binding-dwell structure, indicating that the interactions between the b-

lever domains and the remaining g axle (Fig. 4) are strong enough the keep the g subunit in 

place.  

 

Because the axle-less TF1 structure is in the binding-dwell rotary conformation, the interactions 

of gDN4C25 with the b domains are different to those hypothesized by Furuike et al. [21]. In 

the axle-less TF1 structure, the b-lever domain of the open b subunit is disordered, meaning 

that this subunit has no contact with the g subunit (Fig. 4A and B). This suggests that, without 

the axle, the g subunit is unable to coordinate any conformational changes of the open b subunit 

when in the binding-dwell rotary position. Instead, the enzyme may rely on cooperativity from 

neighboring a and b subunits (as has been suggested in previous studies [32-34]) for ATP 

binding and closure of this subunit.  
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Fig. 4. Interactions of axle-less g with the b subunits. (A) Side views of the axle-less g 

subunit with opposing ab pairs. The solid black line indicates the g rotation axis. Adapted from 

Furuike et al. [21]. (B) Cross-section through the axle-less TF1 structure. The plane of the cross-

section is indicated by the dashed black line in (A). (C) A close-up of the interactions between 

the remaining g-axle and the b-lever domains. The regions involved in the interactions (382-

387 of the bOH and bC subunits and 15-26 and 245-253 of the g subunit) are indicated by the 

darker colors. All panels are colored and b subunits are annotated as in Fig. 2. 

 

2.5 Structure of WT TF1 after addition of AMP-PNP 

Because it was surprising that we observed axle-less TF1 in the binding-dwell rotary position, 

we performed single particle cryo-EM on wild-type (WT) TF1 protein after addition of 1 mM 

MgAMP-PNP (Fig. S3B, S4C-D, S8). This structure acted as a control to ensure that the rotary 

position we had observed with the mutant was due to the axle-less truncation, rather than the 

absence of the temperature sensitivity inducing bE190D mutation [11] or the addition of 

MgAMP-PNP vs MgATP. The map obtained of WT TF1 after the addition of 1 mM MgAMP-

PNP is virtually identical to the temperature sensitive TF1 in the catalytic-dwell conformation 

(RMSD: 0.98 Å, 2,952 residues) except that nucleotide occupancy is different (Fig. S8D-E). 
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In the temperature sensitive TF1 catalytic-dwell structure, ADP has clearly bound at 𝛽+%!°# , but 

in the WT TF1 +1 mM MgAMP-PNP structure 𝛽+%!°#  has only weak occupancy for an ion/water 

(Fig. S8D), suggesting the ADP observed in the temperature sensitive TF1 catalytic-dwell 

structure may be caused by the higher relative ADP concentration resulting from ATP 

hydrolysis in that study [11]. Because we observe WT TF1 +1 mM AMP-PNP in the catalytic-

dwell, this suggests that the binding-dwell rotary position observed for axle-less TF1 in this 

study was due to the axle-less truncation. 

 

2.6 Role of the g subunit axle in efficient F1-ATPase catalysis 

This study presents a structure of an axle-less TF1 that adopts the binding-dwell rotary 

conformation. Given that the binding-dwell state of the axle-less TF1 was captured, it is likely 

that the process of ATP binding and associated conformational changes are less efficient in this 

mutant, providing a possible explanation for the reduced catalytic activity of axle-less TF1. 

Previous studies have shown that the g axle contacts three sites in the b subunit and disruption 

of these sites modulates F1-ATPase activity [16, 22, 35, 36]. The axle-less g subunit used in 

this study is unable to interact with the hydrophobic sleeve and b-catch loop interaction sites 

and as a result, makes no contact with the b subunit that adopts an open conformation when 

the g subunit is in the binding-dwell rotary conformation. Single molecule studies have also 

shown that the ATP binding rate is enhanced when g is mechanically rotated in the direction of 

hydrolysis (i.e. counterclockwise when viewed from the membrane) [37]. Together these 

findings suggest that the interaction of the g axle at these two sites is important for efficient 

ATP binding and coordinating the closure of open b subunits throughout the catalytic cycle. 

These interactions may enhance the ATP binding rate by stabilizing or guiding the 

conformational transition of the catalytic subunits, though the precise contribution and nature 
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of each interaction requires further investigation. Overall, these findings highlight the 

importance of the complete g subunit for efficient catalysis of TF1. 

 

3. Materials and methods 

3.1 Materials 

Unless otherwise stated all materials and chemicals were obtained from Sigma-Aldrich. 

 

3.2 Molecular biology 

Nucleotides encoding a Strep-tag II (WSHPQFE) were inserted between the codons of residues 

N196 and K197 in the g subunit of pHC95_gDN4C25 (published previously [21]) by 

amplifying the plasmid with primers (Integrated DNA Technologies): 

5’-CAGTTCGAGAAGCAGCGCACGGTGTACGAATTTG 

5’-GGGGTGTGACCAATTCTCCGCCAAGTCAGTGAGC 

and Phusion DNA polymerase (New England Biolabs (NEB)), then treating the PCR product 

with KLD enzyme mix (NEB). The treated PCR product was transformed into E. coli JM109 

competent cells (Promega) and the resulting colonies were cultured and mini-prepped 

(QIAGEN). The Strep-tag II insertion was confirmed by Sanger (Australian Genome Research 

Facility) and whole plasmid Nanopore sequencing (Plasmidsaurus, Oregon, US).   

 

3.3 Protein expression and purification 

Axle-less Bacillus sp. PS3 F1-ATPase was expressed in E. coli JM103Dunc cells at 37°C for 

19 h in 1 L of Terrific Broth with 100 µg/ml carbenicillin in a 2.5 L Tunair baffled flask, 

shaking at 180 rpm. No induction of expression was necessary. After expression, cells were 

harvested by centrifugation and stored at -20°C for future use. The cells were thawed and 

resuspended in 10 mL of Resuspension Buffer (50 mM Imidazole, 100 mM NaCl, pH 7) per 1 
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g of cell pellet. One cOmplete EDTA-free Protease Inhibitor Cocktail tablet (Roche) and a 

pinch of DNase I powder were added to the resuspended cell pellet before the cells were lysed 

by sonication (Branson digital sonifier, 30% power, 3 min) a 4°C. The lysate was then cleared 

by centrifugation at 42,000 ´ g for 50 min at 4°C before being applied to 2 mL of Ni-NTA 

resin (QIAGEN) in a gravity flow column, equilibrated with Resuspension Buffer. The column 

was washed with 3 x 10 mL of Resuspension Buffer before the bound protein was eluted with 

2 x 5 mL of 500 mM Imidazole, 100 mM NaCl, pH 7 (IMAC Elution Buffer). The eluted 

sample was diluted with Resuspension Buffer to a final volume of 30 mL, before being applied 

to 2 mL of Strep-Tactin XT 4flow, High Capacity (IBA Lifesciences) resin in a gravity flow 

column, equilibrated with 1:2 IMAC Elution Buffer: Resuspension Buffer. The sample was 

applied twice to the Strep-Tactin column before being washed with 3 x 10 mL of Resuspension 

Buffer and eluted with 2 x 5mL of 50 mM Biotin in Resuspension Buffer. The protein was 

concentrated to 500 µL using a 100 kDa MWCO centrifugal concentrator (Amicon) before 

being injected onto a Superdex 200 10/300 GL column (Cytiva), equilibrated with 100 mM 

Potassium phosphate pH 7, 2 mM EDTA. Peak fractions were pooled, and flash frozen with 

liquid nitrogen before being stored at -80°C. Samples of each step of the purification were 

analysed by SDS-PAGE, using 4-12% Bolt Bis-Tris Plus Mini protein gels (Thermo 

Fisher/Invitrogen) stained with Quick Coomassie Stain (ProteinArk). Wild type Bacillus sp. 

PS3 F1-ATPase was expressed and purified as described above, but with the Strep-affinity 

purification step omitted. 

 

3.4 ATPase activity assay 

The ATPase activity of the F1-ATPase enzymes was assessed using the standard ATP 

regeneration assay [38]. This assay uses pyruvate kinase and lactate dehydrogenase to link the 

hydrolysis of ATP by the ATPase to the conversion of NADH to NAD+, which can be measured 
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spectrophotometrically by the decrease in absorbance at 340 nm. Each reaction was performed 

in a 1 mL quartz cuvette at 298 K. The A340 of 5 units/ml of pyruvate kinase and lactate 

dehydrogenase, 1 mM ATP, 2 mM phosphor(enol)pyruvic acid (PEP), 100 mM potassium 

chloride, 50 mM MOPS, 2 mM magnesium chloride and 0.2 mM NADH was read, before the 

ATPase was quickly added and the decrease in absorbance measured over time. The final 

concentration of ATPase used the assay was 20 nM for the axle-less mutant and 20 nM, 5 nM 

or 2.5nM for the wild type. Multiple technical replicates were performed on three separate 

days. The first 20 seconds of the reaction was used to generate the rate of reaction, which was 

then converted to molecules of ATP hydrolysed by each ATPase enzyme per sec (s-1) using the 

extinction coefficient of NADH (ε340 = 6220 M-1cm-1) and the molar concentration of ATPase 

in the reaction. 

 

3.5 Cryo-electron microscopy sample preparation 

Axle-less TF1: To ensure the nucleotide occupancy of all binding sites, 6 mg/ml (Abs 0.1% = 

0.41) Axle-less PS3 F1-ATPase was incubated with 1 mM MgAMP-PNP for 20 min. 3.5 µL of 

this sample was then applied to UltrAuFoil R1.2/1.3, 300 mesh holey gold supports 

(Quantifoil), which had been glow discharged at 15 mA for 1 min (PELCO easiGlow). The 

grids were blotted for 4 s at 20°C, 100 % humidity, with blot force set to 0 and plunge frozen 

into liquid ethane using a Vitrobot Mark IV (FEI). 

WT TF1: 4.2 mg/ml (Abs 0.1% = 0.39) WT PS3 F1-ATPase was incubated with 1 mM 

MgAMP-PNP. 3.5 µL of this sample was then applied to UltrAuFoil R1.2/1.3, 300 mesh holey 

gold supports (Quantifoil), which had been glow discharged at 15 mA for 1 min (PELCO 

easiGlow). The grids were blotted for 4 s at 20°C, 100 % humidity, with blot force set to 0 and 

plunge frozen into liquid ethane using a Vitrobot Mark IV (FEI). Cryo-EM data collection 

summarized in Table S1. 
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3.6 Cryo-EM data collection and processing 

Axle-less TF1: The cryo-EM samples were screened for ice thickness and particle density using 

a Talos Arctica (Thermo Fisher Scientific) transmission electron microscope (TEM), operating 

at 200 kV. For data collection, the screened grids were transferred to a Titan Krios (Thermo 

Fisher Scientific) TEM operating at 300 kV, equipped with a BioQuantum energy filter (Gatan) 

(15 eV) and a K3 direct detection camera (Gatan). To overcome the orientation bias of the 

particles, data were collected with stage tilt. Approximately two thirds of the data were 

collected at 30°, with the remaining third split over 0º, 10º and 20º. Data were collected using 

EPU (E Pluribus Unum - Thermo Fisher Scientific) at 60,000X magnification (165,000X was 

displayed on user interface due to the energy filter), resulting in a pixel size of 0.82 Å. A 

defocus range of 0.5-1.5 nm was used. A total dose of 59 e- Å-2 with an exposure time of 5 s 

was applied over 75 frames. A total of 2,992 exposures were collected. 

 

The data were processed using cryoSPARC (v3.3.2+220824). After motion correction and CTF 

estimation, poor quality exposures were discarded based on CTF fit, motion and ice thickness. 

The particles were then auto picked with the circular blob picker (min diameter 100 Å, max 

diameter 200 Å) and extracted with a box size of 250 px. Multiple rounds of 2D classification 

were used to clean up the particle selection, resulting in 1,056,364 particles. An ab initio 3D 

model was generated and improved with subsequent rounds of homogeneous refinement and 

non-uniform refinement. At this stage, the map was still highly anisotropic, but a round of 3D 

classification (as implemented in cryoSPARC v4.0.1) with “force hard classification” turned 

on into 2 classes, resulted in a greatly improved map with only small subset of the total particles 

(23,813). This map was further refined using homogeneous refinement and non-uniform 

refinement, before being used for model building. 
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WT TF1: The cryo-EM samples were screened for ice thickness and particle density using a 

Talos Arctica (Thermo Fisher Scientific) transmission electron microscope (TEM), operating 

at 200 kV. Data was collected on a Talos Arctica (Thermo Fisher Scientific) TEM operating at 

200 kV, equipped with a Falcon III camera (Thermo Fisher Scientific) operating in counting 

mode. To overcome the orientation bias of the particles, all data were collected with 30° stage 

tilt. Data were collected using EPU (Thermo Fisher Scientific) at 150,000X magnification, 

resulting in a pixel size of 0.986 Å. A defocus range of -1.5 to -2.5 nm was used. A total dose 

of 50 e- Å-2 with an exposure time of 55 s was applied over 60 frames. A total of 1,467 

exposures were collected. 

 

The data were processed using cryoSPARC (v4.4.1). After motion correction and CTF 

estimation, poor quality exposures were discarded based on CTF fit, motion and ice thickness. 

The particles were then auto picked with the circular blob picker (min diameter 100 Å, max 

diameter 150 Å) and extracted with a box size of 256 px. All further processing steps were 

performed in cryoSPARC. Multiple rounds of 2D classification were used to clean up the 

particle selection, resulting in 666,517 particles. An ab initio 3D model was generated and 

improved with subsequent rounds of homogeneous refinement and non-uniform refinement. 

The map was still highly anisotropic, but 3D classification (as implemented in cryoSPARC 

v4.4.1) with forced classification into 10 classes, resulted in an improved map. However, the 

resultant map was still anisotropic and therefore cryoFEM [39] was used to sharpen the map 

and aid in interpretation. 

 

Cryo-EM data processing summarized in Table S1. 
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3.7 Model building and structure refinement 

Axle-less TF1: The initial model of the axle-less F1-ATPase was built using ModelAngelo 

(v0.1) [40], with the sharpened map and sequence as input. Several rounds of manual 

adjustment in Coot, using the published binding-dwell structure (PDB: 7L1Q) as a guide, and 

real-space refinement in Phenix were performed, with reference to the MolProbity validation 

statistics. ISOLDE, as implemented in ChimeraX-1.5, was used throughout refinement to 

improve the geometry of the model. 

 

WT TF1: The E190D TF1 catalytic dwell structure (PDB: 7L1R [11]) was docked into the map 

using Chimera1.5 [41]. Position b190 is mutated to E (the WT sequence) and the model was 

iteratively built in Coot [42] and real-space refined in Phenix [43] and ISOLDE [44]. 

All structure figures were made using ChimeraX-1.5 or PyMOL. RMSD calculations were 

performed using Secondary Structure Matching in Coot. 

 

Model statistics summarized in Table S1. 
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Data availability  

The axle-less TF1 model and maps have been deposited under the Protein Data Bank (PDB) 

code 8U1H and Electron Microscopy Data Bank (EMDB) code EMD-41811, respectively. The 

axle-less cryo-EM raw data was deposited under the Electron Microscopy Public Image 

Archive [45] code EMPIAR-12183. The wild-type TF1 model and maps have been deposited 

under PDB 9AVJ and EMD-43903, respectively. 
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Figure S1: Structure of F1Fo ATP synthase. Molecular model of the Geobacillus 
stearothermophilus (also known as Bacillus sp. PS3) F1Fo ATP synthase (PDB: 6N2Y). The 
core F1 (a, b, g) components are coloured, and the rest of the model is displayed in white. 
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Figure S2: Contact sites between the g and b subunits in F1 ATPase. The b subunit is shown 
in yellow and the g subunit in blue. The three key interaction sites are (i) the hydrophobic 
sleeve, (ii) the b-catch loop and (iii) the b-lever domain and these contact the g axle. 
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Figure S3: SDS-PAGE from protein purifications. (A) SDS-PAGE of the samples taken 
throughout the axle-less TF1 protein purification. (B) SDS-PAGE of the samples taken 
throughout the wild-type TF1 protein purification. 
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Figure S4: Resolution estimates for cryo-EM maps. Gold standard Fourier shell correlation 
(GSFSC) curves from cryoSPARC for the (A) axle-less TF1 map and (D) wild-type TF1 map. 
Sharpened (B) axle-less TF1 map and (E) wild-type map coloured by local resolution estimate 
calculated in cryoSPARC. Viewing direction distribution plot (C) axle-less TF1 map and (F) 
wild-type map. 
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Figure S5: Comparison of the axle-less TF1 structure to other TF1 structures. The axle-
less structure (colored) aligned to the (A) TF1 catalytic-dwell state (PDB: 7L1R, grey; RMSD 
2.2 Å, 2,624 residues) and (B) TF1 binding-dwell state (PDB: 7L1Q, grey; RMSD 1.5 Å, 2,869 
residues). For the figure, the structures were aligned using the crown region (residues 1-82) of 
the a and b subunits. 
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Figure S6: Occupancy of the ATP binding sites in the a subunits of the axle-less TF1 
structure. The map is shown as dark blue wire mesh (𝛼!°# (𝑃); 5 s, 𝛼$%!°& (𝑇𝑃); 3.1 s and 
𝛼%'!°#( (𝑃); 6 s,). 
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Figure S7: Inorganic phosphate tunnel in the axle-less TF1 structure. The axle-less 
structure is displayed in surface representation and coloured as in Fig 2. One a and one b 
subunit have been removed to reveal the inorganic phosphate tunnel, which is indicated by the 
white arrows. 
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Figure S8: Wild-type (WT) TF1 structure. (A) Representative micrograph from the WT TF1 
cryo-EM data collection. Scale bar represents 50 nm. (B) 2D classes from the WT TF1 data 
processing. (C) The cryoFEM map of the WT TF1 ATPase is colored to show the a subunits 
in red, b subunits in yellow, g in blue and bound nucleotides in white. (D) The nucleotide 
binding sites of the a and b subunits, with the CryoSPARC sharpened map overlaid as dark 
blue wire mesh (6 s in all panels). (E) The WT TF1 structure (colored) aligned to the TF1 
catalytic dwell state (PDB: 7L1R, grey; RMSD 0.98 Å, 2,952 residues). For the figure, the 
structures were aligned using the crown region (residues 1-82) of the a and b subunits.  
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Supplementary Table 1: Cryo-EM data collection, refinement, and validation 
statistics for the axle-less TF1 and wild-type TF1 structures. 
 
 Axle-less TF1 AMPPNP 

(EMD-41811) 
(PDB 8U1H) 

Wild-type TF1 
AMPPNP 
(EMD-43903) 
(PDB 9AVJ) 

Data collection and processing   
Magnification    60,000X* 150,000X 
Voltage (kV) 300 200 
Electron exposure (e–/Å2) 59 50 
Defocus range (μm) 0.5-1.5 1.5-2.5 
Pixel size (Å) 0.82 0.99 
Symmetry imposed C1 C1 
Initial particle images (no.) 1,555,897 1,022,877 
Final particle images (no.) 23,813 153,828 
Map resolution (Å) 
    FSC threshold 

3.03 
0.143 

3.72 
0.143 

   
Refinement   
Initial model used (PDB code) NA 7L1R 
Model resolution (Å) 
    FSC threshold 

3.3 
0.5 

4.3 
0.5 

Map sharpening B factor (Å2) 51.2 134.1 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 

 
22,720 
2,926 
11 

 
23,188 
2988 
10 

B factors (Å2) 
    Protein 
    Ligand 

 
65 
70 

 
44 
46 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.004 
0.600 

 
0.009 
1.017 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
1.9 
10 
0.5 

 
1.7 
9 
0.45 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
95.23 
4.77 
0.00 

 
96.58 
3.38 
0.03 

 
*165,000X on user interface 
Mean B factors 
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